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ABSTRACT - -

-~ The f1ne structure of developlng rlght atr1a1
myocard1um~of the rat has been stud1ed during the early
'postnatal per1od Tann1c ac1d has been used to enhance

N membrane contrast and act as an extracellular space marker.
‘ThlS procedure clearly ellneated the sarcolemmal . -
»/' '_1nvag1natlons,-caveolae and T tubules{ from the tubules of
-'wfthe SR Sarcolemmal 1nvaglnat1ons were rare until the m1ddle
dof the second veak: dbstnatally Then there was a rapid
prollferatgpn of caveolae to assume coﬁplex forms W1tH'up
to a dozen caveolae sharlng the same open1n¢ ta the cell

surﬁace. There was also a development of short, branchlng,

gconvoluted tubular 1nvaglnatlons of the sarcolemma at this

time. The T tubules never achzeved ‘the abundance, or degree

of. complex1ty seen in mammallan ventricular myocardial -
cells.-Dyadlc coupl1ngs betweenvc1sternq1 elements of the SR
and the sarcolemma (per1pheral couplings) . wvere seen to |
-_~~MJ—oocunT~£ully d;iferent1ated at all. stages. These gradually
1ncreased in abundance durlng the flrst two postnatal weeks.

A rap1d increase in the numbers of per1pheral coupllngs

appeared to occur during the m1ddle of the second postnatal‘

week, Dyadlc coupl1ngs between the SR and the sarcolemmal

invaginations gradually increased over the second~and third
week of the postnatal period. The above results were
conflrmed using stereolog1cal technlques. Developmental’

changes in fine structure were discussed in'relation to

-

postnatal changes in surface to volume ratios and abundance

. ’

-



of myoflbrlllar prote1n. The results were also d1s;ussed i

«

\relatlon to the phy51ologlca1 changes known to occur dur1 g

-’

- he early postnatal period.
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i I. 1 NTkODUCT 1 Oﬁ

The most striking fine structura% feature of striated
muscle ceils seen in‘longitudinel section is the banding
pattern of efoss—striations‘forﬁed by the brofein filaments
tha£ comprise the.contrecpile apparatue..These filaments
often fill 60% of the‘cell's sarcoplasm. There are two major.
myofilaments; Thick ones, approximately 12-15 nm in diameter
~and 1.3-1.5 um long and thin ones 5-6 nm in diameter that
are approximately 1.0 um in-length. The myofilaments are
oriented parallel to the long axis of the cell. When seen in
cross-section each th1ck filament is surrounded by a number
of thin filaments. In cardiac muscle there are twice as many
thin filaments and each thick filament appeafs to be
surrounded by 6 thin filaments in a hexagonel pattern. The
banding patterns seen in electron micrographs are caused by
the reqular arrangement of the myofilamenfs'intd'repea;ing
units called safcomeres.‘There are alternating, lighter
Stainiﬁg I-bands and more darkly stained A-bands. In the
middle of the I-band is é dense transverse line, the Z—lige.
Each sarcomere runs from Z-line to Z-)ine. In the middle of
the A-band there is usually a lighter H-band. The I-band is
a region_where there are only thin filaments,.the darker
A-band contains thick filameﬁts'as wel] as thin ones. The
Z-lines represent a site of junction between the thin
fllaments of adjacent sarcomeres and are qtreﬁqfhened by

intermediate filaments, approximately 10 nm in diameter. The

H-band, a lighter central region in the A-band is a region



where thin and thick filaments do not overlapf’The
myofilaments are collected into cy1indriCal‘bundles of
approximately 1 to 2 um in diameter called myofibtrils

(156) . - .
Each thick fiLament is composed of iarge numbers of
.molecules of the protein myosin bundled together in al
regular manner. The 1nd1v1dual myosin molecules are cOmposed
of two lighter meromy051n chains and two heavier meromyosin
chains wrapped 1n a helical fashion. The light cha1ns are
woven together to form the " backbone of the thick filaments.

! .
The heavy chains project out from the thick filament at

periodic intervale of 143 nm. The myosin subunits‘are
arranged S0 that the projecting heavy chains make an angle
of 60° with each adjacent progection when v1ewed in cross-
'section. Thus the heavy'my051n.cha1ns spirai radially around
the thick‘filament in a regular, ﬁeriodic manner. THe heavy
meromyosin chains terminate in a globular head that contains
ATPase which can interact with active sites on the.thin
filament during the contractile process (155).

AEach thin filament is comprised of several forms of the
protein’actin as well as the proteins tropomyosin and
troponin. Globular actin subunits (G-actin) are polymerized
to form thin filaments of F-actin. Two strands of F-actin
are wrapped helically to form the backbone of the thin
filament. Very thin strands of tropomyosin lie end to end in
the grooves of the helix formed by the F-actin strands. At

the po;nt—c nf d\cr-ontnnnty hotween tropomyrsin strands,
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globular troponin moleculeé a;e‘eompieied-with globular

e

of the contractile proteins (157, 158).

. . A ; ) . .
‘moleécules of C-actin and I-actin to form the active sites.

The I-actin is oriented to block access to the active site.
The C-actin binds with Ca?* during-the activatioh.of
contraction and this then causes a change in the tertiary
structure ef the I-actin. The active site.is now ekposed and
reacts with the‘ATéase of the head of the heavy myosin
chains prqviding the energy for contraction (155).

There afe isomeric forms of all the contractile
ﬁ}oteins which have slightly different'phyéiological,
biochemical and biomechanical properties. Thus some of the
different . contractlle properties that have been reported to
exist between atrlal and ventricular cells and between
fetal neonatal and adult muscle cells can\be explained on

“the basis bf the change from fetal to adulEiisome:ic forms

~
- 2

Striated ﬁuscle cells,possesé'two morphologicelly and
fuﬁ;tionelly distinct types of‘intracellplar tubules which
are involved in the activation and co-ordination of the
contractile apparatus. These are the &~systemfend the
;afcop]esmic rétiéulﬁm (SR). It now is generelly accepted
that the T-system,consists of a network of tubules
1nvagnnated from the surface membraWe (SL) The SR is
ronqldered to be s mo&ified form of endoplasmlc reticulum,

peculiar to huscle cells (1, 13, 32, 58, 59, 66, 77, 125,

139, 143).
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There’are specialized junctions where the membranes of',

the T-system and the SR lie in?closé‘apposition separated by

a gap of 20 nm., In transmission electron microscépe_(TEM)"

preparations dense projections with a 30 nm periodicity are

. .seen to bridge the ‘gap. These junctional regipns are called

couplings (18, 19, 23, 37, 49, 51, 57, 59, 78, 138, 140).

2
!

Several recent reviey articles have dealt at length'

with the complex mechanisms Underlying_the activation of th%:’”ff/\

contractile apparatus in cardiac musc%ﬁﬁé@ig: (1, 2,-;2,‘28,
y'§3; 37, 42, 48, 81, 99, 100)} Briefly, it i§ now felt that -
each muscle cell is activated by a depolérization of the
sarcolemma. TQe éniuing action potential (APf is passed to
the interior of the ceiiLflong the tulees of the T-systein;
Although the mechanisms aré unclear, it is thought that-a
message is passed from the T-tubules to the SR at theN
cbuprings. This results in;the release of Ca?* which>has
been'sequéstefed in tﬁe lumen of the SR. The released Ca?"
interacts with the myofibriilar'proteins cahsjhg"
contraction. This whole précess\has come to be known as
excitagibn—contraction (EC) coupling.

The fine structure of the T;system has been well
studied in ventricular myocard&al tissue. A classical’sfudy
by Fawcett and 'McNutt (49) deécribéd the organelle as a
network of relatively large diameter (150-200 nm) tubules

L]

- that invaginated from the cell surface membrane at the level



"of the Z-line. These large'diameter tubules appear to.

contain glycoprotein continuous with the glycocalyx of the

-
rr

sarcolemma (GS)T*Longitpdingl connections were described and
the aufhors suggested that these smaller diameter ’
connections were QUite numefous. Forssmann and Giférdier
(53)Jused:h6rsefaaish peroxidése (HRP) as .an extracellular
marker to study the T—systeb of rat myocafdium;;They'found
that ventricﬁlar.myocardial cells héd a véry extensive
network with mény‘rélativéfy wide longitudinal branchés
'coﬁnecting the tfaﬁsverse tubules. This was confirmed by 
Sperelakis, Fo;Bés and Rubio (142) and Sommer and Waugh
(140). Ayettey’ana Navaratnam (10) pefformeé a ve;y

extensive study of pﬁé T-system in rat heart myocyteS'aéain

‘using HRP as a tracer. In ventricular muscle they described

several levels of branching, Primary ifbules were those

Yooa e f

large diamete; tubules that ran transversely at fﬁéii*lines.
Secondary tubules werévof.smaller'diametér, but still ran
tran§vergely at the Z-lines and interconnected the primary
tubules. Longitudinal branches were of slightly smallef
diameter than the primary fbbule%iénd joined the priﬁéry
tubules 9f adjacent Z-lines. All.of tgese levels of.
branching were seen to contain glycocalyx material b&t this
was not a constant feature. Tertiary branches were very
small and interconnected the longitﬁdinal_branches. Sommer
and Johnson (139) summaéized these studies and also reported
on the three dimensional appearance of the T-system of

~ardiac muscle cells seen using high voltage electron



microscopy. This technique confirms the T-system to be a
fairly irregular arfay of interconnected tubules of various
sizes oriented prfmerily inhé transverse direction at the
Z-lines nith many longitudinei'in;erconnecfions. Spec}elized
junctions or couplingé between cisternay.elementshof‘SR and
‘the T-tubules were described by.all of the above authorg.hut
.Sommer and Johnson (138) specifically noted the great
abundande in myocardial cells of junctions between SR and
the cell surface sarcolemma. These authors defined internal
eoupllngs as those junctions between SR and T-tubules.
gJunctlons between the SR and sarcolemmal membranes are
called peripheral couplings. Forbes and Sperelakis (51)
studied these structur S in mouse. myocardlum Couplings
whether peripheral (PC) or 1nternal (IC) were.seen to have a
very similar appeafance. The element of the SR was apposed
closely to the T-tubule or the sarcolemma (SL). The gap was
consistently 20 nm and with the TEM dense projections called
bridges or feet could be seen. In some preparations‘theSe
"feet appeared as two outer dense lines with a leéss dense
center, and in;grazing or oblique seetions the feet wefe
seen as electron dense circles with a less dense core. These
‘dense bridges appeared to run completely across the gap and
have a periodicity of approx1mafely 30 nm. The presence of
these feet as br1dg1ng partlcles in freeze fracture
preparations {s-controver51al. Rayns, Devine and Sutherland
(118) reported seeing them but showed no examples while

Shibata and Page (131) and Ashraf and Halverson (8) were not



able to locate junctional spec1alizations 1n.freeze fracture
preparations of the myocardial sarcolemma. ForbeS'and
Sperelakis (58) suggested thaf all the couplings (IC and PC)
haQe a similar TEM appeafance, consisting of flattened
cistetnae of SR filled wjth moderately electron dense

~

granolar,material. The feet seem to be a feature of the SR
membrane. SR membranes containino the'feet have been defined
as junctional SR .(jSR)-.. ‘Elements of jSR which are not in
app051tion to T-tubule or SL membranes and are thus not
involved in the formation of couplings are a relatively

”

‘common occurence in cardlac muscle. The nonjunctlonal SR is
called lonq1tud1nal or 1SR. The ICs of ventricular
myocardial cells show a certain amount of variability in
organization. Some are seen to be true triads with a
T-tubule inferposed between two cisternal expan51ons of jSR.
More .often the arrangement is in the form of a dfgd with 7
cisternae of jSR wrapping around the;Tftubule. Occasionally
reversed triads are seen with one JSR element sharing two
T-tubules. There is nuch less variation in the fine

structural appearance of the PCs which generally consist eof

flattened subsarcolemmal cisternae of jSR (51, 138, 129),

The T-system is the most striking of the membrane
specializations of myocardial sarcolemma but McNutt (97),
and Gabella (§3) reported on another form of membrane
invagination that warrants consideration:'These consist of

smal) vesicles each approximately 80 nm in diameter,

——



connected to the extracellular spééé (ECS) by a shorﬁ,‘:
narrow neck. Originally these were thought to- be
micropinocytdtic vesicles but tracef studies have shown that
‘the vesiCles'are.a permanent feature .of the SL and these
Istructﬁfes aré_noh'calléd éaveolae. Often moré than one
caveola opens into a single‘neck.‘

It has yet to be determined wha£ specific functions
caveolae serve but it has been suggesﬁed that they may act
aé a reservoir for SL membranes (34). Altefnatively, the
‘ca§eoIae may act és analogs of the T-system in cells of
small diameter such asjnoﬁ-mammalian cardiac Tuscle‘cells,
mammalian aﬁrial,muscle celis and smooth muscle cells (#2,
63, 139). Caveolae do greatly increase the surface area of
the SL membrané'(63, 89, 95).

?

Most‘deécriptiOAS of the fihé structure of mammalian
myoca;aipﬁhnote differences betweed ventricular and atrial
cells (10, 16, 27, 53, 67, 70, 86, 88, 98, 130, 139). Atrial
cells are much smaller Qith average diameters of 5-6 um
cémpared to 12-15 uﬁ fég veﬁtricn]ar cells. Contractile
prntéiﬁs of atrial cells aré less abundant and are less
well ordered inte myofibrils, This leaves more clear
cytoplasm, generally towards the central portions of the
cell in the perinuclea; region., The sarcoplasm'cpntains more
glycogén. A better developed Golai apparatus is also
present. One striking feature is the presence of eiectrpn
dense spacific qrannles. The precise contents of the

" .
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granules and their function is hot compietély understood but
‘they are now thought to cdntain glycoprotein (20, 21, 120;'
121, 151, 152, 153). The SR is 1eSs'ébundant and less well
organized in atrial cells. Many authors report that the
T-system isvscarce or absent in these célls:and, therefore,
ICs are rare (27, 53, 67, 98, 1395¢ Sevefai studies suggest
that there may be differenf populations of atrial cells some
with and some without a T-system (9, 16, 41, 74, 94, 98,;-
139).?Recent-studies using tracers have shown that many
atrial cells do'co;tain‘tubular invagfnétions of the

sarcolemma and' that ICs are not as rare as was thought

previously (10, 16, 87).

In §pmmary, atrial myocardium can be seén to consist of
small diémeterlceils. The my~fibrillar wmaterial is abundant
but dces not completely fil) each cell. Myofibrils are often
rog*ric;ad to the peripheral portions of the rells. The FR
and T-tubules are less abundant and less wel) "roanized,,f/ and
there are reiariQely more peripheral couplings in cnmpatisén
to ventricular cells. These fine structural differences are
reflected i; differences in the physislogical procééses
which unaérly EC couplj&g in th; two types of cardiac muscle
ceII{ During ele~trophysiol~gical recording of the events
which take place dﬁrinq the dap51ari7ation of the sarcnlemma
in ventricular ~ells the ar~tion pofebfﬁa] (AP) is seen t-o
coneist of a rapid upstroke, reflecting ~hanges in K°

pcvmnnh{liky 'T'hicz‘ig feollowe by a 1nang nlateay caused



primarily by theaent;y of Ca?** through slow channelsf In-’
atrium the AP is sHorter and s almost no plateau, thus
lgss Ca?* enters through slow channels from the ECS and the
dufation of the contraction is not as long. The latency to'A

contfaction is much shorter the veloc1ty of shortenlng 1s

quicker, but the max1mum contractlle forre developed is

lower,

. o AN .
The definitive work on the morphology of the developing

T-system has been peffqrmed using skeletal muscle. Ezerman
and Tlshikawa (43) investigated the differentiation of
sarcoplasmic reticulum and T-system in cultured muscle cells
ffom 11 day chick embryos. The SR in the early myotube Wae‘
seen as distended vesicles of rough endoplasmic reticulum
(RER). As the mycfibrils increased the RER vesicles formed
multiple, narrpw, smooth 'surfaced tubular projectiﬂhé fn
various directions: The tubules grew and branched,
interconnecting around the develeoping mynfibrils until there
was an elaborate netwnrk continucus with the RER vesicles.

| The arrangement and'dietribution of the T-tﬁbules in
the ea2rly stages was very irvegnlar. They appearea first as
invagifatinns of the Sarcolemma and later extend farther
into the myotubes. The surfs~es of the T tuhules were curved
and beaded, they entaregd radially and aft-n turned obliquely
or dengitudinally: often the tuhnlae wer e "ery tortuous near

the gar~~lemma
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In the earllest stages of development there was no
partlcular relation of the T 'system to the SR. However, soon
after dlfferentlatlon of the T-tubules, dllated SR
resembllng terminal c1sternae became assoc1ated w1th
elements of the T-system in a seem1ngly random«manner Qith
no relationship to the developlng myoflbr;ls. At fifrst this
]unctlon between T-tubules and SR was just apposition of the
%embranes 1Q-12 nm apart. Later, dense structures (bridges)
started appearing in the gap. In the later stages of
development the triads were seen to_oe localized in the
T-band near the'A}I‘ﬁunction Ishikawa‘k75) eoﬁtinued'the
investigatinan of the development of the T-system .in cultured'
chick muscle. He described elaborate membrane systems which
at higher ;agnlflcat;ons appeared to consist of tuhdlar )
unite with a diameter of approximately &5 nm  in a roughly
hevxagona) aﬁray. This 'uvbular netwnrk had a well;defined
llmltlnq memehrane and a clear l'men which. was acce551ble to
ferritin T tohnles were seen tn he Pontlnuouq with this

elabrrate stru ture Tshikawa (72) noted that in developinq

myotubes there were many 5Hp?fketings of the sarcolemma

* I 4

which resemhled ~aveolaes. Thece cavenlae were often geen to
communicate with each othe' to form multilobed structures.
All of theée "esirles wWere arcessible to ferr1t1n
inffltration The dlmpnqaonq ~f the elaborate bexagonal
intracellular arrays were similar to caveolae. Tshikawa (72)
suggested that the T\Fy“tem Howeiopod by repeated

chor T ien sk phe salt cemBrane Hie aiggeated that the

. e
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membranous structures seen 1n51de}the developing cell were
proliferations of the T- system formed by caveolation of the
T-tubules. This, p0551bly due to a rapid and unbalanced
growth of the T-system in tissue culture This mechanism
seemed to be somewhat 1nadequately explained The author
appeared to be suggesting that the caveolae were budding of £
at the sarcoLemma_and stringing together. 'On the basis of
vcurrent thinking'as to the processes of de hovohmembrane
5ynthesis,~this would seem unlikely (160).-Presumably
caveolae formed as membranegous ve51cles at the Golg1
apparatus and migrated to the cell surface. Unless T—tubule
formation is haphazard' a very complicated recognition
vprocess which causes some caveolae to string together in a
regular manner must be postulated. »

~ Although Chacko (24)vreported that the ?—system‘and;SR
started to;appear in 11-day rat embryos, most authors seem
to agreeythat neonatal-rat muscle had little or no T-system
or SR. Significant quantities of these organelles only began
to appear 8-10 days postnatally (35 69 70, >73, 110, 113,
125, 130, 139 142). In vivo studies by Schlaﬁflno and
Margreth (125) and Kelly (77) on developingﬂrat skeletal
A muscle found that SR was seen much earlier thap the )
T—systemr,It;was.continuous with RER at very early stages
which confirmed in vitro findings. There were no T-tubules
before 10 days postnatally but'frequent‘peripheral couplings
between the sarcolemma and SR were seen Even at this ea;ly ‘:“::\“

ks

stage the myofibrils were beginning to form the regular
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banding'patterns typlcalfof adult muscle fibers. Ten to
fifteen daps postnatally T—tuboles started to develop at the
sarcolemma as short,vheaded, branchiné tubules. Caveolae and
complexes of caveolae were often seen to be Eontinuous.with
’developing tubules. At this“etage the T-tuhules were
oriented obliquely or longitudinally and all coupllngs with
the SR.werefperipheral (77, 125). Later in development the
T- tubules became more transverse, true trlads began to
appear and peripheral coupllngs became scarce. In the adult
skeletal muscle cell peripheral ooupl1ngs were not seen.
Kelly (77) noted two important differences between the in
Vivo studies and the cultured cells of Ishikawa (72).
Ishikawa saw'no-péripheral copplings and the T-system was
‘seen to develop at a very early stage, even before ‘there was
much myoflbrlllar development

Edge (35) studied the in.vivo development of triads in
. skeletal muscle cells. She confirmed that”they formed at the
surface of the cell as simple apposition of SR and
sarcolemmal membranes with a gap of 10-15 nm. Periodic
,,dens1t1es formed 1n .the gap at a slightly later stage The
T-system appeared severa&‘days after birth as 1npocket1ngs
of the SL with many branchings budding off in many
directions. The tubules of the T- sygtem and the SR. formed

R
close- assoc1atlons and coupl1ngs were developed soon after

“*'the T—tubules~began fo dlfﬁerentlafe;°DurTng the frrst two_

postnatal weeks’ the triads were oriented - longltudlnally and

\\Stlll lay in the sarcoplasm relatlyely close to the SL. The
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'tr1ads became transversely orlented between 10-15 days
'.postnatally and were then found at A-I Junctlons Peripheral
cOppllngs,dlsappeared whlle thls was occuring. Schiaffino et
al. (126) wished to show that the differences in the
development of cultu:ed_muscle cells and in vivo mnséle
ceils were ndt attributible’ to species differences. Ishikawa
(72}.had used chicken skeletel musele cells while Schiaffino
and Margreth (125) and Kelly (77) had studied rat skeletal
muscle. Schiaffino et @l (126) confirmed that with rat
embryonic mnscle in tissue culture T-tubules develgped very:
early, independently of SR. The T-system was deep into the
cell before couplings started to arise. No peripheral
couplings yere seen between SR and sarcolemma. They also
confirmed that}sin vitro, elaborate membranods_networks
contlnuous w1th T-systems did occur.

| Ishlkawa and Yamada (73} studied the dlfferentlatzon of
the SR and the T-system in mouse ventricular myocardium;
They reportedlthat et birth the SR was continnous with large
amounts of RER. The SR remained poorly developed as late as
ten days after birth. Many :peripheral couplings were noted
‘with‘dense bridées_spanning the gap betyeen the SR and the
sarcolemma. As the myofibrils became more hlghly develoPed
the SR prol1ferated and surrounded them 1n the regron of the

- e

I- band, and later extended 1nto the A-band. At birth there

- wWas Nno Trsystem.-Appromeately five days postnatally slender

T-tubules began to appear. In the early stéges they were

confined to the periphery and assumed beaded shapes. As in
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skeletal muscle there was a proliferation of caveolae and
extensions of caveolar complexes extended to the interior of
the cell. There was much branching and mény interconnections
between developing T—tﬁbules. At 15 days, large preferential
channeis (primary T-tubules) lined with basal lamina became
pfominent. Horseradish peroxidase infiltrated all the
Caveolar complexes and the branéhing tubules which were
présumed to be T-tubules, Using freeze-fracture, Ishikawa
and Yamada (73) showed caveolae preferentially grouped at
the level of the I-band; slender tortuous T-tubules were
Seen continuous with the sarcolemma although thelacfual
openings were difficult to distinguish from caveolae. The SR
developed earlier than the T-tubules but proliferation
Occurred at the same time and coupling between the SR and
T-system was seen at very early stages. In cardiac muscle
pe}ibheral couplings between the Sé aﬁd the sarcolemmas
persisted in the adult.

Moses and Kasten (104) st;dieé the devednpment nf
T-tubules in cultured cardiac myocytes taken from the
Ventricléh.of three to fonr:day“olé neonatal rat&. No
extensive T-gyStem was seen but approximately 10% of the
ce]]s'develoéed ébort tubylar i%Vaéinatiqné(Of the
FSF?CQI?Tma two to thnee days after they vere piatea out.,
Morphdgéneé{stas reported to be similar to that repnrred
fgr in vivo ¢a)ls but the tubules repained ehart ana

hranching wae minimal,



Mizuhara and Futaesako (101)fintroduced the use of
tannic acid as a\fixative combfnéd with gluteraldehyde. They
suggested that sincé\tannic acid was known to precipitéte
proteins - from solutions it should be an effectlve fixative
agent when comb1ned with aldehydes producing crossbridges
between the protelns. Simionescu and Simionescu (133, 134)
suggested that tannic acid acts as-a mordant during
fixation. They suggested that the tannic ac1d binds to
osmium during f:xatlon and then binds partlcularly vell to
lead during the staining process. Several studies using this
technique noted that it markedly enhanced contrast and
definition of membranes. A useful biproduct of the '
procedures using tannic acid was noted by anilla 14) angd
Leeson (83, B84, 85), Tannic acid seemed to act as an
extraéellularwspace marker and mpscle tissue preéared us{nq
these procedures may have the T-system filled with very
electron dense material. Teeson (82, B4, B85, RE) nged this
tracer effect te perform extensive studies ap the morpheloqay
of the T gyatem in skeletal mugelen ano oy ding moeclag of

A1t animale ~f rmevyeral cernmien

Despite the mnderately large bedy of work performed te
clarify the fine structure of the T-system in cardjar
muacle, ma”§ quest inns ramain Uhnngworoﬂ, The reportad
spAarseness ~f the T “ystem ~f atria)l cells hag heen
questioned recently. T tubules may b~ more abundant than wae

!'“‘:“M"WY thovaght bt have natb hpen teceaqanized hergner §t
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was difficult to see their connections to the_sarcolemma and
they were easily confus%d with tubulaf'elementé of the SR.
The development of; of the T-system in cardiac muscle had not
been studied extensively. Those investigations that
considered this topic”were largely compafiséﬁs to skeletal
muscle prdcesses.'The development of sarcolemmal membrane
specializations in atrial muscle cells had not been gludied.
Having developed a preparatibn teéhnique using tannié aciad
that allowed clear’visuélization of the T-tubules and
permit;ed absolute differentiation between the T-system and
SR, it was decided to inveszzgate the development of these
structures 5n.atria1 muscle cells. It was ;lso felt that the
developmental process might be more easily followed in

- )

atrial cells as the contractile apparaﬁus'did not fill the

cytoplasm to as great an extent andkbther structures would

be mnre vigible.

The development of stereologic_procedures has
stimulated many quantitative morbhologica] studies. Briefly,
sterenlegy consists of the prediction of the
three- dimensional structures of tissue from informa;ion
measured on the two dimensional representations of sections
or micrographs. The techniques use mathematical formulae
based on the laws of geometric probability to estimate
various parameters such as volume density or surface density

of particular fine structural entities (17, 39, 40, 96, 145,

1490V



There have been avnumhervcf morphometric’ Studies that

have estimated the volume den51ty of varlous organelles in

mammallan myocardlum. Slngh Whlte and Bloor (159)
summarized thoSe_studles'that have reported on the volume
den51ty of myoflbrlls, m1tochondr1a, SR and T- tubules for

ventrlcular tlssue.vPage (111) rev1ewed the quantltatlve

-'-ultrastructural work that had dealt w1th cardlac cell

membranes Spec1f1cally he summarlzed the . studleS‘that
»measured the surface den51ty of the- sarcolemma, P~ system and
SR membranes, and m1tochondr1al 1nner and outer membranes in

ventrlcular myocardlum Lev1n and. Page 89) estlmated that

the contrlbutlon of caveolae to." the surface‘den51ty of the‘

sarcolemma was approx1mately 20% in rabet rlght ventrlcular.,;‘

!

paplllary muscle. Page and Surdyk- Dr&ske 115) 1nvestlgated
the distribution, surface density and membrane areas of
couplings in Ventricular tissue and reported that there were
four to six tiﬁes:as hany ICs as PCs. TheyleStimated that as
much ae 50% of the T-system was involved in dyadic
junctions.

Several studies have reported-on the guantitative
morphology of adult atrial cells (7, 16, 56, 70). Volume
density of myofibrils, mitochondria, SR and PCs have been
studied for different mammalian Species. Generally>volume
density of myotibrils-and PCs were comparable to the values
obtained for ventricular myocardial tissue. Mitochondrial
and SR volumeé density were found‘to be much, lower than in
ventridle. Bossen et al. (16)‘reported thaPQt?e’VQlPﬁe;

A
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densify‘oﬁ the T-system in aerium.was approximately 10-20%
lower'thao in ventrice and the value for right atrium was
approximately half of that for the left atrium. Massoﬁ—Pevet
et él (95) iovestigated the relative abundance of caveolae

in atrial and ventricular oells. They reported that the

contribution of caveolae to S1 surface area was

approximately twice as much in atrium (56%), as in ventricle
(25%).
Developing myocardial tissue has also been studied

using morphometric techniques .(5, 6,.31, 69, 70, 80, 111,

wljg,,ﬁj4,.129, 130). Investlgatlons of fetal heart tissue 1n

LIRS

rats. showed that celluiar contractale coMponents were not'
;:abundant before birth and 1ntracellu1ar membranous

'_components were very sparse. In quantltatlve morphologlcal

studles of the postnatal development of ventrlcular
myocardial tissue there is general agreement that cell
diaAiLers increased gradually and that as cells reached an
average diameter of aeproiiﬁately 7 w a T~system‘began to
develop This was reported to occur in rats at eight to ten
days after birth and slightly later in cats and rabb;ts (68,
69, 70, 139). As the cell diameters increased during
postnatal development cell volume inrreased exponentially.
Even after taking into consideration the con;ribution of the
T-tubules, the surface to volume ratio of the cells beqz: a

gradual progresq1ve dec11ne to adu]t levels (71, 112, 114,

129, 130).
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Volume density of the myofibrils and SR was relatively
_constant. As the cells 1ncreased in 51ze the myoflbrlls and
SR gradually increased 1n abundance and degree of |
organization. Page and Bueoker (112) investigated the
de&elopment of dyadic couplings in the left ventricular
.cells of tne rabbit. They found that the surface density of
PCs gradually 1ncreased during the fetal perlod and achleved
adult levels-snortly after birth. As the T-system began to

develop ten days after birth, ICs _became numerous By the

Py

fourteenth postnatal day ICs were four to flve tlmes as .o

.-

abundant as. PCs. This ratio was maintained to -‘adulthood.

Morphometrlc studles on developlng atrial myocardlun
are not numerousv Hirakow- et al. (70) looked at rat and
",gufnea_pfghatrial myocardium during postnatal development .
This study involved comparisons of leftiWith/right atrium,
concentrating on cell.sjize and volume dénsity of nyofihrf]sl
mitrchondria, qly~ngen and atrial specific oranules at
various ages,

There bave been two main. suggestions as to the'faétors
which may act as stimuli for T4SyStem development . seueral:
authors have noted a correlation between the increase in
cell diametér and decreasing surface to volime ratims (71,
112, 130, 139). ;;is has led to spéculation that at some
point, for example, when the cells reached an average

diameter of <68 u, the T-system became necessary to maintain

the surface to volume ratio. None of thece studies

\
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.con51dered the cgntflbution of caveolae to‘surface area of
the sarcolemma. Forssmann and Glrardler (53) and Sommer and
Johnson (139) noted that thlS was- probably, not the -sole
factor There were many ﬁaxrly large dlameter -atrial cells
whlch ag/eared to have no T- system and 1n the adult )
ventricle many cells of relatzvely small dlameters have an.
extensive, well developed network of T- tubules. HlbbS and
Ferrans (67) reported that:the T-system was only present in
_those atrial cells which have the most myofibrils.They
suggested that the development.-of abundant amounts Qf
.contract1le pro£e1n and the subsequent organ1zat10n of
myofibrils may be the stimulus that caused T-tubule
;farmatlon There have been ebggeefiéns that the thubules'
and caveolae mey be functionally related specializations of
the earcoleméa af Eardiac muscle cells (63, 139) &nd

morphometric stydies ~f this relationship have heen carrjed

Sk f e aa\,1o- animale (0Q4 oK) |

In summary, the morpho]ogy of the developing T-system
has not been well- qtudled i cardlac muscle cells. It has
been described only for ventricular-my0caidium and the
investigations have depended_onwcempariéoné with those
developmental processe§ which were seen in skeletal muscle.
The development of T-tubuyles in atrial cells has not been
studied at all., The stimyl]j involvea in the initiation of
T-tubule. development, (for example, the influence of

increasing cell diameter and the degree of myofibrillar



develepment)‘remain to be tlerified. Further, the
reletfénships between caveolae and T—tubules and between'
'1nternal and perlpheral coupllngs durlng the develqpment and .
.td1fferentlatlon of atrial muscle ‘cells remains unclear .It
was thus decided that a comprehensive descrlptlve ané
morphometrlc study of the ultrastructure of atrlal mu;cle.
cells durlng postnatal development would 'serve to unravel
some of the uncertainty which still surrounds these
:elationships and prov1de useful information concernlng the
- .
effects of the appearance of the T-tubules on the
ad]nstments in the excitation-contraction coupling process

which have been reported to occur in neonatal cardiac

muscle,



»"""‘34

-11. METHODS

/
Animals: Care and Housing .
Spragué—bgwléj albino rats we;e used throughout the

'préjeqt. Snome neonatal rats Qere obtained by breeding
animalsg in the departmentél holding rooms, buf this proved
unﬁeiiable. Most of the neonatal rats vere obtained by
' ordering_pregnant*femaIQS'dp;@ng,theiseqond,yeek.of-
éestation from the Health Sciences Animal Care Facility of
fhe University of Alberta. The pregnant females were held in
individual cages and given ad iib pbrina rat chow and tap
water. The photoperiod was maihﬁained at 12 houfs of light
using an automatié timer. Litffr sizes are known to affect
chronology of development (117) so an attempt was made to
maintain litter size at 6-8 siblfngs by rémoying an
"aférof;*éfé ﬁumbef w} ahih;ls {mmééintﬂiy Fralowsng Vfr’“

{

Tissue Preparation for Eleptrbn,Microscopy:

Thewbrocedures 5;ed'were identical: far each batdh of
tissue. Each animal was anesthetized with ether and tNe body
weight measured and recorded.; The animal was killed by spine
dislocatQOﬂ to minimize sufferiné. The chest cavity was
opened and the heart exposed. Tﬁg heart was perfused by very
slowly injecting several milliliters nfs3% gluteraldehyde 3
formaldehyde buffered in 0.1 M S;aium cacodyiéte into the

left ventricle from a 10-mL syringe. The heart wag ex~jsad
¢

rapidly and the right atrium was dissected, minred, petted

?3
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dry and placed in a tared vial containing 1 mL of the..
fixative solution. The Qial was reweighed and the riéhf
atrial yeight\recorded. The rehaiﬂder of the heart was
patted drylwith an absorptive tissue, weighed and~th° weight

recorded. Total heart weight was the sum of these two

valnes,

Fixation in buffered 3% gluteraldehyde-3% formaldehyde
was continued for 2 hpurs at toom temperature. The tjssue
was then wached for 30 minutes in 0.16 M sodium ~acodylate.

Three changes of wash solption were performed at 10-minute

-

intervale, The ticcie wasa post fixed in 1% osmium tetroxijde

ruffered in 0.1 M sodium cacodylate for one hour at room

\

Femperature and again washed in '0.16 M sodium cacodylate for

three 10 minute periods. The tissue was then mordanted with

i

0% Eéﬁnic acid in 0.1 M sndium cacedylate. This fixation
procedure was a slight modification #f that recommended in
Simionessy and Simionescu (133).

The tissue was dehydiated through a graded series of _
ethanol, 50%, 70%, 95%, 10 minutes in each casé and then 1in
100% ethanol, three changes each of 10-minute duration. The
final dehydration step P;nciqteﬂ nf twe I8 minute wacghes i
dri~d propylene dxide. %.

X
Tnfi]tration was initiatéed by placing the tiscua in a

le! mixture of propylene oxide and epoxy resin for 2 heurs

At reom temperature on a tigaue rotator, The resin was an

Y

epon araldite mixture (2 parts araldite:2.5 parts epen:6 -

rPar F§ PRS2 0 .28 partas TIMPINY | Thie wnea fFollrwed hy 17
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propylene oxide:epon-araldite for two hours at room

temperature., fhe final infiltration was accomplished using

3 3

pore °pon—afaldife for 16-20 hours in a vacuum desiccaﬁor.

The tigsue was embedded as hlocks approximately 1 mm?
in beem capsules. The plastic was polymerized overnight in a
45°C oven and then for 48 hours at 60°C.

Blocks were se""ﬁ;éd using glass knives on a o
Porter Rlum MT 2 Ul'ramiﬂvnfohe. Sections approximately
60 nm thick (silver grey) were cnllécted on unceated 300
Tesh copper grids. The qride were stained for 7 minutes on
£rﬁpw of Reynold's lead citrate. |

Thé grias were examined Us{r\g a Philips EM200 at 60 RV
or a Philips EM41N at 80 KV, Fleatron micrographs were
obtained using 35 mm p sitive rrlesse film ("nda; 5132).
Prints were made Gﬂinq ar DOmega D2 ~“nlarger Teodak RC&‘»

(\(\]\'—'\vuvp"‘t- perer vag veed far Al T ing e

Expevimental Design: Neccriptiyve Morpholnqgy

Tnitially, right atrial myacardiam ~f adulr ratfg was
examinad tn confire that tubnlar invaginationsg of the
carcalemms were » fhargqurigriﬂ feature of anongh relle tn
warrant fuorther st"dy. Then the right atrial myorardium of
necnatal rats, two to three hauyrg after birth, was aeaxamined
to confirm *he absence of T~tubu7e§ at this age. Finally, a
cowrrehencive.evamina*ion ~f the fine structural appearance

~f vight atrial rel'le from rata of every age from birth to

Al r et nat ol 4?‘-\V¢7 S raYyr ) e ATTE A nn]pﬁf stages at Whif’h
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~significant develepmental changes were apparent. The g:oupaui -
selected for more comprehensiQe)sfudfﬂ;efe;UEbnate} 7,“l;,a

16, 16, and 21 postnagal days and adult. The right atrial

tissue from'five to ten animals of each age was examined in
great detail and qualitative morphological differences were

noted.

Quant1tat1ve Morphology

Stereologlcal pr1nc1ples and technlques Have been
rev1ewed per1od1cally over the last two decades (17, 39, 40,
96, 145,‘149); appl1cat1on5'to striated muscle»tissue have
been considered by*severalyauthors (15, 38, 91, 102,‘111,
150). Briefly, mathematical fermulae,have been derived to
show that areal density on a seCtion is directly
: propor{lonal to volume density in tissue. Thus the volume of
‘any fine structural conponent in a given volume of fissuev; ;
can be determlned by measur1ng the drea of that cbmponentvon .
a sufficiently large number of randomly chosen sectlons to
obtain the average area of the componeﬁt as a function. of -
test area. S1mllar1y the average length of the boundary
trace of a structure in sections as a functlon of test area,
is d1rectly related to the surface area of that structure in
a given volume of tlssue.

The specific morphometric measurenents performed for
‘this project gave estimates of average ‘cell diameters, and

volume density of myofibrils. Estimates of surface densities

of qarcolemma, T-tubules and caveolae, peripheral and
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carv1ed‘8ut u51ng a‘Zédss MOP 3 d1gltlzer Thls 1s an~'1

.automatic planlmeter consisting of a tablet with a

e —— o

magnetlzed grid, a sen51t1ve magnetlc stylus and a

preprogrammed console/pr1nter (F1g 40). Using this device

it was p0551ble to obtain guite accurate measurements-
{Felatlve standard_errors < 10%) of the area of selected

fine stnuctural compopents as agfiunction of cell area .for a

~§largg sample of randomly selected sections and then estimate

the volume density of these structures. By tracing the

boundarles of sarcolemma, T-tubules and caveolae "and . -

averaging them as a function of cell area it was also
Ipossible to estimate surfece‘density. }

The measurements were condncted on 5" x 8" electron
micrographs obteined,in the following manner. Right atrial
tissue wes collected from five rats at each of six age
levels: neonates, 7 days, 14 days, 18 days and ZPIdays
postnatal, es-well as adﬁlts. Numbers were assigned to all
the blocks taken from‘the right atrium of each'animal and
then four blocks per an1mal were selected using a random
number gable Sections f“om each selected block were viewed
to ensure gogd fixation and a reasonable degree of
relaxation. Blocks peorly flxed or with a sarcolemmal length
outside the range 2.20 to 2.30 um were. rejected and replaced
with blocks from the same anima]. Several nedium sized

sections (large enough to cover 8-10 grid spacesS were

collected from each block on grids with a central arrow to

o

i1nternal coupllngs wege .also obtained. The measurements were - -

-
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‘allow ¢rientation. Five micrographs were taken from each

/

grid in a .systematic Vaner.-Micrographs were obtained from -

.the five . grid spaces immediately to the right and below the

central arrow (Fig. 37). Electron micrographs of two
magnifications were taken of all the selected grid spaces,
Low power micrographs (approximately 5000x) were used to

obtain average ceéll diameters. Higher power micrographs

. (appraximately 15000x) were used tovobtain measurements of

i,

areal density of myofibrils, and boundary traces ~f
sarcolemma, T—tubul;s and caveolae, PCs and JCs.

The morphometric data for all of the variahles was
subjected to chhrafe's test for homogeneity of variance

(105). For all of the parameters except volume density of

the myofibrils, the different age groups were found to have

nonhomngeneous variances. Since between group variances were

vod-ten qUi;e‘different for different ages and this would

wnduly affect the results of any parametric statisticé]
tests it was felt that nonparametric statistical tests
should be used to analyze the data. The Kruskal -Wallie ope
way analysis of variance (132) wasg dpomeé to be most
appropriate. This test circuments the problems caused by
the highly variable values obtained for the lower ade aro'rs
by assigning ranks to each value. The large variatione in
the absolute values, many of which may be zero, have

relatively less effect on the group means when converted to

"rankings. The rankinqs'bf the values for each age group are

the statistic which is tested A sample of the calculations



used in these tests is presented in appendix 2. Briefly; for

each variable the méasured values from all age groups were

assigned ranks from

were given the mean value of the ranks for which they were

lowest .to highest (1-600). Tied scores

29

tied. The ranks for each age group were then summed and the

.

values were applied to the Kruskal-Wallis Formula:

k
2
H o~ 12- Y RYT - 5
3 2: 3 I(N + 1)

N(N + 1
i=q
where:
H = the Kruskal-Wallis astatigtic
K = ﬁumber ﬂf éfoups |
ni = number of cases in the jth qroup
N - total pumber of cases in all groups
Ri = sum of the ranks in the jth group
%{ = the operation of- summing the data from k groups

The Kruskal Wallis test was used to determine whether the

suﬁs of the ranks for the Ajfferent age groups were g«
disparate that they were not likely tn have come from
samples which were all drawn from the same prpulation

Tt has been shewn that if the k eamples are from the
same or identical popiilations then H is distributed as
~hi-square with deqgreen ~f freedom edﬁal to one less than
the nuymber of aroups . rrrovided that the sample gizes nve
naot too small (132).

Ties influence the value of H, but they can he
corrected for by dividing H by 1-IZT,N* N where T~t*-t (t

heing the *ntal number nf ties) and M-the total numher nf
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values in all the groups. All of tﬁe H valpes were corrected
-~ for -ties.and- were:compared to chi-square values Epllééﬁn?dru
st§t15£}caiPéignifiésnéé: S B
All of the dekal—Wallis tests were-confirmed using the'
MIDAS statistical package available from Computing Services

at the Unjversity of Alberta.



I11. RESULTS
A. Descriptive Morphology
Adult Right Atrial Mybcardium

A number of descriptions of the fine structural

appearance Qf adult myocardial cells from mammalian atria

u "
LI - « . ..

éréIAQAiiagle in tﬁ% }iﬁéfétu;e (i6,ﬁi7,“4fl 67, 86, 94, 98,
139). Virtually all of these were caomparisons of atrial
. . AN

structures té_those found in ventricular cells.

hé Figure 1 demonsfrateé, wéTl f;x;8 adﬁ]t étiial Célls
were seen toﬂke nf sméll'diameter (5-6 um), and were tiqhtly
packed, ]eaving_;elativﬁly‘ligrle intepcellulér spacé? The
extracellular space was filled with fine reticular., fibers of
the endomysium and the leéobroﬁefn coat which -invested each
_muscle cell. In some areas wollagen fibrils of the
eﬁdoé;siﬁm be;ame:méﬁe robUséb(ﬁﬁqé. BB,'4).1Th§Eendoraraium
was characterized by a thin layer of endothelial cells with
a moderate accPTUlafion of conllagen ffbri)s and relatively
large amounts 6f elastic fibres (seen as very dense black
patches and strands in Fig. 3B ;nﬁ Fiag. 4) lying between the:*
endacardial avd myocardial cells.

There have been some suggestinns that there are two
atrial ~ell types, particularly in the right atrium (9, 16,
41, 74, 02,/416, 127). Some right atrial cells near the

endncardial surface did appear to contain less contractile

protein and these ~ells did not appear to have tuhular

31



Hclearly ‘defined. spec1f1c tracts of these cells..

invaginatione (Fig} }Bi but 1t was not p0551ble to see -,
Caplllarles were abundant and often small unmyellnated
axons were seen adjacent to the blood vessels (Fig. 1, upper
left; Fig. 2, center). .The endothelial cells often contained
many vesicyes'offthe type which are generally cohéidered to

be micropinocytotic, although these were often seen to be

‘jikled to a greater or lesser extent with tannic acid. Thesge

°

'were.bréhably:in'communicéxiosvQith'fhe ECS but usually the’

vesicles were not as darkly stained as caveolae in adjacent

muscle cells (Fig. 8C).?

Infercaléted discs we{eléeen to cross transversely at
the ends of many cells but”m;ny junctional contacts were
seen ;}onq the léte;al edgeg of tapering cells (Figs. 1, 2,
37, 4). | -

It had been reported that the myofilaments of atrial

muscle cells were only partially organized into myofibrile

‘ (§8,139). This was seen in some areas characterized by

thinner diameter of myofibril-like arrangements ‘which
branch. The 7 lines we}e not in register and the myofibrile
were only partially separéted by rows ef mitechondria, The
myofibrils were incompletely invested with sleeves of
anastomesing tubules of she SR (Figs. 1, 2, 3, 6A, 7A). This
was well demonstrated in transverse sections (Fig.6A)

.% ~haracteristic feéture of atrial cells was the
presence of a well)-developed Golgi apparatus which in the

adult vas usua)ly associated with aggregations of dense
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grahules:that*were,;emétkably like secreEGry‘gréhuleS'ih'

abﬁééfanféf(Figsi 1,2, 8). These have been. previously,

E

.descrlbed and called spec1f1c granules

‘(20,21,120, , 151,152, 153) . At higher_méénificapidns,

glycogen granules seemed to be quite abundant but it was

difficult to differentiate between free ribosomes and

"glycogen particles. (Figs. 4, 5, 7, 8).

At low magnifications caveolae apd tubular

invaginations of the sarcolemma were not obvious (Figs, |

7

2, 3 at small black af{owheads) but were muchveasier ?o see

in materlal well-mordanted with fann)c acid (Fig. 1, 3) than

_in materlal where the penetration of tannic acid was lesq

evident (Fig. 2); The penetration of tannic acid was,nnt
uniform (Fig. 3B, Fig. 4, Fig. 6). It tended to be best at
superficial areas (Figs. 3B, 6) and in thinner trabeeulae
(Fig. 4). It was noted that tissue which was well penetrated

with tannic écid, (as evidenced by heavy electron dense

"deposits in the ECS, caveolae and T-tubules), tended to be

better fixed than material where infiltration wag less
apparent,

Cavenlae were most freguently seen asg single ar double
vesirles opening into a single neck (Figs. 1, 3B, 6, 8B,
8C). Even at reiatiyely low magnifications EOmplex
arrangements were noticeable (Fig. 3A large white
arrowheads, Fig. 4 small black arrowheads). There did not

seem to be any preferentjal location of caveolae in relation

to the sarcomeres. Tubular invaginations were not obvioys
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‘but at moderate magnlflcatlon “¥n well mordanted mate;xal

.

these structures weére "visible in many cells (F1g 4, smali

i

black arrowheads and elsewhere) At higher.magnificatiohs
the caveolar complexes, coﬁsisting of as man? as a dozen
vesicles jo}ned~in a ciuster, vere seen to be quite numerous
(Figs. 5, 7A, 8A, BC). Tubular invaginations were also
present and seemed, in eadult atrial cells, to be tortuous
convoluted stru;tnres primarify Gn the subsarcolemmal
sarcoplasm (Figs. 4, 6B, 8B). These tuhnlee somet imes
appeared to be open1nq from caveolae or somet1me< to be
strings of caveolae (F1g 8R). Tubules were not seen Hpep
inside the cell fregquently, bhut in wel)l mordanted material
even  at lower magnifications it was bossible to see areas
where tubules seemed to contain more e1eEtronéence Hepesifs
than tubules of the SP (Fiq. 3A, large black a%royheaas). A
higher magnifications it was possible to confirm that et
least some nf there tybules Aid contain tannic aciAd Jepeeite
and vere probably in continuity with the ECS (Fig. AA, Fig.
7h & R). Peripheral) “auplings hetween SR and the sarcolemma
were frequently geen (Fig. 1, 6A lavge w#irp Arrowheads and
elsewhere), Tnterna) couplinge hetveen tubnlgy invaginatic =
And 3SR vere not freguent hut were seen in well mordar' el
material (Fig. 7A 2R). At Jower'maqnifirafiﬂne it was
I“"SS.‘”.".Ia t~ see SR tubules in relation to ~aveolae anpA
cavenlar complexas (Fig. 1, amal] wvhite arrawheade, louar

right). A+ modernte magnifications thie apprsition wag oftaen

ceen to he 'T\li""-‘ ;vyi‘w'm-.;tm but 'iny)' [ ) nr\:w-';ali-(a' ]
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flwé;e hard to see (Figs. 6A,.6B, 8a). At higher R o

magﬁificationé at léast some of the SR which was in .
"apposition to the caveolae‘appeq;ed”to have jﬁnétional
specializations as described for internal coﬁplings (Fig. 7A
small white arrowhead, Fig. BC large black arrowhead). For
the purpecses of morphometry an aﬁposirion between jSR and ,
caveclae was considered to he an interna]_”oﬁpyinq 2s it was

not, strictly speabing, a junetinsn with the surface

sarcolemma .

Neonatal Right Atrial Myocardium:

Neconatal right atrial myocardium showed several major
differences in comparisen to adult tissue. The ~ells were
much -smaller (3.28 um éverégo diameter). The extracellular
space in some areas was very large, forming what appear tn
be clefts between 'he cells. These rlefts appeared to be
filled with finely grannlar or émorphons)floccnlehr material
Fut these mny have heoen fixa'incn artefacts Aus to tannic
Arid (Fige. 9, 10). Collagen fibrile were not abundant even
in subendocardial and subepicprdial areas (Figs. 10, 12,
13A, and 13R) )‘\..‘t’]aroe numbera o~ f :a.('f'%\wa firroblagtn were
revtrinely caen (Figs. 9, 10, 13RY, Many ~rll tn cej]
conktacts were apparent but these appeared to he incomplatel
devoloped intercalated dises (Fiags., 10. 12, YQA‘.

The herrts of neanat-s were gmall ‘vt +ere funct ianing
effectively s0 it was not SUrprising te cse that = me rol'le

arpeared t~ Ve o elnt i aly yel) e rdopeA 1 0y Y Thim v i
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‘some well-organized contractile protein collected into
myofibril-like bundles, ofiented.along the longitudinél axis
of many of the cells. This material tended to be restricted
mainly to the peripheral aress of the cell adjacent to the
sarcolemma (Fig. 9). Other ceils appeared much less mature
with relatively sparse development of the mynfilaments arfd
{rrpqn1ar orientation of the filamente that ware present
(Figs. 11. 12). Rven thnse cellsg in which the contractile
apparatus appeared well nrganized at lower magnifications
{Fig. ©) were sgen tr ke 19§g higbly nrganized at higher
haénifi"ariﬂnq (Fig. 11}, Nurlei seemed to be anly qlf%ht\y
smaller but Adid abpear to have irregular shapes when eeep ip
trangverse sention éﬂmparOd to the regular elongated
mmnfigquration of the nuyclei aeen in adult atrial rellg,

Although the ~antractile ﬁrﬂfein appeared to he
parti:ﬂly organized jrtn mryofibr i1l 1ite unite theve wnag very
little development of the QR at kirth (Figs. 11, 17), The
tulnlea ~f endaplarmic reticrulur that were 'recet germed
he mainly granylar FR. Peripheral reuplinge were aeep LIRS
were rare ~capared to their abundan: » 3} aduylt ~vyis
mveoardiure internal cruplings were not senen.

an1q; bediege wer- Seen f,aqnpnqu bt many appenc e

hea “ery active in tie elar - rakint Af yeacirlreq with

relatively elmrkran liurent “ree g well ne the pProdiy e
“f atrial ape sfid gracnles (Fig. 12) Threa grecific

Qranvleae wey abendant hu' ceeted cwgllar then theree gren
I ST IR I R N T I R T Ty ~¢
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the nurlear poles but seemed to be -scattered randomly

throughout the sarcoplasmfﬁMitochondria were numerous but
were alsd scattered throughout the cell and not lined up
inte rows between the myofibril-like bundles. Caveolae were
not abundant and were almo¥t all siﬁgle, one vesicle to a

. L
neck. Tubular invaginations were extrémely rare and those

that were secen ceemed tn he clefts Zavted by falding f the

~el]l rather than true intaginatinone ~f the aarsalremma (13 A
1y

Tipid dreplete ware regultarly seen altheugh thay were
not abundant (Fig 12V TApi Y Areplete nra ant gean i

~ Tyt ;vratﬁv 107,

7 NDav Fostrnatal Right Atrial Wyecardium
Atrial cells cof thi= aqge grovp were seen to he cligh' '
larger ard dnter~ellylar ~lef*s had dacreaged in si~e angd

numher (1 ige 14, 15, 16 17, 1RY  Fihrohlagte were -t3]]

v

numerous and nare robuner cnllagen fibrila were heing Tai

Avwn batwerrny ~allna (T'iq "4Y anp? at enﬂf\r‘;ﬁr";,‘a] anAd

epi ardial evrfares (Fig. 18P) fapillaries were pume: 1o

bt the endnthelial cella we: e et i) immafnrp, Peing

.

thirk wnlleAd compar~Ad tna the attecugted endethelin]l walle

Seen 1 ANl Flond vaccalea (Fiog. 1) HyrenrAdigl -~o1)] ral’
Junctiong veroa pumer et oan ! while many “are &' 311 ‘mmatire
camea 'vaqpv' Corear bl bhe infpey - ~ B L
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Some of the nuclei were beginning to appear more

rounded when seen in cross-section but many still had

irregular profiles. Myofilaments were seen to be more

abundant and were

increasingly organized into myofikril 1ike

f

mnits of relatively smal) diameter (<0.25 um). The

-

centractile protein was etill primarily rectricted to

peripheral lecatione hut mvnfibrile were becoeming ~rganize-?

moare centrally wirthin

Interapersed with the

rme of

~alle

the celle (Figs. 14, 5, 1g),
in which myafilamente were

.

hecoming more ahundant and bhette:r ~rganized were many co)ln

P ’
that®rarained an imrature appearan~e (Figs. 16,

with rantyral araeng

L] vt ures

Ve qmp\ ntely

17A ana N

Falled with Mmreanan e ad

A striking difference hetyeaen the right atrial relle '

one week ~A1d and newkhirn rate wag the abhundance
~

and dearee

~f Araanizatrion of the SR. A moderate amaunt f the FR AiA
Qf;]‘ crer Fto ke qranitlar i Nnature bhut thérﬁ Were naw Vv ey
amaunta ~f what arrenred tna ho tyue CR: many ~f. the

myafibhy i)

"leepa of SP tuhnles (Finq.

wAare aceen mrra frnguen"' ]y

16

(Figs. 194,

like unite were iy rartially Aeslineated by

~

. '"BAY Teriphersl courlinae

1RA emnal]l white

arrowheads). Cavenlse ceemed mare abundant . Althonugh the -

vere neually einale

mhnp@q were Toan

(Fiqg, 14

x,vpci:-]c"‘l

15,

\r(V lf'"ag;(\])plly (*()mp"vn

170 & R smrall bla-

arr~wheade), Tub larp invaqinatimng wore virtually

.

ne o
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for these structure~ hit nrne wera sann ~lenrly (Fig. '8, at

star).
Mitoch ndria had kegur ta Tine vy § .0 « ... m ko 11
Tty et i e makey §a (""'15: g L"A 2 n)

"M Vay Poetngtal Riob' Atrial Mvyarardi om

"he riaht atrinl ‘jcaue (‘; P weel ~A1A yatlg wac not
finAd e vramarh Fly differet from that ~nf ane woek nlA
animals (Figs. 19, 0, 2V, 22 Trare cegmpa Fo have been »
Aatual dncrcase in cell size and fencemitant decrease in
bhe size and rumber - f intercelln]an ~lefta. The rontracti!le
f‘rﬁfei” wag btecning mare abhuedent anQ iy\cr‘_paqinq]y more
},ighlv craani--A khuop "elatively jmmature ~ells wera gtil)
seer . Granclay PP wae i”"reasingly replaced by SR bhut

rerirheral conplings ceemed no mere abund-nt thVan fer we

f“d nfri"] ""]],"v hr e ]a‘\ ar‘[‘ﬁav nA [ b" mey e ']‘1"“5((\":"
cavenlay - nr-\axpr: and tuk 1o~ Tere © on o mare freeive t
(Fiq. 227 dower Jeft) ko were stil}l not guffi-i. .oy

abimdant ta Ye rAanci 'ere ! i 'n;fir'?nf Sty tire
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rore e agrant by

'€ 71 Doy Peatn~tal My eaydigm

Thrrighnaut the v hir ) r'l(;'&"”ﬁ'”' wenk there war~ a forvhay
L5
aradual in vrenna i el r?i;;vnpfey_ The P § he 3me lean
’ ‘ .
netilee-! e nAd inter allinlar ~lefte worae murh 1 ediared (Fige
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. e
appearance w1th thlckened endothel1al cells (Figs. 23, 30,
33). Cell to cell contacts 1ncrea51ngly resembled adult
intercalated discs (Flgs. 27, 31B, 36A).-The abundance of
the myofilaments, appeared té increase and the myofibril-like
un1ts were certalnly beqom1ng mere organlzed and clearly
del1neated by increased amounts of SR (Flgs 242_29§, 30A,
. 35A & B). By the end of the-th1rd~week many areas~;§re»ef S
indjst;nguishable from adult tissue .(Fig. 32). However,
‘areas were also seen where cells. were less;well—deteioped
(Figs. 24A, 25, 29A-'50B 3§b}‘21n figurer33B there seemed"
to be several cells clustered together surroudded partlallf ’
by a moderately well eeveloped amount of connective t15$ue.‘
Thls might be have been taken as ev1dence for the ex1stence
"of 1nternedal pathways, but may -just have indicated ‘
.inadequate'penetration of ﬁixative solution to the cells ]
that were partially isolated-by }he thickness of the "
connectlve tissue surround1ng them, Actire fibroblasts
remalned relatively abundant (qus.‘23,v24A, 25A, 27, 28,
30B, 33A & B).

" While nosdramaticlincrease in.ce;l diameter or in
abundance of myofibrillar material appeared to be taking
place overlthi period there seemed to be striking changes
‘taking place in the abundance and complexity of the
invaginations of the sarcolemma.'Cayeo&aeuand particularly
 complexes of various Siies,ané shapes were teeoming more
‘abundant (Figs. 24A, 25A & B, 28; 30A, 32B, 36A). Tubular

invaginations of the sarcolemma became moderately frequent

R
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(?igs. 26A, 31A & B, 36) and occaéionally,could be'aeen_to
branch (Fig. 26B); Peripheral couplings appeared to be more.
numerous (Eigs. 24B, 29B, 35A & B) and with}the increased
development of caveolar complexes and tubular invaginations
of the sarcolemma, assoc1at10ns between jSR and these
structures seemed to 1ncrease 1n,number (Figs. 25B, 30A, 31A
& B, 36A; white arrowheads). Increa51ngly, true internal
couplings were seen (Figs. 26C, 36B & C).

In summary, adult right.atrial cells were seen  to be
relatively small and tightly‘packed. They contained abundant
filamentous contractile protein organized partially into
myofibrils which were incompletely delineated by tubules of
SR and rowa of mitochondria. These structures filled the
bulk of the sarcoplasm. The central areas of the cell
contained a nucleus, a well developed Golgi apparatus and
aggregations of specific granules, though many graﬁules
could be also be. seen scattered thrOugtht the sarcoplasm.
There were many caveolae and caveolar complexes; tuybular
invaginations of the sarcolemma whileenot universal were
often seen. The JSR made many specialized coupllngs wlth they
sarcolemma and appeared to be associated w1th caveolar
complexes. Where-tubules invaginated, even if only for a
short distance from the sarce}emma, internal couplings were
seen. |

Atrial_muscie cella froﬁ newbern rats were mech

smaller, with irregular-shaped nuclei. There was some.
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development and organizétion éf‘tﬁe,myofilaments but the
bundles were located at the pe:iphery'of the cell &nd were
not‘aelinéated by SR or rows of mit§chondria. The SR was
mainlyiérénular, there were few PCs éndﬁICs were ‘
nonexistent. Caveolae were not abundant and no true tubular
invaginations of the sarcolemma vere seen. |

A ]

The right atrial cells of 7 day postnatal rats were
sllghtly larger'thag those of neonates. The cbntractlle
protein was more abundant and“better organized. The SR had

started to develop and was modéfately well-organized.
IPefipheral couplings and caveolae were more abundant at the
saréolémma but tubular invéginatiohs and internal couplings
were not significant features. During the second week of
postnatal development the right atrial ;ells gradually -
became matufe in appearance. The myofilaments became more
abundant and were increasingly organized into myofibril-like
bundles in central a§ well as peripheral regions of the
sarcoplasm. The SR seemed better ‘organized éround the
myofilamenté. At thé cell surface cavenlae appeared to be
slightly more numerous, primarily due to the incdreased
.frpﬁuenéy of Qery simple aggregatﬁons of vesiCIes-sharing
. the same neck. T-tubules were seen bug were still quite
rare.~PCs.were more épparenf and 1Cs, though infrequent,
were now seen. |

During the third weékﬂof postnétal déQelopmént no |

dramatic changes in cell size or abundance and organlzatlon

of myofllaments appeared to take place. However, while whe,
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cells still seemed to be of relatively small diameter, more '

of them were beginning to resemble mature cells. Caveolae,
caveolar complexes énd'tubular invaginations of the

sarcolemma did seem to be con51derably more numerous. Both

perlpheral and 1nt9rna1 coupllngs were seen much more
t

frequegtly.

v

B. Morphometry

Wéight Measurements

| The means and standard deviations for postnatal body
weight, heart we1qht and right atrial welght for the varionus
age groups are presented in Table 1. There was a gradual
1nrrpaqe in all of these variables over the f1rsf four
weeks By the @nd of the fourth postnatal week both. the
heant and the right atrium had achieved approximately 60% of

“

Aadnlt levels. The Aifferencres were all significant (p<0,01).

Sterrolaqy

Meaéuremqnts from low power electron micrographs:

The mean cell diameters, obtained using mirrogfaphq of
approximately ROOOx magnification are presented in Table 2,
}he values used to obtaln the means are presented in
Apghnd1x 1:Table A1.1, Each data point in Table Al 1

\

represents the average cell diameters as measured from all

¥
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the cell profiles in one micrograph. This data confirmed
that the}e:&és g.steady;ogradual increase in atrial cell
diameter over ‘the first three postnatal weeks. This
difference was fouﬁd to be signficant at p<0.01 using the
Kruskal-Wallié test. Anhexampie of this teskt is presented in
Appendix 1:Table A2.1.lVolume density (vv) of the
myofibrillar protein for adult animals, estimated using low
power ﬁicrqg;abhs was found to be 55.85+ 5.44% of the total

cell voluﬁé;

Meéau:ements from high power electron micrographs:

. Table 3 contains the mean égtimates of Volume Densgity
(Vv) for myofibriddar protein as a percentage of cell volume
and the surface density (Sv) of peripheral couplings,
internal couplings and of éaveolae‘T"tubu1es calculated as a
percent;ge of sarcolemmal boundary. These means were
obtained from measurements performed on électron mictégraphs
of aoproxima%ely 15,000x magnification, Measuraements f the
cell aréa, myofibrillar area: PC, TC, sarcnlemmal and
caveolar boundary length are contained in Tablés Al.2, AR,
AT.5, A1.7, A1.9 and A1, 10 respectively. Areal density nf
myofibrillar protein estimated for each micrograph were
listed in Table Al.4. Each individual data point was
obtained by dividing the values in Table A1.3 by the valyes
in Table A1.2. Surface densities for PCs, ICs and Cav + T
were estimated hy dividing individual values in Tabjes Al.6,
A1.8, and A1.10 by the Enrreepnnding values in Tahle Atl.5.

Surface densities of PCe, 7Cs, and Cav ' T were listed in
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Tables A1.7, A1.9 and A1.11 regpectively;

As can be seen from Table 3, there was a gradual
increase in volume density of the myofiiaments over the
first two postnatal weeks then a slight decline followed by
another gradual increase. The change over the first 14
postnatal days and again the changes between 18 postnatal
days to the aduplt were found to be significant‘(p<.01)f The
value estimated for volume density of the myofiiaments for
adult ;trial cells was nét'significantly different @rom the
value estima;ed using low powé? electron micrographs.

|
-
.

slightly, but significantly (p€0.01) over the first two

Surface density of the peripheral couplings increased

postnatal weeks, then increased dramatically between the
fourteenth and eighteenth postnatal aay(p<0.01). There was a
significant increase between the eigﬁreenth and twent§mfirst
postratal déy and a decrease to adult levels (p<0.01)Y,
Surface density of .the internal couplings, which was
comprised of coublings between SR and caveolae as well as
between SR and tubnlar invaginations, increased
9ionififant]y ocver the firet three péstnata] wepks (p-0.01)
in a regnlat manner .

SvCAV was an estimate of the contribution that
invagination of the sarcolemma were making to the surface
area of théicell. The means in Table 3 were calculated using
the sum of the caveolar and tubular boundary traces as a
single value. The values for neonatal, 7 and 14 day

postnatal were all due to estimated caveolar surface area:
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the contribution of tubular invaéinations to the values
obtained at 18 and 21 postnatal days was approximately 5
percent and for adult cells was less than 10 percent of the
contribution of caveolae. There was no difference in tubular

}

area meésured for the latter thrgi/age groups. As can be
seen in Table 3, there was ;ery little increase in the
percentage of surface area contributed by caveolae over the
first two postnatal weeks. There was a dramatic increase. |
between the 14th and 18th postnatal day and a subsequent
gradual increase to adult:levels (p<0.01).

The genefal trends of the means for the four variables,
ACTOSS ajl of the age groups, aredpresented in Figure 38,‘It.

can be seen that the measurements géherally support the

impressions obtained from the microq&aphs (Figs. 1 - 36).

Calculation of surface/volume ratios

Surface/volume (S/V) ratios of the de;eloping atrial
cells can be estimated using the average bogndary iength of
ﬁhe sarcolemma and the average cell ara. As was mentioned
previously, S/V ié directly proportional to sarcolemmal
boﬁnaary trace/:évérage cell area as measﬁred f;om a Sampie
of microqngphs. Estimates of sarcdiemmélubougdary and cell.
area at each age lével can be obtained using the values fbr
average cell diameters (Table 2). For example, assuming
perfect cross sections one can use the formula which gives

the circumferegce of a circle (C = 7 x D) to estimate the

sarcolemmal.boundary. ﬁor neonates this was calculated to be
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3.28 x 7= 10.30 pm. Similarly saréolemmal boundary lengths
“for other age groupsAwere calculated to!be 7d_= 10.62 um,
14d = 11.78 um, "184 = 12.69 uﬁ: 21d‘= 13.76 um and adult=
23.53 um. The ayerage zell area was calculaped using the
formula for ares of a circle (A = nr?). Thesenvalues»y?re‘
determined to be N= 8.45 um?*, 7d8= 8.97 um?, 14d= 11,04 um?,
18d= 12.69 um?, 21d= 15.07 um? and A= 44 .06 pm?, it was not
possible to estimate the contribution of the caveolae and
the T-tubules to ghe sarcolemmal boundary from the low pbwer
micrographs as thesg’structures were too small to measure
accurateiy at those maghificationé.

Estimates of the percentage contribution of caveolae
and T-éubu]es to sarcolemmal boundary were évailable from
the higher power mlcrographs It was possible to estimate
the values for total sarco]emmal boundary by multiplying the
average SvCav values (Table 3) by the values of sarcolemma]
boundary calculated above and then bombiniﬁg thesggggo
estimates. éor example, for'neonat?s total‘sarcolemma]
boundary-(10.34 X 0.127) + 10,34 = 1.309 + 10.34 = 11.613,
Similarly totél sarcolemmal boundaries wera calcuiated for
the other age groups: 74 = 11,98 um, 144 = 13.388 uﬁi 184 -
16.491 um, 21d = 18.731 um.and A - 34.323 um,

Dividing the values for total sarcolemmal boundary by
the value calculated for average cgll area gave est1hate<

for Q/V ratio at all age levels: N - 1.374 um’/um?*, 74 -

2336 um’/um’, 144 = 1,213 um? /um?, 184 = 1.299 um*/um*. 214

1.243 ym?/um> and A = 0.779 um?/um*. Tt appeared that &/y
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ratio remained relatively constant during the early
postnatal period with ‘perhaps a slight decllne and was much-
reduced for adult atrialwells.

- Cells grow in leﬂgth as well as in diameter but Korecky
and Ré‘vsan BO)Aﬁhoﬁﬁd tha% ‘the increase in length was
proportlonal to the 1ncrease in diameter The estimates of

S/V ratios calculated abové using only rell dlameters should

+
' . fe reasonably acruratexgmﬁ S .
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1V. Discussion

The righﬁ atrium may have seemed an unusual choic% for
the study of the development of the T-system since it was
the heart chamber rébortéd to have the least development of
this organelle (16, 139). As mentioned previnusly,
prelimi%E;y studies ﬂad shown that T tubsies were more
preva]n;f than had been previously suggested (10, 16, 86)
and it wae felt that rh; development could be followed mare
easily in the atrial cé]lé whirh were fi]]pé relatively lens
completely with myofilaments. A further reason was the
discovery of an unusual filamentous structure which appeared
to be restricted entirely to right atrial cells (87). 1+ was
Fhought that this structure might be related ‘o internodal
conducting pathways and that by following its appearance and
differentiation postnatally it might have proven possible
clarify this controversial area. Thies filamentens matarial
was nat ~hgerved in the heark'tiSﬁue frﬁﬁ ne-natal to fegr
weel 015 animals and a cubcequarnf parer (503 RAReger "hvoad 0T
filament ae g rharacterigtic nf sngeinng myorardiom

Preious studiec h%vp chowr that tannic acid meydanpt’
;nhancaé mémbrane ~truvcture and, further, depogi': in the
Tory&tem br act aa an extrn~allulgr spéce't£écpv (14 814,
RS, M6, RT, 122, 133, 134, 136). Othar jnvestiagat ra have
nsed hnrsgernadiceh perovidase (HRP) aa 3 tracer but reanltea
with tarnie 3¢cid Qorp c“orparrhle to thrge rep~rtad for HPRP
(10, 3, 106, 140) apAd fixatinn ceemed botter. Taniir a 'A

| AL R B N I T T RS L s R L I I R I A BN A
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depth of several micrometers around the larger vessels and
at epicardial and endocardial surfaces. Most of the tissue
which was studied came from these areas. Tt was trye that

the tissue which was well-penetrated with tannic acid tended

[
to be better fixed than surrounding nen moardanted tigsue bt

thie méy have meant that the penetratian properties nf the
fixative snluticn and the merdanting soluti~ne were similar
rathey than suggecting that tanni~ acid was improv*nq
fixation. Nenethelegs, in those Aareas where tannic acid did
penetrate the T -tubules and the caverlae were spectarular1;
demenstrated and differences between tuhylar invagiratione
~f the sarcolemma anA enbearcalemmal tobalea - F 4t hE ap ye.
' ictakeahle

"he sariahility in appearsnce of Fanlt vight atr a)
celle has Fean well “a ymented Meet Biklnr e Aeary iV e 1oy
main ﬁci] tyres: ane a smaller cell with abundanp!
myofiby il a0 vy tein oand T t“-hn]qﬁ "nd the Athar =~ 1o ge:
el with fewen 'Y‘yr\f:lamcv‘fé and na T tukalea (4, @, ', 4
N 1. 92, 88, 110, 10, [48) . fhar f and Jomac (127) have
crven )'nvarferized n‘x}di’feronf ~e 11 ‘vyrpee, A1l - f 1t he
abcve inveat faat ini e yore “tnlying the morpholrqgy ~f v i oht
atrial celle in an atiempt +a Frmonetrate the evieter o
internrdal condurting pathways These preferentin]
tranemigei nn (Athway © have bhee: cuggeeate” - the bhagie ~f
al@ctrop“vcinlogirnl reccrding (127) and by Vifferantinl
staining experimerts (1) 1k w rrhr]nv)‘i«n] e i AdAenecae o

the existence o ') re- <o ‘ S T TN [P

-
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his coworkers still feel that they:have yet to be
. s

»

demonstrated (4, 74). A))l of the above investigators agree

!

however, that there were no clearly delineated tracts of
morphologically distinguishable cells; in fact even thruqgh
twe main cell tyres were describhed, a broad transition

hetween the tuva, vonsistinq ~f many intermeAdjiate tvpes wae

pfknow]pqud The brosnmpfinn seems to have heen that ' he
pnfhwayq Aarne derived fyam what wasg pmbrvo]nqicn]‘v 'he ginge
muecle, yet thie miuerle wag reported to hecome
H‘ﬁ"pl’ologi”ally ir\ﬂi"-fingui;hah]c from other atrial el ' e 'y
the adnlt (148) . The eviaten-e rf a large populaticn o
erecialized coandurtinag crelle witheut T tubhules E”
recegnizatle sreag - f ' he vight oAty iam wer1d Treatly
inflovenre tha stuly e f Fhe develrrmwent - f the 1 gyeatom
Tiesve from arveag which —ontn'ned 'Ro:o tracrte wonlA,
Perhapc, Beot ha avitied fram thie inyestigaticn Turing o+
r'°15m‘naf\ stagec -~ f the projrct a0 tempt wro mode 1w

r ;
lernte the rathyavg U]fvﬂnfrnr’-inlly Howe e AT Y et
rrove [-;)CGSiV'lo te Aiffer-ntiate theeo area~ in Prhe: ady 70
Ay n'hn:;'a] “ight atyri . The rang- Voo e} pra frenm celle
wit' A layge niebkdy of my s fayby il th aen with yalat i 0,
fev wae 9 a3ua) and me “e¢lle that had few my~fikr 14
crtained T b nles. Aftar vnevccecafl preliminary at v
b Aiar fagr i h these tryarte mﬂ,phn1nq;nn1]y no furt e

effirvte wer: wada 1o ar-Aunt fer 1 he nresence of

preferentis < da tin . pathwais. Tor the most part, the

oy ';."I' ) ‘ R}

BB m"nced~ B]("'l""
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selected randomly from all of the material available from
each animal without regard to the specifjc location in the
atrium from which the block was taken. It proved difficult
to obtain well fixed hgart tidsue from early neonatal
animals. One of the concernsg waé that neonatal heart tisgua
may have had an apbearnnre which sugnested pcér fixation:
every attempt was made nnt Fe equate adult like appearance
~f neonatal cells with g-nd fiyarion and thus introduce ki -
into rhé descripticong of the Vgr-‘rl:sl Nltragtructurae ~Ff
nennat gl rjohf atrium,

Tt hae heen repﬂrfné *hit the T system in ventriecnlar
myncardial cells ;:far'!q to Arvelop whe'; the i'\f'?ivi_'inal colt s
veach a wean diameter ~f 7 8 pm é68, A9, t1v, 13Q) . Thig
occvrred ‘o or-te at ar‘r‘rnwimately the tonth pratnata) Aay
(69, 3) The rrecept invq,stid:afiow has found that while
cshort tukolar iv'vnqinatﬁionc ~f the garr - lemora vere viaib)-
in srrial cell: o rare or(‘asioﬁﬁg pricoe r;' "he fyrbreent h
restngtal A~y, ' vae ﬁnf{ a.‘t the siwteenth Adny ~f y gt -

e

Aeralermenr that +obyles bega'h tr prelifoerate. Thia ae
nlmwoet a ful] week later %hanha‘ hea' rapnarted foy
ventricvlar d-lle Th;§‘mav h#gn heen Hu’.fh 'he relatively
eamall ~ize ~f the %i‘ag?"rollq, althrugh e e 301" ~allg

3
baely acrhjeve thegaverage Aiameter reperted ta he the pelad
at whicsh T tubn)eg ‘dnv;lop. Fighteen d"gay raoetnatal afy ial
“elle were eatimated to have average dirmeters of anly

L)

«liahtly more than 4 um. This suggested that fall ejze 21one

,
Ve Y

"elv ko he the only fartor inii o tag T 4ok .



development .

The development of the T-system in skeletal muscle
cells and ventrif;lar myocardium was reported to involve
repeated an%blatihn of the surface sarcolemma (4?; %3, 78,

. b

125, 12F), While a Arvamatic proliferatinn nf the haveolae
and the fﬂ;mafihn ~f cavenlar compleves orcurred at the ;amn
time (Y0 18 QJaye postnatally) ac the formation of T -tubnlen
the twe froCeﬂsos seemed tn he relatively independent in
Atrial muscle ~ells. Sheort tuknlar icvaginations of the

[ o
sarc~lemma tere seen and eyen thongh efome of the tuhylee
we'~ highly tQ{qrpl meet A5Ad not daem to form from stringe
~f "<n'-¢;nlnn i ined together . Sue~h s'rings ~f avenlaae did
Arice at ‘hic +ime hut the raverlar coemprlevweg caa"‘p;i ta ho
permanent at:uvastures which rereiated in the alult atria)
rn1is; CSince + avrenlay cempleves ané T thuleg are t.arh
‘Hvaginnfi("-: “f the sar el mma anAs the (')vrhnplﬂgy ~f thei:
Acvr'rprent iy iﬂonfi~é1hi* may Vﬂ»(@n“ﬂnﬁhle‘to-speﬁulafr
th~' Fhe: aré ‘rﬁlnrfﬂ for v imnally Too fact, Mésson-}'-‘nva' cf
=] (O)Y hayvs ahewrs that ~“nverlae are murh m- v~ ahupndant iy
Aatrinl relle while vantrienlas celle, h::'.ring I

well Aavelopad T svetem have fewer “Aavenlae  Further, the

rarten] oy ~mpleves were fourd net A rergint fa Fhe came

r

ey ent Voooadol+ ventriec]ls (6‘2 (S 80, Q4) A~ they vnyg seen

e in right atyiam in thie inveerigatinon
Tha free=e frartyre apprAaran: e ~f raenlae have not,
tee  axten iv-ly st di-d bt gome stdive have reported that

the v g . f AL R N R SRS AP [FORE SN ety icunlay ,ralle
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a;e'quite smooth andsarevthQS'distinguishable from bothfthe
SR and the sarcolemmafwhichfhaveAabundant IMPs'in-theit
p-faces (8, 63, 89, 90, 118 '119) Thls may be taken as
further. suggestlve ev1dence that caveolae and T~ tubules are
related 1nvag1nat1ons of the.sarcolemma. |

- The fine structural appeatance of tLe coupl1ngs in
adult heart muscle has been well studled (514\138) but the
* morphology of the coupllngs in developlng cardiac muscle
cells has only been superflc;ally described.

In skeletal muscle‘the couplings were seen t; arise atﬁ
thevcell surface as simplegapposition of SR tubules eith the
cell membrane; periodic densities\ formed later (35). As the
'T~system developed, internal couplings were seen te~appear
and peripheral cauplings decteased-ih ahhndance (78, 125).
In atrial Ccells coupl{ngs between'SR and the sarcolemma‘ﬁere
seen at: the earliest stages (Fig. 12); these structures'
‘appeared identical to the peglpheral coupllngs seen in adult
atrial cell:. &n some planes of sect;on there were views
where tUbules‘of th:iSR were seenAin p;oximity_to the
safcolemma with an absence of dense bridges in‘the‘gap, but
this ﬁay or may not be taken. as thebihitial'stage of dyadic
_de§elopment. Pefipheral couplings‘and-jSR were'net abundant

in neonatal animals but .they were present. This was also -

repofted for neonatal veqtricular cells (73). It seems

reaSOHabLe'to sﬁggest that7jSR'differentiates first and1then

: assoc1ates with spec1allzed areas of the sarcolemma ‘and the

T- tubulesf

g



55

SteAEolog1cal technlgues have ga1ned a wide acceptance ?
over the Iast two decades but there are a number of
uncerta1nt1es which ar#se due partly to some’of the
assumpt1ons underlylng/the der1vat1ons of the formulae &s
well as problems caused by 1nadequately prepared tissue.

Swelllng or shrlnkage of cells can greatly affect~the'

~

values obtalneg for cell volume Every effort was made to
select tlSSUé that was uniformly well-fixed to avoid thlS
, problem. Section thickness can also greatly 1nfluence the
'-results"of a morphometric study. Where section thickness.is
greater than the thickness of the structure being measurea,
there is.a tendehcy to overestimate the abuhdance of the -
structure. Agaln every effort-was made to malntaln a
;con51stent section thlckness so that any over- estimation
would be equ1valent for the various age groups.

.One of the main assumptlons underlying the 'a
stereologlcal formulae is that the distribution of
'structures within the cell is random, ‘that is, the

v

orientation of the‘tissue,is-isotropio. Striated muscle is a
highly anisotropic tissu;nand thus v{olates this assumption.
Suggestions for overcoming this difficulty have included
oblique sectionihg to cancel out the periodicity introduced
by the sarcomeres (91, 150) and using longitudinal sections
but orienting the p01nt count1ng grid at two d1fferent
predetermlned angles to the myofllaments (38, 102). Bossen *

et al. (16) suggested that no special techniques were

required as long as large sample sizes uere used. Atrial -

a8
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muscle is much less anisotropic than skeletaljmuscle or
ventricular muscle (86) but. still most T-tubules were foundl:
at Z—lines and cells in some areas of the atrial myocardiem
do show highly oriented structural organizetion. }t was felt
that the random sectioning engles and the relatively large

samples used in this study av01ded any major v1olat1on of

"the assumptlons underlylng stereological- pr1nc1ples Mayhew

et al. (96{ suggested thet‘relatlve standardgerrors of the"\
mean of 5-10% were ecceptable for morphometric.work. The
RSE's for measurements reported here fell within this range,
verifying acceptable levels of accuracy. &he use of the
MOP-3 also decreesed systematic error as all of the
pertinent structures on any given micrograph were measured,
aas opposed to the field sampling in%erent when using
point—codnting methods (&6). In any case, it was felt that
systematic errors wqg}é be the same at each age greup and
should cancel out. Cautiold must be used whep*ébﬁbaring the
results of this sfudy to values reporteé 5y~LnVesti§etors
using .different methods. - ® SRS

The heart to body weigh£ fetios for developing rats
were similar to those reported by Hirakow et al. (70) and
Anversa et al (5, 6) and though S}lghtly larger than those
reported by Zak (154) and Page ét al. (113), were in the
saﬁ range as accepted values. | ' .

The wolume densit&‘bfvmyofibrillaf protein in adult

heart cells has been ffequently reported (5, 6, 7, 15, 16,

31,56, 64, 69, 70, 88, 91,. 93, 110, 113, 129, 130). Values
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reported rangedvfrbm 35% to 62% of sarcoplasmic volume. The
majority of studies reported that the volume density of
myofibrils for adult myocardial cells (béth atrial and
ventriéular) were in the ranée'of 53% to 58%.»The values
obtained for this 'investigation fell within this range.

The volume density of right attrial myofibrils was found
to increase éiightly during the postnatal period. This was
in keeping with the reSuits of Nakata (108) -and Hirakow et
al. (70), The estimations vere consistently several ‘
percentage points lower, than the»above authors' but Hirakow
et al. (70) measured Only‘£hose cells that showed a nucleus
and then estimated the volume density &5 a function of
non nuclear sarcoplasm. At no point during the p§stnatai
period was t%ere a sudden large increase in the volume
densigy of myofibrillar proéein. There was a slight decrease
in the volume density of the myofilaments between the
fourteenth and the eighteenth postnatal day..This could be
put down to inaccurate measurement but it could also be an
indication tgat the cells were involved in synthetic
activity that inhibiied or diminished the synthesis of
contractile prqteins. It ié interesting to note ﬁhat there
was a rapid developmént’of the sarcolemmal invaginat&ons and
cduplings which was taking place over the same period.

Hirakow et al. (70) found that during poétnatal
development of right atria averagé cell diameters increased

from 5.6 um in neonates to 8.7 um in adult. Again it must be

remembered that these authors measured only cell profiles
I
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which contained a nucleus so their values represented

diameters through the thickest part of the cells. Nakata
(108) reported values much closer (4.5 um’ neonatal - 6.0 Mme
adults) to the cell diameters reported in Table 2. These
were obtained from all portions of the tapering atrial
cells.
: 2
Several studies reported on changes in surface/volume

ratios in developing ventricular m%§cle cells. Sheridan et

al. (130) using cats found a decreéase from 1.01 um for

neonates to 0.74 um for infants to 0.47 um for adult cells.

These authers did not account for contributiona of caveolae
or T-tubules. Hoerter et al (71) repgrted virtually
1dent1oal values of surface/volume ratio using rabbits. This
etudy did account for the contribution of T-tubules but
ignored. caveolae. Page et al. (113) looked at -S/V ratios in
rat ventricle and reported values of 0.5 um for weanlings
and a slight decrease for adults to 0.36 um. These authors
included T—tpbules in their determination of surface area
but ignored caveolae. It was difficult to tell whether the
dlfferences in the values between rats and cats and rabbits
were real species differences orldue'to different
measurement techniques. N

The present study found lit;le'change in S/V ratios

during the early post natal period with perhaps a slight

« decrease. There was a relatively large decrease in S/V

ratios for adult atrial cells. The increase in volume of the
v

cell during the early postnatal period was balanced by a
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dramatic increase in caveolar and T-tubular surface at the
eighteenth post ﬁatal day. Accumgk;ting the boundary length
of caveolae and T-tubules a:'one variable was not meant to
imply a firmly established functional relationship %etween;‘
the two structyres. Rather it was just more cbnvenient to
measure all th:\gércolemmal invaginations at the same time.
Such a functiondl relationship an in fact exist but
biochem{gal characteriéation orﬁimmunological labelling of.
membrane proteins would be needéd to confirm this.

The values for S/V at all ages‘Qere approximately
30-40% hiéher than reported values for ventrigle. A
proliferatidﬁ of caveolae during the development of the
T-system in ventricuiar cells hasABeen reforted (73) but'no
estimations of surface area were reported:. The fact that
Sheridan et al, (130) and Hoerter et al. (71) ignored
caveolae may explain why the S/V rat#os offkarly postnatal
ventricle cells were found tq decline but the S/V rat&os of
postnatal atrial cells in thig study remained relatively
constant. The fact that atrial S/V values were found to be
consistently higher than those for ventricle may reflect a
real difference. This study found that caveolar and T-tubule
surface area increased the surface area of the sarcolemma by
45.9% in adult atrial cells. This was comparable to the '
value of 56% reported by Masson-Pevet et al. (95). Levin and
'Page (89) estimated that caveolar contributions increased

the cell surface area by approximately-16-20% in adult

ventricular cellp. Page et al. (113) report the contribution
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of T-tubules to total cell surface area of adult ventricle E‘
cells to be approximately 25%. Thus tubular 1nvag1nat10ns !
and. caveolae increase the surfacL area- by s1m11ar amounts in
atrial and ventricular cells. Ventricular cells] however,
were of much larger diameter and the\contribution.of

caveolae and T-;ubules to surface area was not enough to

-

compensate for the exponential increase in volume, thus S/V

: 4
ratios. of rat ventricular cells are roughly half those of

atrial cells.

The association seen between jSR and caveolae {eads to
a further area of specdiationt Many of the short tubular
invaginations seem to have a vesicular efpansion at the end
;(Figs. 8B, '22B, 26A, 31A, 36C). One ié led to postulate
that, perhaps this was originally a caveola which was
'assoc1ated with an area of jSR. As the myoflbrlllar proteln
began to develop in the interior protions of the céll the SR
may have moved deeper iﬁ@% the cell to become organized as a
'sleeve around the myofibril. The associated caveolae gould
have been drawn aloné with the jSR, forming a tubular
invagination. -

Fage and his coworkers have performed severa}
morphametric investigations concerned with development of
;the dyads in ventricular muscle cells (i12, 113, 115). Page
and Surdyk-Droske (lis) reported that the surface density
(Sv) of peripheral cogp}ihgs was 0.023 um/um SL and of

internal couplings was 0.069 um/um SL for rat ventricular

muscle. Tbus total surface density of couplings was 0.093

!
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um. From Tabie 3 it can bé,seen that for adult atrial cells
surface densities of PCs (0.055 um/um SL) were much ﬁigher
and of 1Cs (0.022 pm/um St) were much lower than for
ventricular cells, giving a total of 0.077 um/um SL. This
was somewﬁat loweriﬁhan-the total reboréed for ventricle and
may reflect the relative sparsity of the SR in atrial cells
in cgmparison to the cells of the ventricular myocardium.
During postnatal development 9f ventricular cellé, Page
and Beucker (112) found that the Sv of the PCs as a function
of sarcolemmal surface increased slightly during the
;ostnatal period and then declined to adult levels: The Sv
‘of PCs showed a rapid and large increaée during the period
of T-tﬁbule'appea?ance and then levelled off at adult |
valuééi From Table 3>it can be seen that the surface density
(Sv) of the PCs increased slightly during the first two
postnatal weeks and then increased dramatically at tﬁe same
time that there was a prolfferation of caveolae (16-18
days). The Sv of ICs in atrial cells showed a steady
increase over the early postnatal period. For both
ventricular and atrial cells there was a rapid increase in
the total Sv of couplings which was correlated with the
proliferation df séfcolemmal invéginations. In ventricle
this occured at aéproximately the tenth postnatal day and
involved mainly ICs (113)>while in atrial cells this
occhrredvat approximately the eighteénﬁh postna}al day and
was caused primarily by a large increase in the numbers of

PCs (Table 3).
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The measuremgnts performeé in this study were intended
to clarify what stimuli may be initiating the proliferation
of sarcolémmai invaéinations. It had been suggested that the
T-system developed to allow the spread of the wave of
excitation to myofibrils that were forming invthe deeper
areas of the cell or alternatively thaf.more surface area
was needed to maintain the S/V ratio of the sarcolemma.

. H
However, no dramatic increase in volume density of

myofibrils or decrease in §/V ratéo‘Was seen to occur at the
time the sarcolemmal invaginations began to proliferat® in
atrial cells. This had been reported for ventricular cells
as well but not stated explicitly (5, 6, 7, 30, 31, 53, €9,

L4 r

70, 71, 73, 93, 110, 11, 113, 129, 130, 139). Unless a

critical value for vo]umé density of the myofilaments\or S/v
ratio or a critical combination of the.two above which a
rapid proliferation of sarcolemmal invaginations occurs is
postulated, then there is nothing in the data that provid;s
much information as to the stimuli which lead to T -tubule
development or caveolar proliferatinn. It would seem a;
logical to pred{ct a2 gradual increase in T:tubule; and
caveolae to accompany the gradual increase in volume density
of myofibrils and the gradual decliné‘in S/V ratios\df the
cells. Fprthermoré, one is forced to wonder what fﬁnctions -
this increased surface area might be perfdrming if the |
freeze ;ractu;e data is accurate and there wére very few

intramembraneous particles in the p-faces of the T-tubules

and caveolae.

B
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It may be possdbie to clarify these matters by looking
at ihe physiological chaéges which take plare in cardiac
muscle during postnatal development.

There have been several studies déaling with the
physiological changes that take place in the excitation-

j

contraction coupling process during the first few pnstnatai
wépks in heart muscle cells._Excitation~cnntrartinn ~ruplinng
in mammalian cardiac musale appears to involve 3

Ca’’ “indured (eflease of calcium from the sarcoplasmic
reticulum (42, 44-48). Fabiato (45) has found that this
process is not developed at birth but becomes established
during the early postnatal pe%iod. Sheridan (128) repnrted

that the resting pétential of cardiac cells increased during

the early poStnatal period and heart tiscue bechme

increasingly sensitive to lnweared Ca’" concentrations

extracellularly. This sugge=ts that an event was takinag
rlace whereby the interinre '\f'rhe cells wvere hecoming mar~
negative with recpect to the extericr. Thege rasiilte were
consgsistent with 3 &Ecreése in the interral concentratian of
free Ca”', 1t was becoming in“reacingly neceecary tn provide
Ca’" from external stores. (

Tt has been shown that Na'-Ca’" exchange at the v
sarcolemma is more iﬁporrant to the contractile processes
which oceur in non mammalian cardiac muscle (1, 28} and in
mammalian afria1 cells (33, 79) than it is in ventricular

tissue. Hoerter et al.  (71) report that thie is also the

~raca for neonatal mammalian cardiac muerle . The relaxatian
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process in tissue taken froem neonates and infants was f-und
to be much more susceptible to reduced levels of Na“ in the
perfusate. The relaxation process was severely retarded
under the ahove ronditions. This suggested that neonatal
heart cells were much lers able to deal with highter leva's
of intracellular Ca’' if they cnauld not exchange i+ wiltl va
ak fhé sarcolemmn.

~The results of Fahiato (45), Sheridan (130). and
Heoerter et A1, (71) were all consistent with the rela®:«-~
sparsity of the SR at birth and its proliferation and !r
Aifferentiati n Auring the postpatai period. This has been
reprrted by a numher of authors (13, 53, 111, 113, 198 130,
130, 1144) »g well asg being Aescribed in the present study.
During the prctnatal perind the SR increases in abundance
And nér“rifs (13, 144) This was 'eflected in the chana-=
Geen in thae A~vel-ping myo ardial ticsye's regrange '«
"ariatincneg in the eaxterna) ienic enviroenment and tte

v
appearance of Ca’' indvee grimnloation of centrgett o0

*
-

phisiological difleren eg hetw~an nAult atrial ann
ventficular ce'ls (28, '3, 79) ara als-~ pAartially
nnﬂércfandahln in 1ight of Aifferances in the abundance ~f
the SR, ;61nmo dengity of the SR in aﬂu]t-afrial cells wn~
found to he approvimataly half ~f the valu-~ reported for

’

ventricrunlar celleg (1A S, 11t 113). Thug ra2: inAun =13
calrinm release frem SR wenld be expected tro he lacs

effective in atrial cells, as has been reported (45)Y . pe

-
wruld 3lgo e cvpertad the <~ ntra- g ile proreesee s Al



cellae ware frund to he more guscnprible to alteratinng in
the nxtravellula:\ihnic environment (28, 33, 71).

Tt ig qoneraViy accepted that the 1SR of musgcle
contains large amonnté of a Ca?*-dependent ATPase which actc
as a calcium pump, cleariné Ca’* awa& from the mycfihrile
and allowing the miacle celle to relax. The (37 i«
sequestered in the cisternal SR and released when the

¢
carcolemm~ and the T-tubules are depolarized. Withaut a wel]
develeped &, mugcle ~elle are dependent on trane
sarc~l~mmal meemente ~f Ca’?>’ for the fentractieon relaynt§
cyrle. Thie ie the cace in early PO“'xa'a‘ heart muacle "’
~~11sg.

The physi~logical =tudies on rarly prstratal
Aevelopment cof r""rﬂim' muscle have 'ocoked at variables which
can, perhapsg, 'e bectr nndaratend in 1]'_9‘»" ~nf the atructural
~hanges taking place in the SR Ilﬁwa‘."c;r the infarmatinsre o

~
alsn be neeful in helpind to 'mderstand the pro-~eaces
vnderlying the develapment ~f garc~)emmal invaginatione. 0
physinl-gica' functine onae woul? gesnciats with inrreaged
csurf-ce area wonuld he inrreaged transport ~f isn=e across the
rell éurfafp membrane. Higher prepeortinong of PCe ae orprsed
¥~ ICs shoul? 1ead to marginally sherter Aaterciag te
mentraction. These differencres were cean When ~omparing
adult atrial ~ells tn adylt ventricular ~ells (28.73 "n),
informaripn was feund concerning “hanas in t%esa'
physiclogical processes whirh may ke ~ecuring uring the

A

early rv":‘\n'ﬂ et iadg,
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The high degrée of development of- the caveolae in
ag%ial cells must compenséte to a cert;in exéent for the
relative sparsity of the SR. The cells need to he more
efficient in transarcolemmal transpert of ions. The
proliferation of caveolar complexes anﬁnq postnatal
development and their persistence in adult atrial rells
would act to keep S/V ratics particularly high anA help
rompensate for the less well developed ahiljty te regqulat -
intracellular Ca’  concentrations hy aeduegt:arion in an
inkracellular compartment., Y

The latency to contraction was found to be congiderabhly
shorter for adult atrial cells than, it was frr adnlt
ventri~nlar cells. This méy be an indAication that transprrt
~f Ca’ across the sarcolemma of the smaller atrial cell n: !
suhseqguent diffsion ~f the ion to the vf”%nitv of the
myofihrile ie a madrrately rapid process. Thi~ jg peracible
as 'he rtrial cellr ard ~f amall Aiameter anA the mynfibrjile
are al) rala’i~a]y close t~ th~ rell gurface, compared tn
the irternsl my~fihrilg ~f the much I;rgﬁr ventri~ular
cells. The far' that the great majority of atrial couplings
are peripheqa] may ~l1so shorten the latency as the wave of
depnlarizatrion Adces not have to spread thfoughnnr the
T system. Alth~uvgh no evidence was found noncerning changés
in contractinn latency duriﬁq the early pestnatal perind, it
may he pr@ﬂﬁmeﬂ that in neonateéa contraction occurs very
rapidly ir the relatively small atrial and ventricular

“ell=  Ae the ~elle increage in velime and bnnpﬁings frrm,
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v,

the preocesses Hnﬁor]ying contradt ion hacomée mare complex and
latencies to contraction would he axpected to 'engthen. As
the ratio of Prs to ICe falls during postnatal development
the latencies prehably bec me euen longer; the transport nf
the wauve Af deynliarization threngh the T;gystqm muat tghe n
fivite, albeit a very short, time.

The dnta presented in Tables 1, 2 and 3 demenstrated

3 B

Fhat there were -~nly twe structures that showed rapid spurt-

jY

o

of grovth Auring the ear'y rostnatal periods. These were the
SR an? the invaginatinne ~f the sarcolemma. In ventricular
celle thie wa" ceen ae n vapid development of the

T tubnylee, »nd a prroliferation of SR and internal ~quplinpgs
(69, 112), iﬁ atrial ~ells thie was seen ns » formatjoen -~ f
short tubnlar in ng'iv\:\ri(‘ns and a r'xp1d croliferatinne ~f
cavenlae, SR tubuleg apd pé'iphera] :“nr‘inng (Tshla ) T
has been sugdeeteé 'ta' the formaticr of P from t'a

graﬁu] " FR precent fn o 4'a neanatnl Gt ta takes a eertale
lenqt-h nf time Fre the amanth FP soen Auyr ing the early
stage~ of pe-tnatal dees Japment may nat Ve functioning as SRﬂ
(1), Tt mav he that it \" (*'\ly vhen the bulk of the SR ig-
fully watured (presumably at the.teﬁrh pestna'al Aday in
ventri- 'es and -+ 'he s‘w*eenth\pOSFHata1 day in atripm’
that i' i akle re form covplings. “hile some SR may he
mature in v-nnatal animals the vast majerity remaing ae
granular PP gnd is ar*fing o qynt‘lenize proteine for the
dividing ce'ls. Ventrirylar rallg became larger at an

earlier ag - and it mav he tha+t mare nf *he ER becomes
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actlvely engaged in the regulatlon of Ca" movements at an-
earller age to allow coord1natlon 9f contractile events at
the interior of these larger,cells. Thus the SR may undergo

a rapld maturation at Lhe. tenth postnatal day, peripheral

coupllngs may be formed and T tubules drawn into the cell

3
Prol1ferat1on and branchlng of the T- system in ventricular

cells must’ bg a more complex process than the formation of
the 51mple tubules seen in atrlal cells In atrium the cells
are smaller and perhaps more of the ER is 1nvolved 1n the

7
productlon of specific granules and less available for

‘maturatlon and formatlon of cogpllngs This may explaln tHe

v
week s delay in the format1on of per1pheral couplings and

'the prollferat1on of the caVeolar complexes in atrial cells
In any case, it séems reasonable to suggest that 1t is the .
prol1ferat10n ‘and maturation’ of thé SR and the ability of
-the ]SR to,iorm’couplzngs which is the stimulus which

init{ites proliferatlon'of Sarcolemmal invaginations. The

Lother factors such as S/V ratios and degree of development

and organ1zat1on of myof1br111ar prote1n -are 11ke1y

Secondary to the maturatlon of the SR They may themselves

’ .
-

be dependent on thls maturat1on.s ] ' >
;, Claycomb (29) found “that at approx1mately the mlddle of

the second postnatal week QNA repllcatlon stopped and the

growth of the- heart was no longer hyperplastlc but became
A dominated.by hypertrophy of exlstlng cells. This m1ght

-explazn why the nucle1 of atr1al mells began to exhibit less

_drreqular shapes.ln the heart tisspe taken from stxteen to

. ‘ . .
T
N ) . toed
, :
, o i
. T . »
, . . ,
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eighteen day‘oostnatal animals. It also corresbonds with the.
chronology of‘caveolar proliferation in atrial cells. This
may indlcate that the de<ebopmentfof the'invaginations are
related to the maturat10na1 state of the genet1c apparatus
The earlier prollferatlon of the T- tubules in- ventrlcular‘
cells (8~ 10 days postnatally) argues against this %
interpretation. Perhaps; even/as early as'the tenth - ;

~ postnatal day some of the ventrioular cells have become .
tgrminally’differentiated and the T-tubules-develop in these.

cells:

Further studles on the morphology of the T- tubules and
the caveolae, and their relation to the SR are certainly
necessary Recently, differences have been demonstrated
between SR and sarcolemmal Ca’*-ATPases u51ng 1nd1rect

1mmunoflourescent 1abell1ng technlques (75) These and other-

o

&

antibody labell1ng techn1ques should prove useful in
demonstrating the comtrast1ng morphology of caveolae,
JTFtubules and the sarcolemma of atrial and ventricular
muétle cells. The freeze fracture appearance of ‘the: caveolae
and T- system needs to be clar1f1ed compar1sons between the
freeze fracture appearance of the.sarcolemma and its
1nvaglnat1ons should provide useful morphologlcal
1nformat1on. The freeze fracture morphology ofrthe coupllngs
in cardiac muscle is con51degably less well understood than-
that of the triads of skeletal muscle. In conclu51on,
althoughisome;useful 1nformatron concernlng-the morphology

-



postnatal development, approximdtely at the same time ’

70

, of developing T—tubﬁles in cardiac muscle has been prbvided

. . r
considerable work remains to be done.

j .

It has been sugdested that the T-tubules in ventricular

.-

A. Summary and Conclusions

myocardium deveioped_by a repeated caveolation Qf'fhe'

éarqolemma. It has also been generallx reported that

‘mammalian adult atrial cells have few, if any, T-tubules.

Preliminary studiés have shown that tannic aéid mordanting
is éxtremeiy effective at delineating garqolemmal
invaginations, the caveolae and the T-tubuies, and has
demonstrated that T-tubules are not as rare as had been
suggested. It is felt by the author that repeated

caveolation at the sarcolemma might not édequately explain

the process of T-system development. The aim of the study

was to investigate the postnatal development of sarcodemmal
invaginations in the atrial myocardium of the rat‘usihg
tannic acid mordanting to aid in the visualization of_the'
early stages of T-tubule development.. |
T?e present study has shown that, indeed, a
proliferation of caveolae and the forﬁation of complex

clusters of caveblée,did oCcur.during'the third week of

tubules appear. Alfhough the processes are chonologically

correlated they do not seem to be sequential. It is thus

suggested that the formation of caveolar complexes is

unlikely to be'the first step of T-tubule fqrﬁation;_;ubules

)
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’

do not often appear as strings of caveolae and the caveolar:
complexes per51st in the ‘adult. | |
T-tubules are reported to start appearing in
significant numbers 3n ventricular cells at apprbximately
the tenth postnatal day. The}proliferatiou of sarcolemmal
. invaginations in atrial cells is found to occur SeVeral'days
later. It has been speculated that 1ncrea51ng cell dlameters
durlng the postnatal period mlght 1nduce T-system formation
as a means of maintaining constant surface to volume ratios.
Alternatlvely it was felt that the progresszve development
of centrally lécated myofibrils would require a T—system to
permit co-ordination of the contractile process, Iﬂvan
attempt to diﬁferentiste between these possibillties a
morphometric study has been carried outl Measurements of
\cell d1ﬂmeter, volume - den51ty of myoflbrlllar protein, and
surface -density of caveolae and T-tubules, as well as

surface density of interpgpd

, peripheral couplings have
x A
nd t‘aé cell diameter and volume

been performed. It was &
density'qf the myofilaments'increaseu gradually throughout
the first thrée;postnatal weeks. Both the caveolae and
' T-tubules and the”junctional SR (in the form of couplings)
increased in abundance. dramatically between the fourteenth
and sixteenth postnatal day. |

T-tubules were seen to develop in small diameter c?lls.
(of much smaller diameter than had been suggested. to be
necessary to 1nduce development of the T~ tubules in

ventrlcle) and’ oﬁten atr1al cells conta1n1ng sparsely

S
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. developed myofilaments had a relatively extensive T-system,
. ' . > .
- For these reasons as well as the fact that no large.increan‘
' ~»

in surface/volu £ myofibrillar,development

is seen to occur postnatally, it is fe\lt that the ~

development of sarcolemmal, invaginations may be induced by

some other factor. ' i . »

The morphometric data suggested'that.the proliferation
of sarcolemmal invaginations was related, at 1east
chronologlcally, to the development of the ]SR and the 4
format1on of coupl1ngs. ‘The phy51olbglcal changes that have
been reported to %ccur during the postnatal,perxod are
" consistent with these observations. Thus the maturation of
the Sﬁﬂand the proliferation of the T—tobuies andicaveolae
are. seen to occur at the same time. -

It is felt that whlle mechanical, chemieal, d
electrical events may greatly influence!the maturation of
the SR,.this maturation is ultimately under the control of
genetically coded processes. As the jSR matures andj -
peripheral couplings form, the Golgi bodies would have beep
producing membrane vesicles to augment the formation of ‘
caveolar complexes. This latter process occurs, perhaps, as.
a response to decreas1ng surface to volume rat1ks. The -
T-tubule 1nvag1nat1ons are poss1bly formed as elements of \ﬁ

\
]SR involved in perzpheral coupllngs are belng drawn into

. A
the interior. port1ons of the cell durlng the organlzatlon of

the SR into sleeves agound centrally located myoflbrlls.‘

L}

.



Thus it is concluded that, at leas£ in atrial cells,
the formation of the T-tubules is not by repeated
caveolation at the saréoIemmal surface. The maturation of
the SR and theAproliferation of the caveolar complexes are
chronologically synchronized as genetically coded postnatal
changes. The maturation of tﬁe jJSR and the formation of
couplings arérlikely major factors in the inducemént of

T-tubule inyaginafion.
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Table 1. Means and standard deviations of body weight, heart .

weight and right atrial weight for rats of various postnatal
ages. I i)

POSTNATAL NEONATE 7 DAYS 14 DAYS 18 DAYS 21 DAYS -~ ADULT

AGE é
Body Wt. =~ 6.26% 17.78+ 34.93% 57.05+ 94.66+ 291.20%
(g) ) 1.71 "1.49 ., 2.56 3.30 6.29 23.09
| _
Heart 61.8+ 168.2¢+  333.6+ 434.0%+ 750.0% 1274.0% °
Wt. (mg) 8.8 21.0 14.6 33.6 38.1 . 147.9
o ' ' ) . '
Rt. Atr. 3.44% 12.4% 28.4¢% 39.8%+ 73.8% 116.3%
Wt. (mg) 0.6 2.7 2.2 5.5 4.4 13.0

3 “

Table 2., Mean right #trial cell diametefs measured from low power
~ Y5000%) electron micrographs for rats of various postnatal ages. * |

POSTNATAL NEONAFE 7 DAYS 14 DAYS 18 DAYS 21 DAYS ADULT

AGE | .
b cenn 3.28% 338+  3.75: ( 4.02+ 4.38t  7.49%

Diam. .._-0.55  0.54: 0.7 0.75  0.73 1.70

; L .
ulm;\j ) ' i .
] «
\ [ )
. ¢

P .'u 5
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Table 3. Means and standard deviations of myofibrillar volume
density (VVMYOF) &nd surface density (Sv) of peripheral :
" couplings,internal couplings and caveolae + T-tubules estimated
from electron micrographs (magnification = 15;000X) of rat right

.. atrial myocardium. .

POSTNATAL NEONATE 7 DAYS 14 DAYS 18 DAYS 21 DAYS ADULT
AGE
VVMYOF 35.16: 38.28t  41.07+  40.79% 44,06+ 56.41%
(% cell 8.68 8.72 8.93 8.93'  8.53 7.73
volume) . -

" svpC 0.017¢+ 0.021%+ 0024+ 0.50+ 0.067+ 0.054+
(um/um 0.014 0.016 0.018 0.036 0.028  0.031
" .SL) .

? ) . : . . .

SvIC 0.0 0.001t  0.004t 0.010f D.016% 0.022%

(um/um 0.0 0.002 0.007 0.010\ ' 0.014 0.025
SL) | i .

. I ,

SvCav+T ~ 0.127+ 0.128+ 0.136% 0.306+ 0.361+ 0.459%+

(um/um 0.062 0.049 0.050 0.101 0.109 0.123
sL) _ :



V1. FIGURES
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Figures 1 - 36 contain electron micrographs obtained from
the right atrial myocardium of rats of various postnatal

ages. All of the tissue was imordanted with tanﬁic‘acid.
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Figure 1. Well-mordanted adult cells in longitudinal
section. Note; Abundance and degree of
‘- organization of the myofilaments. Banding pattern
of dark A bands and light 1I bands, Z-lines
transecting the 1I band, lighter H bands in the
: middle of the A bands. Branching of myofibrils is

7 eggdent. Lumen of blood vessels (L) and ,

, endothelial cells wit micropinocytotic vesicles,
small unmyelinated axon adjacent to capillary
(upper left). Intercellular junctions; tight
junction.(Tj), intercalated discs (id, and
elsewhere), lateral cell-cell contacts. Rows of
mitochondria (M) separating myofibrils. Sleeves of
SR tubules (sr) partially surrounding the '
myofilaments. Caveolae are seen as dense black
vesicles (small black arrowheads, upper left).
Peripheral couplings (large white arrowheads) and
coupling between SR and caveolae (small white
arrpowheads, lower right). x9,100.

-






Figure 2. Adult cells in longitudinal section. Note:
Relatively poor infgltration of tannic acid. Large
central nucleus (N) with regular profile. Other
features similar to Figure 1. Caveolae (small

black arrowheads, centre left) more difficult to
visualize. x6,900 .
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Figure 3. Adult ceils, well-mordanted, oblique ‘section.

A. Note: caveolar complexes (large white -
arrowheads) at.sarcolemma and possibly mordanted

tubules in interior regions (large black T

arrowheads) at Z-lines. x6,200. T

B. Endocardial surface, Note: endothelial cells _
(en) and degree of development of underlyin
connective tissue. Small unmyelinated axon ?a).‘
Development of intercellular collagen (cf).

- Apparent difference between degree of myofibrillar
development in cells.directly below endocardial
surface. x6,000 : '
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Figure 4. Trabecula from adult,.obl1que sectlon. Note°
‘endocardlal surface on both sides of myocardial
cells. Robust collagen fibrils (cf). Cell-cell
junctions at lateral edges of cells (T), abundant : :
caveolae at cell surfaces and invaginations to . o
interior of cells (small black arrowheads, centre' '
'left, -adjacent to. endothel1al surface). x9 300

>
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o Fzgure 5 Adult cells, obllque sect1on._Note- Branchang of fu{ P

meof1brxls, aggregation “of specific. grarnules (SG), T A
-rows of mitochondria (M), . Penetratioh propert1es “', ,j'i}_~;ff 0
- .of ‘tannic acid limitéd to superficial-areas. ° ' * e T

" ‘Caveolar complexes:(c) at surface’ and’ deeper“.ﬂA R s
.w1th1n the sarceplasm. x14 000 o fﬂ R A i
..'5*3'- L






“"Figure 6. A, Adult cells,-tfansverse,S§ction.-Notéf
' .~ appearance of thick myofilaments. (MF) as large. -
round dots,. thin filaments much’ smaller. Z-line in

~.cross-section .(z, centre right) much less

R . distinct. Incomplete delineation of myofibrils by
e tubules of the sarcoplasmic reticulum (sr). :

- Caveolae at cell surface and possibly in central
‘regions (small black arrowheads, upper left).
- - Peripheral couplings (large white arrowheads).
o x16,700 - . ST T S

-B. Adult Cells, oblique sections. Note: caveolar
. complexes and tubules in more central regions -
';;gg.(§mall black arrowheads, centre). Internal
coupling. (large black arrow)., Development- of
sarcoplasmic reticulum (sr). AsSociation 'between
SR &nd caveolae (large white arrowhead). x15,600
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j'Flgure 7 Adult Cells, well-mordanted 'v-' -

. x49 800

A Note' Caveolar complex (c) and relatibn to SR
" (small- white arrowhead) Lnternal cguplxngsﬁ(lc)
iat Z-lines. x19 800 Lo '

.:'B Note- T*tubule (T) and 1nternal coupllngs w1th

the SR (1c)‘ Appearance of ﬁer1pheral coup11ngs
with dense brldges in gap (large wh1te arrowhead)

2R .
_’. ’ n






F1gure 8 Adult Cells. A No;e: Caveolae, caveolar
v .. complexes (c) +and their: relatlon to sarcoplasmlc
retlculum (sr) 127 600 : . _

o B. Note convoluted Tvtubule (T), cont1nu1ty
Lo :between ad]acent caVeolae (E). x62, 400

o C. Note- Endothellal ce}i (en) wlth o
m1cropin6tytot1c vesicles. clearly in cont1nu1ty

" with the”ECS (small white arrowheads), leds well .
infiltrated than caveolae. Caveolar~complex (C)

”and relation to SR (large black. arrowhead)
x35 200 : o

2, .' ' c 4
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Figure 9. Neonatal cells, transverse section. Note: .small
size of cells (compare to Fig. '1). Large
intercellular clefts (ecs). Frequency of .o
fibroblasts (F). Scattered, small mitochondria (M)
and-specific granules. Irregular shaped nuclei

: (N)..Relatively well-developed aggregations of

- - myofilaments (MF) mainly towards cell periphery.
Absence of SR sleeves. around myofibrils and :
relative sparsity of caveolae (small black
arrowhead, centre). x9,200 '






 Figure™i0

;”Néénatal'cells,‘bblique séqfion;'NO£e:'SparsitY

ofncollagen.at”endocardial-sUrface_(en)g‘ -
Intercellular clefts (écs). Immature appearance of °

cell-cell contacts. Degree of disorientation of

myofilaments (MF) between adjacent cells and
within . cells. Dispersal of specific¢ granules (sg)

devoid-of .contractile apparatus. x7,500

' and-mitochondria in central regions relatively

-

3o . ' RS . R . LA
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Figure 11. Neonatal cells, transverse section, This is a-

higher magnification of material in ¥igure 9.
Note: Myofilaments (mf) appear less«well oriented
than at lower power. Infrequent caveolae (small
black arrowheads, centre). Apparent invaginations
into cell (small white arrowheads) which are more

- likely furrows or folds/of the cell surface.

. Sparsity.of th@-sarcoplasmic,reticulum, most of
which appears as-granular endoplasmic reticulum
{er). x16,500 '

’






Figure 12,

droplet (LD). x23,000

Neonatal cells, transverse section. Note:

'‘Disorientation of filaments (mf). Immature; - e
thickened Z-lines (z). Poorly developed cell- cell

contacts (J). Well developed Golgi (G).and
associated clear vesicles and atria)l specific
granules. Abundance of granular endoplasmic
reticulum (er). Occasional peripheral couplings
(large black arrowheads and elsewhere) Lipid

a
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F1gure 13 A and B. .Neonatal trabecular tissue. Note: Lack
o _inconnectlye,tlssue underlying endothelial cells
. at luminal surfaces (L). Large . intercellular
. clefts (ecs). .Fibroblasg act1v1ty (F). Immaturity
" of cell-cell contacts (4d) A. x14,600. B.
x10,000. . . S ‘






Figure.14

>

-Seven day postnatal tissue, trabecular surface,

. transverse section. Note: Decrease in the size of

extracellular clefts. Fibroblast activity (F).
Increased abundance of myofilaments, organized in
more” central regions as well as perlpherally
Appearance, -distribution and organization of
tubules of SR surrounding myofilaments (small
white arrowheads, upper left, upper right, centre)

as well as grganular endoplasm1c reticulum. Note:
Increased fregquency of peripheral couplings (large
black arrowheads, centre) and caveolae (small
black arrowheads). x21,000.
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Figure 15

2 ’ . : y
.. Seven day postnatal cells, longitudinal section
Note: large intercellular clefts (ecs) have not
completely disappeared. Cell-cell contacts (id) .
still immature. Cells are still small compared to
those of adult (eg. Figure 1). Myofilaments (mf)
much more highly oriented, but myofibril-like
units are of 'very small diameter. Mitochondria
lining up into rows between contractile apparatus,
There are still areas in most cells devoid of .
myofilaments. Occasional caveolar complexes (small
black arrowheads, .upper centre) and possible

tubular invagination and internal coupling (star).
x8,800. - :
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Figure 16. Seven day postnatal cells, transverse section.
Note: Immature appearance of capillary endothelial
cells with thickened walls (L). Some nuclear
profiles appear more rounded (N) but some are °
still irreqular. High degree of myofilameént

- organization (mf) and abundance of sarcoplasmic
reticulum tubules (sr) surrounding myofibrils.
Granular endoplasmic reticulum (large white
arrowheads) still relatively abundant. Peripheral
couplings (large black arrowheads) and caveolae
(small black arrowheads). x13,100.
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Flgure 17 Seven day postnatal cells.

. ’U

W,

"JA Long1tudlnal sectlon. Note:. 1rregular1y shaped

nuclei .(N). Dispersal of small-size specific
granules (sg). Areas of some cells devoid of
myofllaments and other organelles. x7,800

B Trabecular reg1on.‘Note' 1rregular or1entat1on_
of myofilaments in adjacent’ cells. Caveolae (small
black arrowheads, centre left) more abundant in

. some célls, almost absent in others. Rows of

mitochondria. (M). Immature cell-cell junctions -
(Jn). x12;800 ‘ T . } :







Figure 18. Seven day postnatal cells.

" A. 'Transverse section. Note: at this higher
magnification it is possible to see that while
many of the tubules surrounding the myofilaments
appear to be smooth, sarcoplasmic reticulum (sr),
many are elements of granular ER with attached
ribosomes. Peripheral couplings continuous with
elements of .SR.which pass towards the central
region’s of the cell (large black arrowhead).
x23,500 :

B. Epicardial surface (to-right), lumen of blood
vessel (to left). Note: High degree of fibroblast
- activity (F) elaborating the collagen fibrils (cf)
at .the epicardial surface. Small nerve fibre and
associated Schwann cell (s). x10,500 '
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Figure 19. Fourteen day postnatal cells,  trabecular area." *
Cells are still quite small, comparable in size to
neonate (Figure 9) and seven day-«(Figure 15)
cells. Intercellular clefts not as prominent.
Active fibroblasts (F) still seen freqguently. Many
nuclei still have irregular profiles. Note:

~ Increased abundance of myofilaments (mf) in
central regions of cells and slightly larger
diameters of myofibrillar units. Caveolae (small
black arrowheads, centre and upper right) less
visible in this material less well infiltrated
with tannic acid. x9,700
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»Flgure 20. Fourteen day pOsEnata& ce;ls, ob11que sectlonsr

A Note:- vaergent orientation of myof1laments in
adjacent cells. Some . cells almost - f141ed with

. myofilaments, others relat1ve1y more lmmature in-
appearance. x7,200 . - -

. B. This is an area where the cells have very

~~ little development of myofibrils. Note: Cell-cell
contacts becoming more mature (Jn). Caveolae
(small black arrowheads).. x7,000 '






Figure 21. Fourteen day postnatal cells, transverse
sections. :

A. Note: Endothelial cells, encircling lumen (L) ,
of blood vessels, still rather thick. Myofibrillar
development well advanced in some cells. Granular
endoplasmic reticulum (er) still abundant in some
cells, x11,900: ’

B. Note: Degree of development of SR compared to
cells seen in A. Specific granules (sg) becoming
larger than those of neonatal and one wéek

. postnatal myocardial cells. Coated vesicle (white
arrowhead, upper centre). Peripheral couplings
(large black arrowheads) well~-developed and
slightly more abundant. x42,200 j
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F1gure 22. Fourteen day postnatal cells.

“;»\\ A. Transverse section. Area where myof1laments are
' T oex remely abundant, packing the cells. Note: cell
_ attleft ‘where orlentatlon of myofilaments is
irregular. Peripheral couplings (large black
arrowheads). Caveolae becomlng slightly more
abundant, tubular 1nvaglnat10ns are seen more
e frequently x16 700

B. Longitudinal section. Further evidence of
caveolar development and tubule formation (small
black arrowheads, lower left). x17,600

L]






Figure 23

. Sixteen day postnatal cells, oblique section.
The endothelial cells at the endocardial surface
(E) appear attenuated compared to the endothelial
cells of the capillaries (L). Elastic fibrils (EF)
as well as collagen are lying between the -
endocardial endothelium and the myscle cells.
Myocardial cells are still not noticeably larger
than earlier stages but intercellular clefts -
appear much reduced. Individual cells have a
mature appearance, filled with myofibrillar
protein. Mitochondria are generally pushed into
the clefts between the myofibrils. Nuclei tend to
have more regular outlines than those seen at
earlier ages. Note: Tannic acid penetration
superficially. Caveolae (black arrowheads) appear
numerous when filled with tannic arid. x8,500
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Flgure 249 Slxteen "day postnatal cells. ' . . R
. A Obllque section. Note-lmyoflbrlllar (mF)
~development. Particularly note abundance of
caveolae (small black arrowheads, centre and
-centre left). x12,600.

B. Transverse section. Sarcoplasm retlculum (SR)
appears to be very well-developed around bugdles
- of myofilaments. The bundles appear larger than
‘those seen at earlier stages (Figure 21?
incompleteness of sleeve of SR indicates branching
+ of the myof1brlls. Elements of granular
endoplasmic reticulum are still relatively. .
abundant (er). Note::caveolae (small black -
arrowheads, right' and upper right). Particularly
‘note.abundance. and large size of peripheral
-coupllngs (large black arrowheads). 'x53,900
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F1gure 25 A and B. S1xteen day postnatal cells, ob11que
sectiops, Note: abundance and 1ncrea51ng :
complexlty of sarcolemmal invaginations (small

.+ - - black arrowheads;  centre and upper r1ght) A.
.- --%20;300 :By x18,800- - SR T






Figure 26. Sixteen day postnatal cells. A. T-tubules (TT)

‘appear more frequently, invaginating towards
Z-lines. x56,100. '

B. T-tubules sometimes appear to branch x53,900,

C. Internal couplings are also more frequent,
. often at or .near Z-lines. x19,500

P I S
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flgure 27 Elghteen .day pcstnaEhI cells, long;;ud1nal
, “sectiom.’ The lnd}v1dual cells are still- Telatively, . T el
small ‘but ‘appear very. mature." Intercellular clefts T
“are’ Very -much- .reduced. Myofllaments-appear to Af-u‘i'i"iﬂ"i”?
. occupy mast of the. Sarcoplasm and myofxbrlllar ST
. buhdles are -larger, .tubular elements Of SR are :
... 5een to be well- developed ‘between the. bundles of -
myofilaments. ‘Sarcolemmal invaginations are very
apparent.. Note: caveolar complexes -and -tubular
invaginations (small black arrowheads centre
‘right). x10,900 .

-~






- Flgure 28 E1ghteen day. postnatal~cells, obixque seeblon.:

"Endocardial endothelium (E) very much attenuated.

Collagen fibrils (CF) of endomysium more robust.

Fibroblasts (F) are st111 seen frequently Note'

‘7 centre and upper left) x9 300  2,; """
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FLgure 29, E1ghteen day’ postnatal cells, transverse
section. '

- A. At this magn1f1cat1on development of the SR is
apparent.. Note: Caveolae (small black arrowheads).
Peripheral couplings. (small.white arrowheads) are
particularly. numerous. Granular endoplasmic
reticulum (er) is still seen frequently,
occasionally continuous with a peripheral coupllng
(centre of figure). x14,800 .- :

B. Slm11ar to A. Note: Golgi apparatus (G) and

associated specific granules High degree of SR

organization. Z-material in cross section (Z).

Peripheral couplings (small whlte arrowheads)
» *%17,900
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Figufe‘30. Eighteen day postnatal cells.

A. Oblique section. Some areas still retain,a
relatively immature appearance with a moderate

~ amount of space between the cells and central.

- areas of the cells relatively devoid of :
~myofilaments. Note: Fibroblast activity (f) still
seen. Capillary lumen (L) and thick capillary
endothelial cells with micropinocytotic vesicles.
»Granular "endoplasmic reticulum (er) abundant in
some cells. Numerous caveolae (small black
arrowheads). x8,400. -

B. Cell with a mature appearance. Well developed
and abundant myofibrils (mf) delineated by tubules
of sarcoplasmic reticulum (sr). Abundance of
caveolae. Note: Branching T-tubule (t) in interior
of cell. x30,6A00






F1gure 31 A and B Elghteen day postnatal cells, ob11que' )
_ _sect1ons. ~

<, Note: abundant caveolae, convoluted T-tubules
- _arising at Z-lines.-Peripheral coupling at arrow.
A and B. x43 000 ,

°
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Figufe 32. Eighteen day postnatal Eells, oblique sections.

A. Note: ‘T-tubule (T) appears to be giving rise to

caveolae. Peripheral coupling (1arge black
‘arrovhead) %43, 400

B. Note. Cavgolar clusters are becom1ng very
complex {cc).and T- ‘tubules are sometimes seen
runn1Qg parallel to sarcolemma (tt).,x78 800

’
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“ Figure 33

Y

},Tuehty—ohé day posfnatalAcells:%blique éections.
Cells seem slightly larger and intercellular
clefts have all but disappeared. Capillary

endothelial walls are still quite thiék. Most of

cells appear td.be-tightly packed with
myofikhrillar protein.. The mitochondria are
regularly arrayed, delineating the bundles of
myofilaments. Sarcoplasmic reticulum cannot' be
distinguished at this low magnification.
Fibroblasts are still active and the collagen
fibrils of the endomysium are quite well developed
in some areas. Most nuclear profiles appear to be
quite regular in outline.

"A. Note: coliagen icf) and elastic fipbrils (ef) at

endocardial”surface (E) are particularly well
developed. Aggregations of atrial granules are
seen toward$ the central regions of some cglls.
x5,700 :

-

'B. Note: fibroblasts (F) and robust connective

tissue containing a larger blood vessel (top
centre). Golgi bodies (G) are seen in the .centre
of several cells surrounded by specific granules. .
Cells in central region appear to have less

‘abundant myofilaments. x4,400






Figure 34

. Twenty-one day postnatal cells, longitudinal
section., Myofibrils seem of smaller diameter but
fill the sarcoplasm and are clearly delineated by
tubules of the SR and rows of mitochondria. The
organization of the myofilaments is very regular.
The sarcomeres are in register across the width of
the cell. This was seen in some cells from
eighteen day postnatal animals (Fiqure 27) but was
not as regular as is seen here. Extracellular
space is much reduced. x6,800
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Figure 35, Twenty one day postnatal cells, transverse
, section. Degree of development of myofibrils and

organization of the sarcoplasmic reticulum
particularly well demonstrated. Per1pheral
couplings (pc) appear abundant and are quite
large. Granular endoplasmic reticulum (er) is
still relatively abundant. A. note apparent
coupling between SR tubule and two caveolae (ic).
Appearance of Z-disc in cross-section. x74,000

B. Note: possible T-tubule with vesicular %

expansion (T), this may just be a fold at the edge
of the cell. x43 400 _ S

4 Lo . ' e .
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Fighre 36. Twenty-one day postnatal cells.

A. Longitudinal section. Note: robust development
of collagen fibrils (cf) and elastic fibres A
underlying the endothelial cell (E). Some of the
myofibrils (MF) are becoming quite large in
- diameter. Cell-cell contacts are beginning to
. appear more like intercalated discs (In) Grazing
. section of sarcoplasmic reticulum (sr) showing a

high degree of organization. Abundant caveolae
forming clusters (cc), closely related to SR.
Tubular invaginations and internal coupling (ic).
x14,000

B. Note: T-tubule and well-developed -dyad (ic) at
a Z-line. x35,300 "‘ ' S ‘

C. Note: Beaded shape of upper T-tubule and
well-developed internal coupling (ic). The beaded
shape gives the‘impression of a string of caveolae
but may just bé’ & convoluted tubule running in and
out of the@glane of section,.






Figyre 37. Diagram of a grid indicating location of the
grid-spaces used to obtain electron micrographs
for stereology. '
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F1gure 38 Plots of means and standard dev1at1ons of
surface- -density. (Sv) of.caveclae.and T-tubules
(cav), per1pheral couplings' (pc):and .internal
couplings (ic) as a function of Sarcolemmal
- 'surface ‘for varlous postnatal ages. (#=p<.01,
- t=p<.01, i=p< 01) ST
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Flgure 39. Plots of the means and standard dev1at10ns for
the-volume density of the myofibrillar proteln(ln
%¥ of cell area) and cell diameters (in um.) as a

function of postnatal age. Values were obtained
from Table 3. (*=p<.01, **=p<.01, %=p<.01).

\
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Figure 40. The MOP-3 digitizer manufactured by Carl Zeiss
‘ Ltd. : _—
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NEONATES -

15796.6
779.0
15183,
17436.
16939.

.16900.
13095,
17230.
15691.
12911
15070.
13459,
14362,
15705.
13322.
17890.
17635.
17605.
17384.
17445,
18052.
12582.
18481.
18706.
14002,
12789.
17773.
17128.
15962.
18624.
14253,
17554,

9287.
17870.
18307.
11102,
16145,

9722.

9881,
16093.
16094.
19169.
17121.
190.25.

18118,

8145,
15317,
17597.
16355.6
19268.0

0
Table A1.1 Cell Ar

7 DAYS
14482.2
15951,
14089.
16104.
18287.
19780.
10026.
16898,
19972.
12361,
17668.
19957,
15812.
20214,
19362.
13767.
10286.
15670
18342.
18246.
15436,
6223.
19451,
17806.
19586.
19731.
9264.
15018.
14930.
11795.
15718.
16436.
9247.
19620.
11772.
18212.
14364.8
18378.0
18006.1
15843.3
17848.4
188518
14685.7

12769.7

19500-, 5
17991.8
1973647
1%259.4
17826.6
14551:4

=2 WOOUNWINDNNMNANVNDOPOOON— N VODOVOPEPNVOON—= =

w

14093.8

ea on Micrographs (mm?)

A\ e
14 DAYS 18 DAYS . 21 DAYS
14026.3 12066.8 18999.3
15581.1 12974.7 19880.8
19775.3 14516.9 18269.7
15694.0 16518.9 17691.6
16883.6 16488.4 15861.4
13427.5 12031.7 20138.9
19948.6 18256.7 ° 16147.8
15693.5 12033.5 - 17195.5
1584171 967.1 17292.1
17448.6 7639.7 16066.3
15924 .1 12490.6 10021.6
6883.7 15744.8 15593, 1
13957.0 17356.6 16754. 1
14964.4 14041.1 20997.5
17082.5 16914.6 18789.2
15532.9 13894.9 13362.9
9657.8 15119.0 17177.3
9930.7 ©15042.7 15342.2
12299.3 16636.5 20661.8
14925.6 13453.0 13416.0°
16506.5 13936.4 16725.1
+10573.7" 16798.2 14952.4
13210.8 13366.5 18535, 1
16462.2 13391.8 12258.3
17419.7 18647.0 19251.2
16639.6 15642.9 19550.5
16802.0 12863.0 16513.7
13313.7 17518.1 15390.5
18114.8 14732.2 13659.5
12576. 1 18082.9 17374.2
17775.7 12384.1 15580.7
11399.3 14654 .1 20370.4
11430.3 17714 .1 17986.4
16237.9 19173.2 © 196%1.3
9115.8 8104.3 19011.5
14973.8 13084.4 14218.6
11059.4 15656.2 18112.1
16712, 1 15748.9 203621
18059. 1 13302.9 15226.1
19173.3 -13401.8 19196.2
20194.2 10365.5 16877.7
15028.5 18434.9 18692.2
11878:3 12392.6 . 19931.5
18253.2 11843.7 21025.3
11949.8 16321.5 16135.2
17458.8 12945.% 20242.3
8976.3. 13058.1 18412.1
14798.8 4 9929.7 11441.7
14306.9 18175.3 21002.2

10878'.9/ - 20751.8

174

ADULT
15870.4
17894.5
16747.0
17567.1.

© 18353.1

17382.2

"17871.7

19036.5
17820.2
18502.6
17832.1
18368.9
18150.6
16239.8
19234.1
15802.5
17220.2

'17607.0

16863.2
17122.3
16756.8
18368.8
15012.2
17014.8
16665.2
19209.3

8923.3
16325.5
16545.4
16968.7
19108.6
16595.6
16651.2
18582.4
17869.6
17372.1
19345.8
17656.8
18672.8
17964.9

- 13347.3

18209.3

150142

15214.0
23151.6
19356..0
17484 .1
14717.5
15404.8

16711.6

.



NEONATES

17940.
16591,
16842,
18911,
11341,
17258.

T 18473.
18443,
18564
16971,
18444,
14315,
17603.
16221,
16277.
16543,
14626,
14999,
17511.

12614,
11827.
11959,
13865.
17524,
16989.

16275
18251,
14489,
14902,
18657.
17620.
17963.
179371,
16154,
18684 .
18598.
17443,

17495,
16481.
10959,
13680.
13183.

13429,
14977,
18702.
18417
17138.
17411,
11445,
11885,

-

8
S
6
6
0
8
0
.6
6
3
0
5
2
2
7
0

—_

1
1
1

1
1
1
5
3
0
0
5
8
2
6
5
7
9
2
0
0
0
6
3

6
1

9
2
3

.6

8
6

3
8.

7 DAYS
10026.0
18358.1
17690.5
13258. 1

6979.5
18892.6
10978.5
12493.9
16347.4
15313.9
11212.1
14284 .1
15079.4

- 18367.0

15984.4
12575.3
19403.6
9586.8
15329.7
17800.6
18110.7
17005.1
15589.4
12939.3
N4659.2 -
15124.2
13067 .4
13280.2
15431.1
14913.5
12377.1
19885.5
17535.9
16805.4
14985.2
14929.6
18557.6

“19212.6
16445,2

19101.7
15398.8
15450.6
16349.0
9714.6
13802.2
20136.8 .

20188.6,"
15513.1
»

‘::‘L@" .

17802 ¥ °
1773) .3

Table A1.1 continued

14 DAYS
13741,
13827.
17973,
19464.
20096,
13116,
19576,
19347.
19231,
13436,
17370,
17574,
15236.
18155,
17151,
17060,
16285,
18060.
15585,
17734,
16987.
15990.
11916.
13.157.
17613,
18154,
11501,

- 14170.
16293.
12257,
15929,7
18388.5
11052.2
12418.9
12434.8
17038.9
16687.8
14364.3
10856.6
13069.9
11461.9

19740.8 .

. 7763.6

13328.7
143421
; 16428.1
. 16574.5
+16305.6
191%57.,2

718841.5

Y i

S /’“‘
PN
3

20300.

- 17230,

- 17321

WRWW O WO JWNOAE 0N OUIDOW-2 DWW O

11926,

‘18 DAYS

10911.
15037,
16863.
14285,

8066.

9491,

8023.
14234,
15799.
14457.
19633,

-

21212,
19810.
14346.
20766.
20527.
19237.
19148.
17242.
16823,
19821.
11396.

16922
13080.
17089,

16465,
19640.
11377.
15516.
19742,

9664
17887.
16314
10706.
18565.
18288,

Cau OO dWONNONVYOOWONROORWNUINPR S ONNAR S WAWWONOUNWARWOAN

16980.
13705.
14932,
20707.
15385.
10653.0.
20427.7

12993.4

11759.5,

’

 17805.4

21 DAYS
13281.4
17700.3
189904.1

18140.1

15800.4

190089.2

19625 .1
7845.7
18454.6
12178.7
18551.9
15018.5
13930.3

18034.2

16459.1
17109.2
19573.7
11709.4
14467.3
16925.3
19980.2
13555.2
12583.0
15902.9
19700.8
15605.9
19623.
19442.9
15468.9
17314.5
19365.5
18488.0
18245.4
16345.1
19343.7
19156.7
15318.3
19832.5
17550.4
17787.5
13127.0
18221.3

9703.5
15877.2
18366.7
18703.5
17736.0
18012.1

19003.1
14727.1

175

ADULT

©14268.3

11056.8
12852.9
x19530.3
14835.2
18569.2
17112.4
18979.9
“17772.2
12956. 4
15188.4
16955.0
15970.9
18259.4
19658.7
17247.8

214.3
18835.5
20131.6
15278.0
17333.3
17732.0
18934 .2
18428.6
16737.5
17294 . 1
17426.2
18684. 1
18755.9
18490, 8
13243.0
14556 2
18976. 3
17685.3
16538.0
13807.7
16957.7
15623.5
18213.3
18582.2
10316.0
12380.7
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Table A1.2 Myofibrillar Area on Micrographs (mm?)

NEONATES 7 DAYS 14 DAYS 18 DAYS 21 DAYS ADULT
4328.6 4901.0 7794.4 5254. 3 7444.2 . 9757.4
5381.3 4171.2 5706.6 4762.5 9353.4 11867.3
6349.3 4007. 1 9613.2 7661.3 6069.2 6325.0
5323.6 8055 4 4003.0 . 6626.3 7115.5 9780.7
6180.7 7012.5 7546.7 . 7150.5 8875.9)  12198.9
7053.8 4905.2 4782.4 3045.5 7612% 11451.0
3038.9 2650.0 7427.6 6691.7  "~6363.6 10721.5
6963.4 5351, 2 6021.7 4694.9 6792.5 10857.3 .
8092.8 7131.8 5757. 2 5721.9 4830.8 10056. 8
4532.4 '5816.9 5869.5 8692.8 5809. 4 11226.8

5945, 1 6353.8 4332.5 7284.5 5371.6 11091.2
7023.79 5659 . 4 3280.6 7161.7 6172.3 11004.9
7135.7 5313.6 6973. 2 8289.9 5406. 3 7643.7
4923.3 6545 .4 5077.2 4962.1 7850.3 11092.3
2396. 1 7544 .4 4572. 1 5677.8 - 7761.6 12538.9
5926.5 6713.4 6508. 8 4927.2 1 4455.5 9136.8
7714.4 4689.8 4291.5 7609.2 5484 .8 7680.0

' 6798.7 745712 5248.0 7039.3 5429.0 , 9583.9
5608.5 6139.0 5714.5 8501.3 14693.8 10217.0
5053.7 5483 .6 8423.0 6462.4 4630.7 10455.0
7998.9 6235.3 6943.0 6936.0 6235.7 8136.0
4408.8 2761.4 6179.6 7132.5 4601.9 11044. 1
5688.8 9924.0 7492.5 6125.5 6739.7 * 9103.6
7462.2 5844.6 - 7318. 1 4539.4 4229.7 10845.9
4388.4 10463.9 *7091.9 9236.7 7529.4 10952.0
3730.6 8168.0 7039.2 4959.0 7418.9 11283.3
4609.8 3124.6° 7796. 2 6840.6 6287.1 18160.8
4416.4 4422.3 5343.7 8034.2 5909.6 9166.6
4283.5 5498, 2 9201.3 5612.4 5942.4 10584 . 2
5996.9 5400. 6 6178.7 6185.3 8031.6 8792.3
376471 5477.2 8070.2 4650. 4 10765.8 11364.6
8544 . 1 5587.8 5415, 2 4861.0 8736.0. 9882.3
1741.4 4303.4 5587. 4 5201.8 9922;2) 7407.8
6280.5 6060, 2 4700.3  5932.8 10266+ 10115.6
4321.5 2848, 1 4362.6 . 3191.7 19578.7 12353.5
3978.2  6355.3 5560. 1 4137.0 6472.0 . 11352.4
5597.3 5924 .2 5229.9 . 3666.7 7391.0 © “11566.5
3402.9 10154.8 9123.6 7365. 4 10862 <6 9933.0
3048.5 6176.2 8523.2 * 5569.¢ 7298.7 10133.3
3889.3 6055.5 10594. 3 6551.9 8062.0 11046.6
4851.8 4434 .1 %‘k8001.5 3024.0. 6888 4 5599. 4
5947. 1 5229.2 5856.5 5107.8 6957.0 10539.6
7480.5 5227.9 6095.9 4866.3 8334.8 9035.8
8235.2 6074 .2 6835. 3 3555, 1 9870.4 8510.4
6660. 4 5221.1 5453 .0 5305.7 8761.6 13967.3
4313.6 8629.0 8442. 1 6020.6 6546.5 11523.7
4728.0 7560.7 3723.1 6724.0 ' 9090.4 10027.2
6899. 1 6329.3 5615. 14  4026.6 3681.5 9057.0
6284.0 -  7872.3 6602. 1 6585.4  7408.2 7773.4
4866.8 5580.8 6263.1 - 3297.3 8315.2 ,  7740.0



NEONATES
6364.9
5238.8
3067.1
5104.2
3485.4
4215.7
6606.8

5710.9"

7943.6
6288.1
4922.9
3448.3
4399.6
5127.5
8463.1
594433
465206
2986.9
7753.0
656%.6,
4968.8

' 3758.4
4374.4
476281
6890.7
4950.0
6608.4
6451.8
5300.7
6578.8
6730.9
4967.7
6217.3
6698.8
5218.2
7079.0
4015.8

38971.6

5120. 1
3864.6
8264 .6
6896 /2
4374.2

.6020.5
6399.7
8113.6
6319.2
5676.7
4259. 1

4485.8

6849,

. 5964.

- 7290.

7 DAYS

5667.1
4707.0
3444.8
6447.3
2672,
5924,
6299,
4652,
5540.
4481,
4095.
5437.
4386.
5790.
4319,
4332.
9458.
3894.
6089.
9129.
5483.
5179.
7033.
6898.
7197.
5549,
4425,
6314,
4692,
6157.
6346b.
6249.
8206
6634.
7153.
4467
8446.
4496.
7149.

5858
8913.

5211,
6288.
8587

-b.bm—-mm\:\:\rwow\o\pm\\:bm\)-A-c:\lommwoﬂ—ampwNwmom—-wo—.o-&s\o\zow

6780.
6376.
4520.

Table A1;2'conrinued

I 14 DAYS -

7640.9
7136.9
5000.9
6827.0

11046.0
3717.0
7489, 1
849%8.0
8020.3
4912.4

11228.1
5412.4
5800.8
6609.9
6227.1
5815.9
5564.6
7863.9
4023.3
3559,.5
6171.9
9048.4
3539.6
7093.9

6801.9
5497.9
5381.6
5263.0
4615.9

. 5231.1

'5495.8
5902. 2
4564.8
4512.0
5519.4
2736.8
4653. 1
4870.8
5351.3
6424.8

342.4
3589.3
5069.2
5263.9
6534.5
6896 .4
6257. 1
5761.0
7507.7

8348.6

18 DAYS
3755.9
5141.6
6357.3
6284.9
2385.6
3390.4
2853.8
7063.7
B524.2

5912.8°

11314.7
5499.7
11648.7

10023.2

6517.0
9034.1

* 10355.9

7425,2

,6170.8

“4737.6
8327.2

5139.F"

3074.0
4369.4
7308.5

8603.2

6523.4
5802.0
5176.0
7371.5
4905.4
5539.7
9034.5
4666.6
7998.5
6390.7
4274.5
.7316.4
68011
5236.8
7225.5
6355.9
7520.4
-9093.2
6211.9
6386.3
5825.3
'5195.7
5709.8
9157.5

21 DAYS
" 5540.8
7652.4
7652.7

9265.5

8919.9
7323.7-
8639.
4460.
10776.
4711.
7494,
6887.
5300.
9424.
9958.
8147.
9515.
4958.5
6450.5

8684.6

7541.7
- 6815.1

v 7358.1

9416.0
12176.6
8523.6
8175.5
11128.0
8162.8
7687.0
5660,. 6
6636.5
8053.8
6898.3
8110.7
8246.8
5345.9
8269.8
7011.0
8332.7
6371.2
7720.8

4252.6.
6185.4

7414.3
8579.7
9645.3
8518.7
8874.8

6072.9 .

= ~NJAN=20NDN OOV

- 177

ADULT
8856.9
6327.9
7686.8

10278.4
9299.6
10290.8
9875.2
10482.4
11948.6
6760.7
9529.0
7749.7
7226.2
9482.7
9920.8
6730.3
10138.8
7993.7
9232.1

. 115561

8481.0
9449.,7
9108.4
7048.9

10661.1
7662.2

10610.2
7880.8

10124.6

11071.5
7162.8

10181.4
9724.2
9369.8

11318.5

10984.7
8525, 3

10443.5
8216.2
7925.0
7344.3
8382.5
7872.8
5884.9 .

8341
91393

11066.9

10696 2

7619.1.
7552.5
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Table A1.3 Volume Density of Myofibrils (%cell.volume) -

NEONATES
27.4

. 32,
4i.8

30.5 .

36.5
41.7
23.2
40.4
51.6
35.1
39.5
52.2
49.7
31.3
18.0
34.7
[ 43.7
TN 38.6
32.3
29.0
44.3
35.0
30.8
39.9
31.3

44.8

*26.0
25.8
26.8
32.2
26.4
48.7
18.8
35.1
23.6
55.8

34.7.

35.0
30.8

24,2

30.2
31.0
43.7
43.3
36.8
53.0

30.9

39.2
38.4
25.3

7 DAYS

33,
26.
28.
.0
38.
.8
26.
.7
35.
47,

50
24

31

36

33

40

51
32

41

34
34
4¢

34

41
55.

34.
38.

24,
27,
35.

47

38

3'8\.

44
38

.

2
4

3
4

7

1 .
36.0
28,
.6
32.
39.
48,
45,
47,
34,
30.

4

4
0
8
6
6
5
0

04‘
44,

4

.0
.8
53.
.4
33.
29,
36.
45,

4

2
5

8-

8

.8
.0
.5
30.
24,2
.8
.2

8
2

3
3
2
8

7 .
6"
.6 .
267
43,0
.3
9.
27
4

8

14 DAYS

55.6 .

36.6
48.6
. 25.5
@ 44,7
35.6
32.2
38.4
36.3
36.6
27.2
47.7
50.0
33.9
26.8
41.9
- . 44.4
.52.9
46.5
56.4
421
58.4
'56.7
44,5
40,7
42.3

46.4 -

40.1

50.8
49.1,

- 45.4
47.5

39,5

. 29.0
" 47.9
37.1
.47.3

42.6°

47.2
55.3

39.6

4

18 DAYS
A43.5
42,2
52.3
40.1

43.4
. 25.3

36,7
39.0
41.0
49.3
58.3
45.5
47.8
35.3

33.6-

35.5
50.3
46.8
51.1

48.0.°

-.49.8

42.5

45.8
33.0
49.3
31.7

53.2°

45.9
38.

34.2
37.6
31.8

23 e

21 DAYS

5

N
T

-

39.2
47.1

. 33.2

40.2
55.9
37.8
39.4

39.5 |

27.9
36.2
53.6
39.6
32.3

°37.4

41.3
33.3
31.9

35.4 -,

71.1

*34.5

37.3

30.8
36.4 -

34.5
39.1

37.7

38.90

38.4
43.5
' .46.2

'69.1
42,9
55.5
- 52.43

50 4

R .
ADULT

61,5

. 66.3 -
37.8-
55,7

66.5
65.9. .

60.0
56.4

57.0

68.9
62.2
59.9
42,1
68 .1
_65.4
57.5
44.6 -
54.4
60.6
61.1
48.6

. 60.1
60.6
63.7
65.7
58,7




NEONATES
- 35.5
30.9 -

18,2

27,0

30.7
. 24.4
135.8

31.0
42.8

37.

26.7

. 24,1
' 25.0

31.6

'\52.0
35.9.
31.8.

19,9
4473

. 52,0
42.0

- 31.4
31.6

27.2°

40.6
30.4
- 36.2
44,5
35.6
34,7
38.2
27.7
34.7
41.4
27.89
38.1
23.0
27.7
31.

35.3

"60.6
52.3
32.6
40.2
34, 2
44,
36. 9
32.6

©37.2
37.7.

- 39.9

R : ‘\\L -
T . ST
\\\\\ﬁ %hble A1 3 continued
7. DAYS 14 DAYS. 18 DAYS
. 56.5 . " 55.6. 34,4
- '25.6. .. 5t.6 34.1 .
19087 ° 7 27.8 - 37.7
48.6 35,1 . 42.0
. 38.3 55.0 . 29.6
31.4 . 28.3 . 35.7
57.4 38.3- ¢ "v35,.6 -
37.2 43.9 ' 49.6
33.9 41,7 53,9
29.3 36.6.°  .40.9.
.36.5 ' 58.8 - 57.6
- 38,1 * 30.8 - 271
29,1 38,1 .54.9
31.5 '36.4 50,6
£ 27.0 36.3. 45.4
" 34.5 . 38,1 - 43.5
48.7 34,2 50.5
'39.6 43.5 . .38.6
39.7 '25.8  ;  32.2
£ 51,3 2001 27.5
30.3 36.3 - 49,0
30.5 . 56.6 25.9
N 145,01 29.7 26.8
.53.3 . 53.9 25.4
49,1 47.4 43,2
36.7 37.5 66.8
33.9 .'47.8 38.2
47.5 38.0 © 33.5
30.4 31.7 - 31,4
41.3 - 37.7 37.5
51.3 © 32.8.- 43.1°
31.4 .29.9 35:7
46,8 53.4 - 45,7
39.5 " 36.8 ° 48.3
47.7 " 36.3 44.7
29.9 32.4 42,8
45.5 16,4 40.0
.23.4 32;4, .. 39,4
43.5- 449 ° 37.2
35.9 40.9 43.9
38.0 '56.0 -~ 42.5
57.7 32.1 S 46.4
36.5 46,2 50.4
53.7 38.0. - 43.9
45.6 36.7 40.4
42.6 39.8 60.0
40.9 41.6 28.5
38.2 . 38.4 40.0
. 31.6 30.1 48.5
29,1 -

51.4

- 21 DAYS
: 41.7 .

- 43.2

38:5.

51.2
- 56.5
'38.5

44,0
56.9"

58. 4
38.7
40,4

45,9

. 38.0
52.73
60.5

4706
48.6"

42,3
45.0

51.3 . .

37.8
50.3
58.5

59.2 .

61.8
54.8
41,7
57.2

52.7 :

44,
29,
35.
44.
42.2

41.9°

43.1
34.9

41,7

40.0
.46.9
48.5
42.4

43.8

*39.0
40.4
45.9
54.4

47.3
+ 46,7

41.2

"60.7
"57.7
73.9
61.0



NEONATES

'3
2.
3

2.

3.
2.

3.
.2
3.
3
2
3
3.
3%
2.
3.
3.
.52
.92

2

-2
3.
4
3.
2.
2.
. 3.
3
“q,
3.

3

2
2

3.

2

3
3

3
3

3.
3.
3.

08 .
87 .

i1

.62

41

548
;67

04

397

35
19
61

04

.13

77
77
58

82-.
.63
22

86

.49
2.
2. -
.37
.73
§5. .
.56
4.18 °
61

65
44

94

.

37

21
.99
3.
3.
3.
3.
3.
3.
.58

.88

3452

23

32
51
56
41
39
88

21
97

7

o —

DAYS
3.03
3.37

2,61

2.94
4.249
3145
3.47

3,35
3.26
3.67

3.05"

3.62
3.18
4,09
3.31

"2.72

2.96

+3.18

3.76

- 2.96

3.51

3.46.
3.23
1 4.03
3.27

2.74

2.92
3.37 -

- 3.81%
23031

o 3.13

-3.59

3.61

+2.98

,2.59“’

2,48
3.97

3.62
2.78
2.98

3,26
2.69 -

2496
2.%80
4.19

'3.49

3.64

3.:55.
- 34,17

3.15

- 14 .DAYS

-

5.02

4,42

Y"

.3.66

3.74
1.68

5.23

2.83 -

3.91
2,76

3.25

4.42
4.40
4,23

3.21
3.31

3.23 °

3.60

2.19 -

3.67

- 2.73

3.26°

4.41
3.99
5.19
3.54
4,12
3.32
3.17
3.06

3,54

3.49
4 .25
3.97
4,06

3.13 ~%
5,18 iy

4.93
3.36
4.17
2.80
4.28
4.48
3.49
4.06
3.47
4.48
3.61
4.30
3.94
4.14

.18 DAYS

- 3.94
'3.72
2.60

3.13
3.41
359

4.09
~3.76

'3.54 .

3.83
5.69

5.64

4,37
4.68

4.70

4,24
3.30

3.87"

4.22

3.37

5.02
4.32

- 4.35

3.76
3.46
3.44
-~ 3.90

4.16

3,13
4.%7

4.55°

4,24

4.38 .
4.85

3.88

4.32
4.51

4.18

5.37
4.45
3.64

"3.42.

3.42
4.03
3.97

4.53

3.80
4.21
-3.99

- Table-Al.4 Cel;iniameters (um)

21 DAYS

4.06
. 5.99
. 4,88
4.51
4,32
. 5.47
'4.75
5 34
4. 12
4. 73
5.44
5.66
-5.34 .
- 4.30°
o 5.27
. 5.08
T 4.34
5.38,
, 71.36
3.28
3,76
5.05
5.50
. .13
4.37
. 4.99
4.35
- 5415 .
4.74.
4.04-
3.45
5.03"
4.91

373

4.43
4.72°
4.09
5.19
'5.60
. 4.39
4.22
4.66
4 30
.15

5 06

. 3.88
13.90
4.34
3.94

180

ADULT
8.11 .
7:.94 .

'6.66
6.78
6.03
7.08
8.82

- 8817
7,59
~7.06

9.92

. '6.89

7.97
8.61
B.40
6.28
6.60

6.84

6.57

8,50

6.78
5.88

" 6.31

.6.75
7.19
6.94

14.32
7.:52

6.16

7.06

'6.64

7.38
6.78
11.86
. 7.83
5.85
7.42
6.73
8,26 "
7.17
6.97
6.33"
6.73
6.23
8.06
9.46
5.72
7.40
6.34
7.18
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2 Table At.4 continued _
- NEONATES = 7 DAYS 14 DAYS 18 DAYS 21 DAYS ’  ADULT
. 4,25 2,78 - 2.69 "~ 3.66 4.56 7.16
4.41 / 3.49 '3.92 .-  3.64 3.69 7.60,
5.08 3.68 2.91 - 4.33 4.83,  7.00
2.69 - -2.56 3.05 4.69 3.05  7.01 .
347 3474 . 4,70 - 2.44 4.30 - 7.95 ¢
2.49 2.44 . 3.55 5.33 . 3.16 7.45
2.99 3.03 .89 4.77 . 3.69 .  9.89
2.91 3.01. 3.10 . 4.73 5.00™ 10.33
3.19 - 4,42 - 4,72 0.67 3.21 7.33
4:06 3.36. 5.06 4.41 4,05 8.93 ¢
. 2.75 3,66 4,15 . 4.01 4.64 . 7.70
_4.36 - 3,42 . 5.08 - 3.77 3.11 ' 5.50
12.89 3.98 2.93 4.32 3.60 11.74
2797 3.83 3.40 - 4.34 ©3.50 7.00 -
3.76 . .2.,%52 4,51 7 3.20 3.77 & 5.417%
2,73 3.62 4.10 ~ 3,58 3.97 ¢ o 4.47
2.75 2.82 3.78 3.97 3.36 6.90°"
3.90 3.06 4.12 - 4.60 3.13 '6.53
2.7 . 2.78 4.12 7 2.73 .75 . 9.95
3.27 ' - 2.80 3.13 3.99 3.45 5.90 - .
, 2.43 - 4,07 3.02 ¢ - 3.46 3.69 - 6.47
- 3.46 .. 2.78 . 3.06 4.80  ° 3.88 . 7016
2.90 © 3,12 2.70 2891 | 3.86 6.50
3.00 . - 2.91 4.42 5.29 3.82 - B:63
3.46. 2.57 . 3.23 3.03 4,31 6.72
2.31 3.68 “3.59 . 4.34 4.74 7.41
2.78 4.11 3,77 7 5.03 | 3.93 . 6.43
3.40 S 3.71 4.02 3.01. 3.86 6.82
3.02 2.20 c4.44 3,137 4.34 - 7.57
e 2,77 4.02 4.40 5.60 " 4.48 8.27. .
T 3,04 . 2.84 3.00 3.61 4,59 ¢ 6.47. -
S 3¢28 03,90 3.73 . 7 3.21 4,79 8.46
2.78 4,08 - *3.63 3.80 - 3.74 6.87
3.04 4.54 3.33 4.69 4.33 7.37
3.69 2.65 3.33 4.67 4.28 7.16
4.17 3.73 5.01 - 4,55 . 4.89 ©7.16
3.26 : 4.43 3.43 4.06 . T 3.74 5.35
2.98" 4.30 4,24 3.98 3.95 6.56
3.63 2.78 4.54 3.57 3.56 8.45
3.97 - 417 3.87 4.96 4.32 9.04 ~
3.08 3.91 3.71 3.70 4.13 7.85
3.32 ©3.73 4.84 3.57 4.35 7.03
4,03 - 3.59 3.32 2,72 4.50° 6.87
3.56 - 3.35 S 2,74 . 3.84 . 3.78 6.08
3.65 3.59 3.91 4.47 7 - 4,22 5.23.
3.63 3.63 3.80 3.96 . 4.52 7.24
2.69 4,72, 3.56 4.65 6.31 8.87
2.63 3.50 2.63 . 4.14 4.90 7.36
2.96 .3.22 . 2.70 4.28 3.93 - 16.71999

3.54 % 4,10 - 3.76 3.90 4.81 7.39
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Table A1.5. Boundary Trace of Sarcolemma (mm)

NEONA’TES 7 DAYS 14 DAYS 18 D‘AYS' - 21 DAYS' -ADULT

©0.1030.2 - 1110.7 © 734.7 . 1149.8 . 682.6 991.5
~ 438.7 - 1045.2 506.5  ° 547.9 . - 452;2 1 557.2
1263.8 473.2 ' 566.1 - 1269.6 B826.8 = 848.6
'618.0 1146.4 403.9 13168 1037.3 1 623.5
458.5 - 1369.8 432.5 - 1288.3. . 6%4.9 - ' 346.0
696.8 . 983.6 . 1061.9 868.1° ' = .374.6 . 537.8
878.4 675.2 " -974.5 1128.4" 570.3 - 300.1"
669.0 892.6 - 695.1 " B#3.9 7992.1 " 771.4
1045.8 1678.8 1279.9° .947.7  874.3 .  654.1
1031.6 . 1055.4 1403.1.  1029.8° ~ _B35.8 . - 385.1
841.0 . . 881.9 1585.5 . 335,2  ~ 171270 488.2
- 452.3 - 1075.7 '338.9  683.0 '835.6 '514.9
946.5 733.5 856.2 - 5612 1ﬁ77'3 . 313.4
729.8 857.1 . 839.7 528.2 CET1L T 22101
850.9 . 1393.8 569.9 . . 1069.9 1025, 8, . 314.6
804.6" 344.7 1542.0° . 617.3  935.3 . §99.0
. 386.9- . 658.2 864;8 . - 1094.5 1160.6 705.7,
309.7 gy 821.7 194 '~ .548.9 - 600.7 . 6\17.4
o 257.7 % g5 g 934.7 716.0 . - 760.7
1261.5 . . .720.5 889, 4 1070.5 . ‘864.3 631.2 /.
803.0  1042.1 1413.6 744.8 o 899.9. 381.3
726.0 . 265.9  677.6° . 1171.6-  ° 470.5° €58.0
936.1 1152.0 . 917.8 703.2 . 970.1 871,1
1061, 1 1015, 4 1292.8 619.0 ©  715.4 - 738.9
1107.4 983.8 480.5 893.7 = 404.4 - 809.4
887.1 12145 1030.4 794.5  860.2 272.0
960.7 . 701.1 -848.8 1119.4 566.2 - 452,9
898.9 . 918.6° 1080.0 . 1317.9 630.1 791.5
997.1 926.9 .  927.4 746.2 76723 1240.3
1724 .4~ 734.8 925.7 1103.0 477.1 541.8
241.0 1211.6 511.0 1776.3 510.4 S 711,9
1479.0 787.4 988. 2 485.6 389.1 487.5
435, . 628, 785.5 561. 1 509.9° - 379.7
1154.9 1824, 6 1175.7 647. 1 1057.1 - 241.4
95.0 ,0 498.2 382.2 491.3 - 843.9 537.9
1215.5 ¥ . 611.3 | 793.9 372.8  257.3 353.3
1660.2  902.3 494.5 480.9 676.5 - 240.7
825.6 1264.5 . 840.5 590.5 504.2 467.3
674.4 ... 506.9 586. 1 708.2 826.3 - 388.
'664.5 . 606.9 463.5 902.5  766.6  840.6
1231.8 7 735.8 825.6 -  533.7 705.3 567.5
634.8 /'  764.5 §33.9 478.7 - 1024.3 541.2
1033.5° . " 684.7 © 800.6  1922.7 . 791.8 - 434 .1
899.4 985.0 1084.2 632.4 610.4  598.9
1312,6 847.5 591.6 972.3 593.6 426.3
- 51072 1011.6 824.9 -~ ° 639.5, 336.1 255.7
'936.0 733.2 . -770.4 928.5 431.3 508 .1
1280.0 .  1278.0 607.5 628.2 116.5 539.9 -
1183.4 1257.6 984.6 603:9. © 728.4 = 398.5.
780.3 4 930.2 808.9 646.4" '403.8 - 276.3 °

« b | |



NEONATES.

- 819.7
1213.8
933.6

1791,8-

157.4

940.3.

1185.3
1199.7

% 1433.7

1309.2
 1197.8

963.9 -

1108.9
. 802.0
1 1524.2

713.8

951.3. .
 857.8
1664.1 " -

©, 10321
. 754.7
967.6
776.
1201. Q

2073;1

939.2

1144.2
749.9

1239.4
© 892.5 .
| 523.8

265.2
436. 1
310.6
878.
977.7

. 902.3
1048, 1

660.7 -

» 711.7
966. 4
11136.4
658 3
722.9
1540.9
1038.3

. 869,5

1213.0 " .

828.8

. e ’.

7 DAYS

602,
.783.

- 733,
783.
368.
694.
751,

.5
0
5.6
- 492,
1256.
649.
.4
1.

531

698.

1185

1131

1142,
- 1368.
1197.
.6
.‘4

941
1133
1322,

953,

731,

669.

836

., 681
1261

567.

1392.
.5.

902

7

4

5
4

9

2
8

5
3
9

3
2

6
9,

4 -

3

2.
827.
767,

9

9
.2
.5
5»“‘
- ,918.1

- 955,
- 916,
& 1432,

6
7.

<

7
5

°769.1

1144,
. 900.
, 1288,

1451.
647.
342

1046.

355!
.9
1'010-
.0

622

881

9

4

0

'

5 .
4 -

7
8

8 s
. 1

7.

" 660.1

765

. £7
1331.7

841

551.
. 708,
1624,

459,

1016,

906.
958,
'669.

843.
639.
.2
2

.8 .
.0 -
756.
.7
.9
7

764

812.

723
792

901

1103
1249,
T 537,
679.
1060.
1055.
536.

940

14. DAYS
83,
958.
©990.
" 362,
994,
. 175.
L. 49,
'1220.
712.
845.
669.
275.
.9
183.

6 ”

8

9

7
8
2

5

0

6
0

3
4

5"
4 .

4
3
8

0.

0
8
2

6

0
5

7

7

2
0

501.1

.316.
.4
. 556.
" 375.0
.6 -
6 .

464

“791

1094,
1161,
-0
2

843

863.
897,
41152,

4

3

8

9
0

18 DAYS
2.6

744,
710,
~i 437,
{458,

- 82

674

433

23
10
527.

© 571,

714
556

- ¥108.
513,

' 893,
983,
 596.
329,

. B4,
1084.
€763
767

803.
2726,
563,
557,
K141,
801.

-6
5.

827

1042.

"/Tablg A1.5 continued

3
3

0 .

3
.9
344,
967.
- 376,
216.
359.
458,

1
6

5

4
2

8
3.0
- 365.
- 592,
1059.

6
6

.9
.0
9

0.
.9
.9
. 210,
517.
. 163,
813.
830.

. 455,
1022,
386.
910

1

7

2
7

1

4
3

>
.5

7
8
8

4.

6 ,:

3
.5 -
;9:
1
5 .
0

9
7
6
0

788

\

. 707
8
o

\' l{j-".":

- 46,

1031,
970.
. 631
413,
696.
- 393,
329
441,
- 439,

- 765

905.
4
770.
491

. 795,
346.

‘21 DAYS .
.
.2

6

57;“
7,

1

g

2
4
3
2
6

.3

1

.9
981.7

0

1 .

541.2

606
491
. 618.
442
552.
747
531
264,
1149,
1308.

... 580.

460
1058,

998.
699
580.
783.

. 747.

1133
590.
. 697,
734,

.5
.8

1

.4

5

.8
«3
g -

4
2
9

.4

3

.5

4
0
4
8
4

.'7.

4
6

7

380.1

1&@1;
. 902.
1038
1068
421

743.

3
6

.4
08
S

3

'1;8*~3
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Table A1.6 Boundary Trace of Caveolae and - tubules (mm) . /
NEONATES 7.DAYS 14 DAYS 18 DAYS 21 DAYS: ADULT /
154, 189, 41.6 287.8 216.9 363.
74, 4 231.3 118.0 140.5 256.9 ”88;9
. 199.5" L7201 103.2 348, 1 , -304.2 430.7
137.2- w5 119.7 87. 347.8 297.6 264.1 j
94.2 - 147.5 58.8 ©241.2 295.9 195.5 .
126.3 149.4 144.2 268.4- - 99.3 263.6
130.6% 756.0 82.6 " 314.3 . 138.3 125.9
113.4 . C147.0 . 1211 258.7 u360.0 308.6
78.8 - 239.3 235.8 215.2 “311.:0 352.6
127.0 110.0 ' 130.4 166.5 278.4 - 109.8 .
96.0 146.0 157.6 - © 140,2 .206.6" 168.5
86.6 - 232.6 . 46.5 .253.6 364.5 ° 213.3
. 187.4 . 77.5 127.3 ,94.8 162.9 - 81.5
28.1 154,5 134.3 121.8 . 232,5 187. 3
123.2 119.4 | 69.6 < 313.5 S 267%7 . 110,
153.3 © 66.2 168.3 T 204.2 c23%.1 231, 3-
74.0 150.4 o 176.7 ° 294.4 ;1;2.0 293,7
-.52.5 . 98.6 39.1 334.9 262.1 . 206.8
124.,2° 170.8 144,3 268.0 166.8 232.6
- 131.6 179.8 82.9 259. 172.8 262.2,
108.8 168.0 . 266:.9.- - 294.4 228.4 149.9
77.2 53.5 117.3 - 424.4 203.5 400.9
187.4 135.2 133.0 .« . 165.6 164.0 451.8
124.8 - 107.7 . - 206.4 - 29i.4 199.6 267.4
155.2. 126.7 43.8 - 183.3 125.4 436.3
86.1 " 150. 3- 128.0 - 181,4 446.7 81.1.
1 81.9 134.4 84.5 - 276.3- - 218.0 261.8
105.0 129.7 130.3 '« 404.8 216.0 339.4
. 94.1" 88.0 65.6 . 137.17 236.7 648.5
187.5 86.6 . 93.2 ‘' 142,484 281.8 134.9
~.70.3 . _"365.1 112, - 645.0 . 155.9 2308
131.8 " 154.6 169.5 . 201.6 166.0 258, 1
42.5 80.9 91..0 232.7 .255..3 2427
126.1" 132.5° 84.2 - 149.0 699.7 79:6
20.7 - 42,0\ . 35.0 106.3" 262.8 225.1
44.0 - 77.4 ) 108.2 '128.2 105.9 166.8
102.8 . 136:0 80.6 49.2 274.9 189.9
36.7 1011 78.2 7 128.4 296.0 221.7
39.3 - 40.6 64.1 195.5 264.7 178.7
40,2 - 85.2 - 35.0 269.5 311.7° 462, 1
112.9 128.5" 93.9 180.3 233.0 155.8
139.5 82.9 83.6 © 83.8 297.7 212.8
94,7 73.8 58.8. . 276.3° 308.0 175.2
168.5 159.7 122.2 206.8 226.9- 180.8
- 265.3 82.0 74.8, - 227.4" 275.6 304.5
59.7 67.1" - 132.0 . 288.1 111.3 123.7
167.5 59.1 ° 43,9 - 7399.0 172.4 210.5 L
169.1° 151.6 78.3 - 254.3 65.5 110.4
102.9 112.7 “111.6 226.9 180.4 100.6
111.9 89.4 123.6 330.5 154,2 115.8

O\ s



NEONATES
* 7105.2

122.6°

169.9

93.4
108.9

T B4.4

121.5 .

141,9

/. 129.7

73.6 "

119.4
- 54.1
96.2

204,.3°

119.7
© 9641
118.6
143.0
89.7
77 .8

'104.0 -
65.5 .

107.8
127.4
141.8

c 86.2

158.0

66.6

68.8

68.2

130.0

' 79.2
] ' ) 97 .4
11.1

118.3

© . 129.8
121.5

57.8

“51.1

"+ 39.0

91.8

97.7

87.6

124.0

108.4

60.4

49,3

48.7

59.2

7 DAYS

116.0

75.5

- 89.7

119.1
- 32.5
70.1

~ 91,0
| . 45,2
- 140.4

80.0

57.8 "

128.8

109.9 .

93.6

115.0
 68.0"

102.5
108.2
-105.0

1111
108.1 -

.. 92.8
" 56,1

- 119.4
89.8.

34.8

108.3 .
126.5
40.8 -

95.7

67.6

127.3
205.14
206.4
188.9
- 73.6
119,72

58.6. .-

109.3
126.3
68.5
B87.7
126,2
42.5
73.6

86.3

146.0
82.0
98.1
101.

14. DAYS

105.5
- 78.9

201.6

64.3

145.8
.22.6.
1021

104.0
159.1

104.3 .
. 45.6
- 56.3

.92.0
" ..23.8
53.8

168.

89.0
118.5"-

61.6
75.0
-74.6
77.9
. 77.8

71.7

- 83.9
‘89,4
165.7
237.4
.149.5
152.4
122.0

51.4.
99.3

147.2
“136.6
91.3
137.3
92.3
49,7
72.3
103..2
43.7
69.0

85.2

69.6
118.6
123.8

. 107.2
©144.4

" 18 DAYS
244,66 "
7322.4 .
1270.2"
203.2.7
216.7
1 236.3
148.7.
. 188.9

.5""

’,

, Table“A1;6‘q6htinued"

113.0

S 123.5
118.8 .

“106.9

129.8.

17,2

255%5 <
329.8

107.3

270.1 .

182.9

12100
268,

- 233.9

198.5

'340.4

(

60.4

149.,6
55,0

274.7
276.6
242.9

108.6
366.1
395.8

161.2
197.2
166.5

-104.8

192.9
128.9
109.3
106.9
259.3

161.5

237.8
158.3

146.9 -

239.7
113.5

205.6

. 277.8

272,

21 DAYS

213.0.
2042
. 358,

" 436.3
219, 1

149.1°
220,70

2357

76,2

205.5

169,0

+350.2
330.1

- 191;9
o« 310,1

-175.6

311.0

192.6

. 134.4
- 184,2
239.7
146.0
188.6
225, 9
186. 1
280.2
248.8
153.9
384.0

392.5

241.4
230.6
293, 4

305.4

273.8
462.9

167.2°

214.8
L 275.5
272.
196.
186.
208.
189,
198.

335.
346.

88.8
189.0

o -

.. 245,
139
230.

&
"

* ADULT

363,
252.
237.
217,
- 467.
241

359
157,
170.7
-9
g
.6

212

249,
“211.
- 87.
.335.
256.
278

5

-6

1 2

gt

9

1
7

1
7
5
9
8
9

.8

. 351.2

- 279.
10171,

4
0

327.1

61.

291t

340

354.
346.

349

232
277

234,

-
.9
144,
.0

9

0
6

.9

55.
512.
219,
293,
443,

8
4
2
0
5

6

220.1

260.4
L] 3 .
5

396

299,

153,
.364.
.9
230,
332,
444,
.9

380

241

4

3
6

5
3
8

.4
.'6

2
288.
.8
1 .



d,.

: Table A1 7 Surface Dens1ty of Cav+T (um /um )

NBONATES
. 150
.170

.158:7l

.222

.206 f

. 181
. 149

.169 -

.075
. 123

114

.192

.198
.038

. 145
2191

.239

. 169
.27.1
.104
. 136
. 106
. 200
".118

. 140

.097
.085
L117
.094
.109
.292
.089
.098
.109

.202
117
.178
.132
.087
. 143

7. DAvs _

Coa1700.
221
221
104
1108,_«

. 152

.083 "
.165
L1430
. 104"
.166

.216
.106
. 180
.086

.192.
.229

.120
.202
.249
161
.201
L1117
.106
. 129
124
.192
141

.095-..

.118
.301

. 196

. 129
.073
.084

127

L1571
.080
©.080
. 140
.175
.108
.108
. 162
.106
.066
.081
.119
.090

.096

-

Ry DAYS',
. 0586

.233

o .J182
216

. 136

.136-
085

<174
.- 182
-.093

269
137

. 149
. 160
122

. 109 .

.204
.214
. 089
.084
. 189
ee173
. 145
. 160
.091
. 124
. 100
121
33
.101
.219
172
116
.072
.092
. 136
3163
.093
. 1089
.076
114

.157 .

.073
.113
. 126
. 160
.058
. 129
.113
. 153

18‘DAYS
.252
256

274
. 264

. 187

'0309’ =
3278

306

:'_227§1'”v
<162

.418

371 -
T.169
..231 ol

.296

.331
. 269

610
.287

242

,395 :

.362

.236

471
.208

. 184
. 129
+363
.415

.415°

.228 Y
247"
.307."

.230°

.216 -

. 344
102
.218
.276
.299
.338
. 175
.270
.327
.234
.451
.430
.'405
.376

511,

'21 DAYS - -

.318°

.568

.368
<287
.459
.265
= .243
©.363

366
333
290
436

0138 .
“.381 -

.261
247
. .165
T .436
.233

N

.200, -

. 254"

433

'169 '

'+ ,279
'.310
".519
+.385

L343

.309 "
591 v -

.305
.427
.501
662
311
412
.406
.587
.320
.407
.330
.291
.389
.372
.464
.331
.400
.562
.248
7,382

- 186

ADULT
.366°
.+339 .
508"

e 824

. .565
7 .490
.420°

,400

285

.345

414
.260

.847 .

.350"
331,
L4716,
335
.%10
- .415
*w393.

a

., .609

" .518
362~

539 "

.298
.578
.429
. ..523
*.249
.324
.529
.639
330
419
472
.789
474
.459
.550
.275
.393
.404
.302
714
.484
414
.205
.252
.419



' NEONATES
D .128

. 101
.182

118
- F o089

.103
.. 190

099,
.099
061 -

. 125

' ;.049.-'

-120
134
168

S101
1138
086
.087
103

.108
.084°

.090

. 121

.068
.092
. 138
.089
.055
~.076
.248
.299
.223
.036
.135
. 133
.335
. 055
.077
.055
095
.086
.133

172
.070

.058
.057
.040

071

7. DAYS
.193
.- .096
2122
. 152
.088 -
D101
121
..085
<201
.068
L1T
.103
.169
.083
. 101
.050
_.086
115 -
4.093
.084
.113
L1227
.084
143
.109..
.045
‘. 159
.100
.072
. 105
.089
.139
. 143
.118
.209
.096
.104
. 065
085
..087
. 106
.256
121
.119
.118
.085
.166
. 124
. 128
.076

.

!

‘14 DAYS
L1248

.204
177
. 147 ¢
.129°
204
.085
.223 .
©J123
.068"

. .109
L1300

/.098, ’l,'

T, 119

104,
flf94;

<117

., 068

//'078

-

. e 112

. .092"
S o123

. 103
.123
.209
314
.166
. 138
098
.096
.14
.13
.129
.170
. 146
. 184
. 157
. 156
.186
L1117
.087
.078
.060
141
S~ .143
.269
.129

goBZ‘ﬁ“

. 205 {

.094

s

S

18 -DAYS

© .:358

.433..
.380"

.465
.473

350 < -]
432 -

L1957

.300
571

-.330

. Table Al 7 contlnuedv

.233 .

1&300

1321,

.448

L3110

i459

+269 -

. 347
.212

.378

420
\oss

. 289
.337
.338
.333
.533
.. 333
.281
,402
. 357

.386

. 180
. 200

.279

.318
.229

.119 .

. 143
. 139
.323
.222
. 257
. 281
.263
.210
. 142
.248
. 266

N~

‘h

21 DAYS
477
.259

. 343 .
.450. .
;346;1=~
.360:

- 10290 .

. 599"

L. .232

.. 486
382,

.458
.364
.407

403

.357
. 317
.243
.388
.340
.395
.297
.305
.511

.337

.375
.468
.581

.334

.300
.416
.501
.277
.435
.274
.662
.288
.274
.368

.240°

.333
. 267
.283
. 498
. 180
.302
.323
.324
.21
.254

o -

PN

ADULTff”

.404
.500
.443
.679
.535
.676
.630
.498
511
.521
431
.435
.607
.346
.512
621
.545
. 485
.435
.669
.449
L3110
.714
.404

r
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Table Al. .8 /éoundary Trace of Per1pheral Couplmgs (mm)
‘

NEONATES." | 7 DAYS' | 14 DAYS .18 DAY.S o2 DAYS ADULT

10 76~ 22,43 31.52 - ‘.4.38 89.95 . 74.86
"2.81 7 . 27.867 15.57 . 25.62 49,57 ' 29.24
_6 57 . °37.90° * 9,95 "42.67 , 43.86 -+ .0.8]
21,95 o .14.57 14.90 . 26.29 . 87.67. 46,71
- 4.86 -~ 39,57 . 016.81 59.86 ° 59,62 - 24.48
13.43 13.33 S E7.100 0 7 15.86 32.52 43.33
4.52 .  7..2.90 - 26.33 . 79.19 - 24.10 28+ 24
8.05 ° 24.57 21.67 - 56.95 . 35,00 31.33
4.86 . -.132.29 15.48 32.00 69.62 - 31.76
9.62 - 31.43 26.57 ' 46.43 43.43 °  46.71
7.05 . 25.62 © 5,33 - 8.90°  47.48 20.24
5.19 23,10 . 13.67- 19.52 40.05
5.71 8.62 o 11.81 2.05 10.62
6.10 29.38 20.57 19,71 17.95
3.19 29.86 20.86 19.90 13.67
3.43 “21.67 2.90 19.62 18.10
18.57 32.52 . 0.0 '~ 5.19 26.33
~17.33 - 29.43 7 - 4,38 : . 13.29 24.52
24,62 . . .27.90 26.33 " 10.57 27.38
14.90 46.19 . 54,00 - - 13,71 12.95
4.05 14.90 . 5.48 28.62 . 15.14
4.10 17.24 .- 7.05 63.76 ‘¢ 38,86 18.76
11.33 8,67 4.71 42.43 40.71 33.48
9.71 21.81 . 18.71 54.90 69.76 40.10
16.67 4,38 21.81 24,57 52.00 0.0
6.05 0.0 39.29 42.43 .62.81 27.43
20.05 4,71 " 35.81 108.29 44.05 34.48
26.95 - 26.48 10.95 43.67 40,24 26.19
4.76 22.67 ©32.43 - 39.81 44,00 . 32.00
39.29 20.14 - 29.48 ° . 78.10 sng4 22.00
2.48 19.05 - 16.76 33.71 39%10 18.81
39.90 20.24 6.5% 31.43 20.48 24.57
25.95 7.57 12.95 51.76 16.24 . 28B.62
15.05 24.00 - 24 .62 32.81 ©.73.05 17,52
- 4.86 15.00 10.76 22.00 - 44.86 33.67
0.0 0.0 18.67 13..14 20.57 . 23.48
0.0 : 20.43 4,62 33,14 © 52,33 12.00
3.00 11.76 . 25:19 56.81 31.19 6.00
0.0 3.90 - 25.00 0.0 70.62 22.67
. 8.67 10.14 12.19 18.29 80.67 30.38
29.90 17.05 6.19 10.19 © 36.71 33j§8
24.52 47.48 0.0 76.57 72.86
27.57 - 13.33 13.24 67.29 43.52 38.29
3.19 18.76 12.71 35.81 5.71 57.33
29.67 57.57 5.05 . 46.05 31,10 0.0
6.86 17.05 6.19 10.19 36.71 ©33.48
© 0.0 18.52 25.86 55.00 40.90 22.33
- 24.29 © 34.24 11.95 32.43 8.33 21.62
13.14 . 5.43 _ 0 0 42.76 57.05 50.29

6.62 7.14 ' 9 43 . 28.76 18.52 18.52



NEONATES

23.81
17.05

S B.6T
28,717
15.05

18.90

20.52°

0.0
1.90
15.67
19,10
34.38
29.90
4.19

15.86

14.19

15.24

0.0

12.29
18.95

= 24,00

0.0
2562

.00
31;95
20.67
2.76
10.90

10.95
12.57
29.81
11,90
33.48
16.05

7 DAYS .
0.0
.38
25,
14,

+ 3

32

0.0
.29 °
22.
25.
10.

21

00

.29

86
00
67

1.86

6.
17.
27.
19.

6.
32.

34
-7

16.
19.
6.
2.

10

26.
2.

29
95
24
19
43
00
.19
.05
05
19
86
29
.81
10

1.57

4,
30.
“16.
32.
38.

30

10.
8.

38
76
29
95
05
.81

1.10
1.24

9

21,
1.33
6.
3.
4.

9.
26.
6.
25.

.90
00

48
19
24
0.0

0.0
52

29
81
52

57
0.0

33

86
67 .

+14- DAYS .

14.81

0.52°

22.24
20.00

© 10,33
16157

2.62
28.81
16.38

- . 0.0

. 9.29

12,29

., 15.57

10.48
23.86

13.05
49,00 -

'50.52
32.71
39.67
49,19

8.67 '

4.10

18.62 -

9.90
7.24
19.62

11.10

2.71

17.67

34.62
35.38
18.48

7.48
21.95"
12.81 -

6.29
113.43
‘14,67

6.24
9.14
4.67
12.62
0.0
13.67

50.62

2Q.5£'

-

18 DAYS
20,95 -
34.
0.0

S 25,
. VNao

. 25,

. 10.

51

45

45,

17

42

32
18

26.
34,
26.
.81
.43
.81
48.
10.
18.
40.
29,
20.
- 39.
.10
.48
65.

- 48
' 40
42

47

Table A1.8 continued

48

76

.81

86
81

.52
24.
20.
18.
0.
16. o
21,49
38.
.34,
24,
78.
26.
© 33.
49,
.
13.
.81
67
.86
25,
.43
32.
24,
52.
" 63.
.81
.43
48"’

48
90
67

57 .

57

76
05
76
38
00
05
67
29
67

24

43
38
62
76

81
71

90
10

33

95
19
00
86

86

65.33

84.00
54.76
48.29
52.29
55.33
27.86
45.43
27.48
66.33
33,29
25.14
59.10
62.10
36.14
25.38
58.71
51,90
34.62

50.76

27.62
51.90
53.71
25,14
43,62

34.67
32.90
22,67
72.43
55.05
24.14
90.52
17.14
43.57

189

ADULT
40.57

" 61.76

32.52
27.05

.13.86

29.71
40,05

LR6.1

18.14
43.90
57.71
16.86 -

'56.48

4.10
20.71
14.81
50.19
12.67

3,33

57.38
18.95
35.62
40.10
0.0
23. 43
28.
49.33
29.24°
19,43
43, 48
0.0
35.48
10.38
14,05

- 44,29

35.95
27.24
20.10
21,24
10.24
6.71
14.90
35.00
33,67
37.86
39.62
4.19
39.10

. 36.62
'52.00
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.Table A1 9 Sirface Dens1ty of Perlpheral Coupllngs (umz/um )

NEONATES

QOO0 . O -

OO

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

- 0104

.0064
.0052
.0032
.0106

.0193 °

.0051
.0120
.0046

.0093

0084

.0115
.0060

.0083
.0037 -

.0043
.0480
.0560
-Q538
.0118
.0050

.0192

.0121
.0091
.0150

0068
0209
0300

.0048
.0228
.0103
.0270
.0597
.0130
.0511

0.0
0.0

.0036

<« 0.0

0130
.0243
.0386
.0267
.0480
.0226
.0134

0.0

.0190
L0111
.0085

D00 O000000 0COCOOODO0OOO0OO OO

7 DAYS

0.0202

0.0264
0.0801
0.0127
0.0289
0.0136

'0.0043

0.0275

+0.0192

(@]
[\
0
o]

.

.0290
.0215%
.0117
.0343
.0214

.0494
.0358

0641
.0143
.0648
.0075
.0215
0044
0.0
.0067
.0288
.0244
.0274
.0157
.0257
.0120
L0131
.0301
0.0
.0226
.0093
.0077
L0167
.0232
L0621
.0195
.0190

.0168
.0253
.0268
.0043
.0077
L)

COOCOODOO0ODOO0OOOOO

OOOOOOOC)OOOOOOOO

. 0629

.0330.

COOO0COO0ODODODODOO0OOCOOOOCOODODOOOO

.0678.

-14 DAYS

.0429
.0307
G176
.0369
.0389
.0067

.031
0124

.0091
0403
.0138

.0366
;0019
0.0
.0226
.0162
.0546
.0039
.0104
.0051
.0145
.0454
.0381

.0101
.0350
.0318
.0328
.0066
.0166
.0209
.0282
.0235
.0093
.0300
.0426
.0263
.0075
0.0
.0165
L0117
0.0085
0.0075
0.0336
0.0197
0.0
0.0117

O o

.0270-

.0189

.0245 -

0422

18 DAYS

0.0038.
0.0468

0.0336
0.0200
0.0465

0.0183.

0.0702
0.0675
0.0338

0,0451".
0.0266

0.0286
0.0036
0.0373
0.0186
0.0318
0.0047
0.0240
0.0113
0.0128
0.0384
0.0544
0.0603
0.0884
0.0275
0.0534
0.0967
0.0331

0.0533
0.0708 -

0.0180
0.0647
0.0922
0.0507
0.0448
0.0352
0.0689

0.5962

0.0
0.0203
0.0191
0.1600
0.0658
0.0566
0.0474
0.0159
0.0592
0.0517

~0.0708
- 0.0445

21

0.
0.
- 0.
0.
0.
0.
0.

0
0

0

0

0.
0.
.0406
0.
o
0.
0.
0.
0.
0.

0

0
0

0.
- 0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

DAYS
1318

1096

0530

0845

0924
0868

0422
.0353
.0796 °
0.
0.
0.
0.

0520
0667
0534
0501

.0472
0.
0.
.0034
1080 -

0234
0319

0476

0633
0826
0420
0975
1286
0730
0778

.0639
.0573 -
1051

0766

0526
0318~

0691
0531
0799
0774
0619
0855

1052

0520
0711
0550
0094
0524

0.1092

0

0

.0948
0.
0.

0715
0783

.0458

ADULT
00755 -
0.0525
0.0010
0.0749
0.0707
0.0806.
0.0941

.0.08406 .

0.0486 ,

0.1213 .~

0.0414
0.0778
0.0339
0.0812
0.0434
0.0259
0.0373
0.0397
0.0365
0.0205
0.0397
0.0285
0.0384

0.0543

0.0
0.1008
0.0761
0.0331
0.0258
0.0406
0.0264

- 0.0504 .

0.0754
0.0726"
0.0626
0.0664
0.0499
0.0128
0.0584
0.0361
0.0590
0.0441
0.0882
0.0957
0.0
0.1309
0.0440
.0400
0.1262
0.0670
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oo Table A1A.9. 'c'ont\ir;nued /.: ,
o - o

'NEONATES . 7 DAYS ' . 14 DAYS * 18 DAYS | 27 DAYS .. ADULT
~0.0290 0.0  0.0173  0:030% | 0.0291 0.0505
- ..0.0140 0.0043 0.0110" 00463 | 0.0797 0.0851
~ - 0.0093 1 0.0341  "0.0p224 0.0." 0.0841 . 0.0591
0.0363. | 0.0186 - 0.0551 - .0.0589 0.0447  _ 0.0653
©0.0199 - /- . 0.0 0.0104 | .0.08%90 . 0.0480 .. 0.0149
0.0201 0.0465 . 0:0946 - 0.0383 ._0.0562-  0.0601
0.0173" /- . 0.8-  '0.0529-. .0.0314 -~ 0.0913 ., 0.0595
0.0 0.0400 - -~ 0.0236 . - -0»0532° " 0.0919 -~ .0.0160
0.0753  +0.0327° 4. .0.0230 ° 0.0650 0,0781 0.0359
©0.0120 ~*  0.0211 .- 0.0  0.0966 :° 0.0707 _0.0810
0.0159 0.0217 - . 0.0139 0.0519 0.0828 - 0.0701 -
0.0360  0.0174 - 0.0447 - 0.0012 ° 0.0007 © 0.0501
-~ 0.0269 . 0.0097 . 0.0185- - 010383 . 0:0958 -~ .-0.1055
0.0052 0.0159 .0.0571  0.0580 0.0721 - 0.0507
0.0104 .. . 0.0238 - 0.0433 0.0654 0.0415 °~  0.0443
0.0199 0.0140 0.0184 - 0.0321 - .0.1115° 0.0350..
0.0160  0.0054 0.0302° 0.1059 , - 0.0665 - . 0.0729
0.0 0.0340 . 0.11060°  0.0781 ~  0.1057 . ~ 0,0237
0.0074. -.0.0302 .. 0.0322 - 0.0492 0.1582 0.0047
0.0184 0.0053 0.0487 ..  0.0579 ~.0.0892 "= 0:0876
0.0318 ' 0.0168 0.0513" 0.0699 0.0862 0.0393
0.0 10.0262 0.0144 0.0346 °  0.1126 0.1738
0.0330 0.010 0.0048 .  0.0650 0.0451 +0.0525
0.0341 0.0027° 7 0.0291 0.0885 ' 0.1027 - 0.0
0.0303 10.0131 0.0130 0.2798 0.0497 - 0.0484
0.0100 0.0340 0.0089 0.0219 0.0887 . / 0.1136
0.0029° -~ 10,0034 - -0.0271 - 0:0304 0.0626"  0.0586
0.0095 - - 0.0092- 0.01406 - 0.0932 0.0945 . 0.0213
0.0241. " 0.0077 - 0.0036 __  0.0317 0.0514 - 0.0249.
0.0. 0.0335 0.0196 0.0631 ., - 0.0475 - 0.0845,
0.0 0.0170 _  0.0314 0.0578 0.0622 '.0
0.0154 0.0359 0.0283 0.0575 " 0.0551 0.0468
0.0 0.0266 0.0344 0.0639 "~ 0.0555 - - 0.0298
0.0480 . 0.0221. 0.0110 . 0.0206° . 0.0734 ° 0.0239
0.0147 0.0120  0.0307  0.0269 0.0347 0.0510
0.0 0.0113 .  0.0M1 0.0583 0.0726 0.0806
0.0114 0.0359° - 0.0117: 0.0811. - 0.0476 . . 0.0407
- 0.0158 . 0.0125 0.0143 0.0580 - 0.0662 0,0315
/»0.0174 ~ 0.0077" 0.0293 °  0.0373 0.0719 ° ' 0.0550
 0.0366 . 0.0145 0.0390 0.0561 0.0222 ~ 0.0161"
0.0228 -~ 0.0175 0.0443 " 0.0637" 0.0739 0.0132
. 0.0032 0.0189 . 0.0310 - . 0.0126 0.0497 .0.0234
- 0.6247 0.0030 " 0.0093 0.0252 0.0448 0.0637
0.0 0.0119 0.0079. 0.0442 0.0596 0.1066
0.0151 « 0.0 . - 0.0083 0.0518 0.0658 0.0452
0.0082 0.0 0.0040 ~ 0.0359% "0.0610° -. ©.0695
0.0287 0.0108 " 0.0150 . 0.034& ) 0.0232 - 0,0471
0.0137 0.0398 0.0 0.0263 0.0847 ' 0.0366
'0.0276  0.0089 °  0.0343 0.0574 0.0407 = 0.0588
0.04194 0.0192 0.0439  0.0632 0.0586 . 0.0868



Table A1 10 Boundary Trace of Internal Coupllngs

2 .
3

NEONATES 7 DAYS; 4,14 DAYS 18 DAYS
0.0, $0.00 0 7T 0.0 0.0
0.0 0.0 5, 2,33 6.24
~0.0 0.0 5.43"° 1.10
1040 - 0.0 6.67 6.1
90,0 ., . 4.10 0.0 6.9
0.0 *& 1.10 .62 7.38
0.0 . 0.0 8.19 " 23.19.
0.0 0.0 0.0.." - . 0.0
+70.0 0.0 319" 7 15,67
0.0 - 0.0 0.0 12,57
0.0 0.0 7.62 0.0
0.0 . 1.24 5.62. 6.0
- 0:0 0.0 . 0.0 0.0
0.0 0.0, 0.0 0.0
© 0.0 . ..0.0 4.86 8.19
0.0 ° 2,95 - 0.0 8.10
0.0 3.29 " 0.0 0.0
0.0 . - 0.0 - 3.67 4,24
0.0 5.00 0.0 7.43
0.0 “9.29 0.0  5.57
0.0 0.0 9,00 22,71
0.0 0.0 0.0 0.0
0.0 007 - 8.29 . 14,38
V0.0 0.0: - 0.0 10.24 .
0.0 S 0.0 ., 0.0 0.0
0.0 0.0 . " .8,62 10,48
0.0 0.0 7.0 8,95
0.0 0.0 0.0 - 15,19
0.0 - 6.0 ' 0.0, - '9.05
S 0.0 0.0.. - '6.10 10. 14
10,0 0.0 . 0.0 - 2.33
10,0 0.0 . 3.67 21.48
00 - 0.0 0.0 3.29
. 1t0.0 v 10,0 - 0 LB8.38 11.24
B s O B A | Y 0.0, 10.76
o000 .0.0 3.71 6.38
L n0.0, 0.0 L 050 8.76"
0.0 - 0.0 - 5:05 20,0
Yol 0.0 0.0 31.10 > 0.0
/0.0 0.0 0.0 16.57
S ) 0.0, 6.43 . 1.81
0.0 7.48" 0.0. 0.0 ——
0.0 £.0.0 . - 0.0 7.52
.0.0 - 4,14 16.00 . 5,29
0.0 0.0 040 070
. 0.0 0,0, 0.0 [ 10.52
0.0 . 0.0 ¢ 3.43 | “7.33
0.0, - 0.0 - 0.0/ 0.0
2040 0.0 < 00" 10.29
70,0 3.00 . ..2.29. 10.43

.11132 30

(mm)

21 DAYS
11.24
0.0
0.0
l." ! 12' 0
25.24 -
6.05
9.76
32.0
10.67
16.52
15.90
12,48 -
0.0
29
0.0

- 18:24
26 05

4 33-
,/4 86

192
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Table At. 10 contlnued

NEONATES ."7" DAYS 14 DAYS 18 DAYS 21 DAYS ADULT
0:0 % . 0.0. 1.86 2.95 . 10.48 28,05
0.0 7 --0.0 3.90°. - 7.24 10.05 11.33

0.0 0.0 .9.05 - 0.0 Co12.14 070 7,81
- 0.0/ 0.0 3.81 0.0. 10.7) 0.0
0.0% .70.0 0.0 . 6.71 . 10.90 " 0.0
0.0 0.0 . 0.0 0.0 10.81 0.0
040 -0.0 0.0 0.0 0.0 26.29
0.0 0.0" 0.0 . 21,52 - 6.00 10.00 -
70.0 5.00 6.90 . 0.0 T 0.0 0.0
S 0.0 0.0 0.0 8.57 10.86 11,76
0.0 . 0.0 0.0 7.38 7.71 0.0
0.0 0.0 0.0 7.86 7.67 . . . 16.81
0.0 0.0 3.14 " 0.0 11.52 - 10,00
0.0 0.0 0.0 11.24 . 15,14 16.05
0.0 0.0 2.76 ©10.43 8.33 11.95
0.0 0.0 0.0 7.67 14,52 0.0
..0.0 0.0 12.24 4,95 © . 21.86 15.62
0.0 0.0 19,10 12.62 0.0 0.0
0.0 0.0 0.0 0.0 17.43 *9.90
0.0 20.0 - 3.43 . Qs0. . 16,76 . - 9.62
0.0 2.14° 0.0 - T4,00 " 9.57 0.0
0.0 0.0 |~ 2.19 . .i0.62 0.0 33.14
0.0 0.0 0.0 4.19 ~ 3,19 9.95
_ 0.0 0.0 0.0 . 15,52 10.62 0.0
S e 10,0 0.0 , 0.0 5.81 0.0 19 67 .
T 040 0.0 : 0.0 6.76 - . 18.67 .67
0.0 0.0 ./ 1,90 6.14 8.00 53;86
£0.0 0.0 . 3.24 0.0 . 18.00 15.43
0.0 0.0 3.29 8.62 - 7.67 15.43
0.0 0.0 0.0 9.00 " 19.33 11.14
0.0 0.0 8.90 12.62 0.0 0.0
0.0 . 0.0 10.52 P 14.62 8.48 20.95
0.0 . 8.76 0.0 ©3.29 . 15.81 14.90
0.0 7.81 - 0.0 - 0.0 . 0.0 -~ 10.33
0.0 0.0 3.19 - 0.0 S 7.29 13.62 .
0.0 7.14 0.0 ' 8.24 ©27.90 20.38
. 0.0 0.0 - ~ 0.0 5.90 © 12,33 0.0~
0.0~ 0.0 0.48 0.0 3.81 23.38
0.0 0.0 0.0 . 7.52 10.48° 10,29
0.0 0.0] 0.0 4.14 - 23.14 9.71
0.0 - 0.0 0.0 7.00 . 13.52 . 4.52
0.0 . 0.0 0.0 13.38 . 8.62" 7.38 .
0.0 - 0.0 0.0 = 0.0-° 0.0 | 10.43.
0.0 - 0.0 0.0 0.0°" 14.09 | - 5.95
0.0 " 0.0 0.0 16.14° - 18.33 : 0.0
0.0 0.0 0.0 0.0 0.0 - 20.00
0.0 0.0 0.0 ;7.05 0.0 42.86
0.0 -0.0 3.19 0.0 “16.10 ' 20.05
0.0 0.0 5.24 14,76 - 0.0 25.90
0.0 0.0 0.0 :

. 2.52 8,62 11,81

©
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Table A1.11 Surface Density of Internal Cou'plin‘g-s (um? /um?). e

-

N _ , ;- L ,
NEONATES = 7 DAYS ~ 14 DAYS . 18°DAYS . 21 DAYS ~ - ADULT

0.0 0.0 0.0 . 98.0 ., =0.0165 0.0147

© 0.0 - 0.0 .0.0046 0.0114 " 0.0 0.0
0.0 0.0 0.0096 - 0.0087. 0.0 0.0142
0.0 . 0.0 0.0165 - 0.0046 0.0116 0.0162
0.0 - -0.0030 0.0 0.0054 . 0.0391 0.0
0.0 0.0042  0.0015 - 0.0085 6.0161 . ~0.0288 -
0.0 0.0 ,, ,0.0053 0.0206 0.0171 .. ~ ":0.0
0.0 0.0 . 0.0 0.0 0.0323 0.0
0.0 0.0 0.0025 0.0165 0.0122  0.0181
0.0 0.0. - 0.0 . 0.0122° . " .0.0199 =~ 0.0
0.0 0.0 ~..0,0130 . ¢ 0,0 = 0.0223 . .0.0088 *
0.0.- 0.0012 - 0.0168 0.0088 0.0149 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0539 0.0
0.0 0.0 0.0085 0.0077 0.0110 0.0
0.0~ 0.0086 0.0 0.0131 - 0.0 0.0154
0.0 0.0050 0.0 0.0 0.0157 0.0238
0.0 0.0 :0.0183  0.0077 0.0434 0.0
0.0 0.0059 0.0 0.0080 0.0 0.0079
0.0 0.0129 0.0 0.0052 0.0163 . 0.0
0.0 " 0.0 0.0064° 0.0036 0.0156 . 0.0260
0.0 0.0 0.0° 0.0 ' - 0.0 0.0365
0.0 0.0 .0.0090 0.0205 0.0200 0.0
0.0 " 0.0 0.0 0.0165 - 0.0336 . 0.0108
0.0 0.0 0.0 PO 0.0218 0.0
0.0 0.0 0.0084 0.0132 0.0192 0.0923
0.0 0.0 00083 °~ 0.0080  0.0176 0.0127
0.0 0.0 0.0 0.0115 0.0101 0.0298
0.0 0.0 . 0.0 - 0.0121 .. 0.0216 0.0110
0.0 0.0 0.0066 0.0092 - .. 0.0301 0.0 i
0.0 0.0 0.0 0.0013-~ - 0.0338 - 0.0298
0.0 0.0 0.0037 0.0442 0.0190 0.0077
0.0 0.0 . 0.0 0.0059 0.0 0.0270
0.0 0.0 0.0071- 0.0174 0.0162 0.0
0.0 0.0 0.0 0.0219 0.0 .~ 0.0311
0.0 0.0  0.0047 0.0171 0.0 0.0355
0.0 0.0 © 0.0 . 0.0182 © 0.0313 0.0635
0.0 0.0 0.0060. 0.0 0.0370 0.0234
0.0 0.0 0.0531 0.0 0.0198 0.0226
0.0 0.0 - 0.0 0.0184 0.0253 0.0200
0.0 .© 0.0 ,0.0078 0.0034 0.0161 . 0.0
0.0 0.0098 © 0.0~ .7"0.0 . 0.0028 0.0118
0.0 0.0 0.0 '0.0074 - 0.0 0.0282
0.0 0.0042 0.0148 '0.0084 0.0052 0.0242,
0.0 0.0 0.0 70.0 . 0.0 S 0.0 .\
0.0 0.0 0.0. 0.0165 0.0102.  0.0754
0.0 0.0 ° 0.0045 0.0079 0.0 0.0489
0.0 0.0 0.0 0.0 0.0376 0.0248
0.0 0.0 * 0.0 0.0170 0. 0.0362
0.0 0.0032

0.0028 0.01§1 0.01 0.1046

|
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Table A1.11 continued

.
{

u/ . NEONATES . 7 DAYS 14 DAYS 18 DAYS 21 DAYS  ADULT
0.0 0.0 0.0022 0.0043 0.0235 0.0349
/ 0.0 0.0 0.0041 0.0097 0.0128 - 0.0156
| 0.0 0.0 . 0.0091 0.0 0.0118 - 0.0142 -
0.0 . 0.0 0.0105 - . 0.0 0.0110 - 0.0

0.0 0.0 0.0 0.0147 20.0173 . 0.0

0.0 0.0 0.0. - 0.0 . 0.0261 0.0

0.0 0.0 0.0 0.0 0.0 . 0.0390

0.0 0.0 0.0 0.0222 0.0152 0.0263

0.0 0.0072 0.0097 0.0 0.0 . 0.0
0.0 0.0 0.0 0.0396 - 0.0246. 0.0217

0.0. 0.0 0.0. 0.0205 0.0176 0.0

0.0 0.0 - 0.0 0.0171 . 0.0100 0.0500

0.0 0.0 - 0.0037 0.0 ., 0.0127 _ 0.01878

0.0 0.0 0.0 0.0307 . 0.0321 0.0337

0.0 0.0 0.0050 0.0176 0.0108  0.0255

0.0 0.0 0.0 0.0072 0.0295 0.0

0.0 0.0 0.0075 0.0212 '0.0223 0.0227

0.0 0.0 0.0198 - 0.0126 0.0 . 0.0

0.0 0.0 0.0 0.0 - 0.0504 0.0141

0.0 0.0 0.0038 0.0  0.0310 0.0147

0.0 0.0023 0.0 0.0056 0.0158 0.0

0.0 0.0 0.0033 0.0191 - ° 0.0 0.1617

0.0 0.0 0.0 0.0200 0.0052 0.0130

0.0 0.0 0.0 0.0300  0.0240 0.0

0.0 ¢ +0.0 0.0 0.0356 0.0 0,0406

0.0 0.0 0.0 0.0083 °  0.0250  0.0471

0.0 0.0 0.0026 - 0.0074  0.0151 0.0639

0.0 0.0 0.0041 0.0 0.0679 ~  0.0218

0.0 0.0~ 0.0043 0.0084 0.0067 0.0197

0.0 0.0 0.0 0.0233° . 0.0148 0.0217

, 0.0 *0.0 . 0.0081 1 0.0139 " 0.0 0.0
0.0 0.0 0.0084 0.0132 0.0184 0.0277 .
0.0 0.0061" 0.0 0.0064 0.0149 - 0.0428

0.0 1 0.00%6 -0.0 0.0 0.0 0.0176

" 0.0 0.0 0.003 0.0 0.0073 0.0157
0.0 0.0092 0.0 0.0138 0.0399 0.0457

0.0 0.0 0.0 0.0179 0.0213 0.0

0.0 0.0 0.0005 0.0 0.0049 0.0366

0.0 0.0 0.0 0.0069 0.0140 0.0267

r 0.0 0.0 0.0 0.0054 0.0204. ~ 0.0153
0.0 0.0 0.0 0.0091 0.0229 0.0089

0.0 0.0 0.0.. 0.0167 0.0124 0.0116

0.0 0:0 0.0 . 0.0 0.0~ 0.0190

0.0 0.0 0.0 0.0  0.0371 0.0189

0.0 0.0 0.0 0.0286 0.0167 0.0

0.0 0.0 0.0 0.0 " 0.0 . 0.03571

0.0 . 0.0 0.0 0.0062 0.0 .  0.0835

0.0 0.0 0.0037 0.0 0.0151 0.0188

0.0 0.0 0.0132 0.0178 0.0 0.0416

0.0 0.0 0.0 0.0024 0.0116 0.0197



APPENDIX 2
!

i
i

Examplefof the rénkings for cell diamétér and the/

L4

application of the'Kfuskai—Wallis test.
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. —-Table_ A2+i~Rankings—ei<€el}*B%ameterﬁvaiuesy%rOm ‘Table-A1l: 4,
NEONATES -

s

103.5
63.0
107.,0
34.0
168.0
186.0
29.0
304.5
.94.5
163.5
6.0
'123.5

221.0
15.5
70.5

94.5

-+ 349.0

. 267.5
,.48.5

20.0

1 275.5

229.0

364.5
-282.0

189.0

27.5°

11.0
7.5
39.5
202.0
17.5
359.5
221.0
73.5

107.0 -

7.5
128.0
320.5
150.5
194.5

205.5.

168.0

163.5 .

288.0
210.5
288.0
196.0

133.5

128.0

313 0.

7 DAYS. .~

91.0
161.0
23.0
73.5
421.0
176.0
184.0
155.5

138.5
239.5°

98.0

2250

121.5
339.0
147.0
36.5
76.5

121.5

26215

76,5

194.5
180.0

133.5 -

327.0
141.5

42.5

70.5
161.0
279.5
147.0
113.0
214.0

221
81

21

.0

.0
13.0
313.0

0
" 225.0

- 53.0
.0

81

- 138.5

- 31.5
76.5
58.0

.0

361

189.0

233.0
202.0
119.5
117.0

)
]

14 DAYS
469.5

. 408.5 -

237.0
483.5

. 256.5
2.0
61.0
298.0

47.0

13640
408.5

402.5

367.0
128.0
147.0
133.5
217.5
3.0
239.5
39.5
138.5
405.0
.320.5

481.5

 198.5

345.5
150.5
119.5
101.0
198.5
189.0
371.5
©313.0
333.0
113.0
480.0
464.0
158.0

357.0

58.0
374.0
419.0

189.0.
333.0

184.0
419.0

221.0

378.0
304.5
351.5

18 DAYS

304.5°

250.0
22.0
113.0
168.0
214.0
. 339.0
262.5

".198.5

277.5
502.0
500.0
399.5
440.0

" 443.5

369.0
145.0
284.5
364.5
161.0

469.5
384.0

396.0
. 262.5
180.0
174.0
1294.0

©355.0

113.0

416.0 -
., 430.5.
369.0

'391.5
459.0
288.0
433.0

- 384.0:

424.0
359,
491,
414,
233.
171.

21'DAYS

333
507"
460.

424,
384.
495.

452.
307.
488
345,

448,
494,
.0
.5
378.
485.
.0
.5
492,
.5
143,
262.
473,
'496.
349,
399,
366.
396.
.0
450,
329.
176.
5
463.
252.
.5
446,
339,
.5
.5
.0
364.
.0

378.

353,

474.
. 288.

501
488

477
391
558

479

471

411

481
498
401

438

294

0
0

0

0
0
0

0

5

5

5

5 .

0

0
0

0

5
5
0
5
0
5
0
0

5
0
0

0
5

0
0

5
0

5.
5
0 .
.0
391.
304.

5
5

197

ADULT

578.
574

512

525
561

532
598,
572.
504,
565,
528,
580.
"553,
.0
515,
528.
.0
.0
592,
503.
563.
516.
.0

541

511
577

554

0 -

.0

526.
532,

508.
.548

588.

579.

569,

546.
..594,
.538.
576.
586.
582.
.0
524.
535.
523.
585.
532,
505.
513.
530.
555.
540.
599,
567.
510.
546.

0
0
0

'0

0.
0
0
5
0
0
0

0. °

0

0
0
0
0
0
0
5
0
0
0
0
0
0

5
..0.
.0 -
.0

0
0
0
0
5
0.
0

0
5

0
0
0
0
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Table A2.1 continued GO . .
-~ NEONATES—~ 7 DAYS 14-DAYS 18 DAYS 21 DAYS '~ ADULT |
1 371.5 §3.0- 31,5  237.0 - 432.,0 .550.5
405.0 . 189.0 300.0 = 233.0 - 244.5 . 570.0 -
477.0 221.5 67.5 387.5 457.0 542.5,
31.5 17.5 98.0 441.5 * 98.0  544.0
184.0 - 256.5 443.5 11.0 . 378.0 - 575.0
4.0 . 11.00 202.0 . 487.0 ~118.0- " 566.0
83.0° 91.0 " 291.0 Y. 453.0 ~244.5  593.0
67.5 . B6.5" 105.0 448.5 467.0 - 596.0
123.5 408.5 446.0 1.0 128.0 . '557.0
333.0 158.0 474.5° 405.0 = 330.0 .- 590.0
45.0 237.0 353.5 323.0 436.0  571.0
.398.0 171.0 - 477.0 267.5 . *107.0 496.5
© 64.0 . * 317.5 720 384.0° 247.5 597.0
79.0 . 277.5° 165.5 39t.5 192.5 542.5 -
L 262.5 15.5 424.0 ~ 125.0 267.5 493.0
39.5 .+ 225.0 341.5 210.5:. ---313.0 - 416.0
45.0 60.0 270.5 313.0.- 158.0 539.04
294.0 101.0 - 345.5 .- 435.0 '113.0 521.0
45.0 53.0 345.5 39.5 259.0 595.0 *
141.5 58.0 113.0 320.5 176.0 506.0
9.0 336.0 . 88.5 180.0 - '244.5 518.5 -
180.0 53.0 "101.0. 455.0 . 288.0 550.5 -~
65.0 . 109.0 . 34.5 67.5 e82.0, 520.0
84.5 . 67.5 408.5 486.0 ° - 275.5 7.0
180.0 19.0 133.5 91.0 - 381.0 7.0
5.0 . 241.5 214.0 391.5 450.5 564.0
53.0 . 343.0 267.5 471.5 301.5 517.0
165.5 248.5 324.5 86.5 282.0 ~ 534.0
' 88.5 <+ 4.0 413.0 - 113.0 - 391.5 - 568.0
48.5 324.5 402.5 498.5 = 419.0 581.0
94.5 " 62.0 84.5 221.0 - . 434.0 .518.5 "
"143.5 294.0 252.5 128.0 . 454.0 584.0
53.0 - 337.0 229.0 273.0 256.5 - 536,5
94.5 428:5 153.5 441.5 © 387.5 . 560.0
44.5 - 27.5 153.5 435.0 374.0 550.5
57.0 252.5 468.0 430.5 461.0 . 550.5
8.5 411.5 173.0 333.0 . 256.5 490.0
- 81.0 378.0° 369.0 317.5 -307.5 522.0
229.0 53.0Q0 '428.5 . 208.5. 205.5 583.0
313.0 357.0 % 284.5 465.0 384.0 591.0
103.5 298.0 . 248.5 1247.0 349.0 573.0
150.5 252.5 . 458.0 " 208.5 396.0 545.0
327.0 '+ 214.0 . 150.5 36.5 . 422.0 536.5
205.5 155.5 42.5 279.5 270.5 509.0
235.0 214.0 298.0 . .416.0 364.5 483.5
229.0 229.0 273.0 309.0 . . 426.0 556.0
31.5 446,0 205.5 437.0 - 513.,5 589.0
25.5 192.5 25.5 351.5 462.0 558.5
76.5 ©131.0 " 34.5 374.0 - 301.5 600.0

198.5 341.5 262.5  .294.0 1456.0 562.0
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'The sum of the'rankings for the variéus poétnatal ages
was: o S . 4
ndonate = 15473.5, 7 day = 17554.0, 14 day = 25302.5,

It

+§ day = 30807.0, 21 day

36315.5, adult = 54847.5,
dsing the Kruékal-Wailfs formula to test for significant.
differences in aVefage cgll_@iameter. . |

o | N | Wiy | ";o

"H = 12/NIN + 1)IRj*/nj S 3N+ 1) = 12/600(601) X (15473. 5=i
"'+, 17554, 0"+ 25302 57 + 30807 02 + 36315 5’ +. 54847 5’)/100
- 3(601) . 609,95,

. . S
- ;,e’ . oL .
N ) ) . I8 N

This is significant at p<.01. Correcting for ties will
increase H. This increases the level of significance.
Similarly ﬁ'values_were determined for t}e other parametef?;
The results of the tests are reported in Tables 1 - 3 ‘&nd -in

" Figure 38 and F1gure 39.
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