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' ABSTRACT

The faccors‘regulacing the uterus in cﬁe maintenance of
preguancy and the onset of labour are two izmportant and unresolved
problems in uterine physiology. At term, specialized cc;l—to-cell
contacgs, 83p junctions, appear b;tﬁecn the uterine smooth nusc;e
cells. These structures are thouéhc to aliow dizect p;ssage of iéns
and small molecules between cells,‘chus cﬁeir formation between uterine
smooth muscle cells at temm may\promo:e Propagation of electrical
activity and development of contractile s}nchrody in the uterine wall,
necessary for expulsion of the fetus(es). The objective of this thesis
was to examine the possible functiomal role of gap junction formation
in the cyometrium: at parturition. The hypothesis that g£3p junction
formation results in imprqvéd elcctrical coupling at parturition was
cestéd by measuring the ﬁpread of electrical exeitation (which gives an
igd;sect measure of cell-to-cell electrical couplingljin the myometrium
befor;.(;.e. at preterm) and afrer {i.e. at delivery) in situ gap
jgnc#gon formation. Some of the tissues used for these experiments
were\;3;Eined by thin section electron microscopy for :hg presence of
gap junctioms.

Spoataneous burst discharges propagated over the egtire
Tecording distance of 15 mm in the.longitudinal axis of the myometrium
at both preterm and atr parturition. Burst acti Ty at both times showed
soze of the characteristics of a systex of coupled Telaxation osetllators.

Hewever, individual spikes within the burscs propagated further and with
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higher velocity in this axis at parturition 48 compared to at preterm.
In the transverse axis of the m&omecrium, both bursts ang individual
spikes uichin bursts PTopagated over longer distances at parturition
thaa before. Propagation in this axig at parturition appeared to
Tequire an inrger Or undamgged circular nuscle layer.

Analysis of the Propagation of spikes evoked by electrical
stimulartion confirmed that spike Propagation was improved (e.g. higher
velocity and longer distance of spread) in both the lougiCuQinal and
transverse axes of the myometrium at parturicion.

Electron microscopy studies confirmed thgk gap junctions were
pPreseat in large nunbgrs between uyterine smooth muscle cells during
par;urition and were absent Or present in ver& small oumbers ar pretérm.
Thus, improved Propagation of electrical discharges uﬁs associated wich
an inecrease in §3p junction contact between Dyometrial cells. These

results are consistent with the hypothesis that 83p junction formation

4t term results in izproved electrical coupling of uterine snooth muscle

cells.
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GENERAL_INTRODUCTION
"Iheonsetandpromuoflabomiapronotedbyelectricaland

zeneratedatten.andconqerselybouitisstmprmedbetomtem.are.tmof
the most important and controversial questions of uterine physiology (Hc;sler. ‘
1968; Csapo, 1-981). Propagation of action potm from pacemaker to
nonpacemaker areas s widely held to be the basis of synchronous uterine
activity. Garfield and Danfel and associates (see Garfield et al, 1977; 1978)
recently c!iscoveréd a morphological change in the uter.lne smooth muscle cells
at the end of gestation that may be involved in the synchronizat:lon of uterine

contractions. and hence be essentlal for normal labour. and delivery. They noted

the presence of gap junction contact.s between uterine smooth muscle cells only

immediately betore. during and nlnediately after delivery (and their absence at
any other time in pregnancy). Gap Junctions are generally thought to provide
low-msistance pathways to current flow between many cell types and their
presence in the myometrium at term shouid promote action potential propagation
and hence lab?ur. Conversely, their absence at pretera should restrain
propagation a-nd thus prevent synchronous uterine activity and labour. Recent
studies (Sims et al., 1882; Cole et al.,, 1985) have shown an inproved cell-to-cell
coupling associated with increased gap junction number in rat myonetrium at
parturition. However, there have been no detailed studies on whether action
potential propagation in the pregnant uterus is improved at delivery when gap

Junctions develop, despite the significax;ce of this information regarding the

control of uterine function.



mmmmmmmmlmmmdm
axes of the rat myometrium, before (e.g. at preters) and after (e.g. at delivery)

mJuncdonrarntion.tohelpdqtmmetberoleofzathmcuonsin

_ synchronizing uterine contractions at parturition. This study should alsc’ help

elucidate the structural basis (Le. gap junctions or other structures) for
élect:-ical coupling within and between the muscle layers of the Ryometrium. 7
Furthersare, by comparing Propagation in the mycmetrium at pretera (gestation
day 17), when plasaa progesterone levels are high, and during delivery, when
progesterone levels are low, important information about the natm-e of the so-
called "progesterone block'f of impulse propagation (see Csapo, i962; 1971) can
be obtained.

REVIEHOFTHELITERATURE

A) _General Anato!x- of the Uterus and Ultrastructure of the Mvometrium

General Anatonz

composed of three coats: 1} an inner mucosa, the endometrium, lning the uterine

cavity, 2) é surrounding muscle coat, the Ryomeirium, and 3) a thin externaj
Serous coat, the sergsa {Ham and Cormack, 1979). The endometrium consistg

mainly of columnap epithelium (a single layer of which lines the uterine lumen},

/



tdne (Finn angd Porter, 197s; Garfield, 1879). This arrangesent would allow
spread of contractions from ope muscle layer to'the other. -

Structure of the Myometrium '

being in the direction of the btmdle’s_long'a.xis (Melton and Saldivar, 1964:7
Burnstock. 1970; Garfield and Danfel, 1974; Garfleld and Somlyo, 1985). Based on
studies in other smooth muscles, it is estimated that each cell within the bundle
is surrounded by 10 to 12 others (Burnstock, 1970). Collagen fibrils, elastic

Ryometrium interlace to form a network while those of the circular myometrium

appear less clearly arranged (Silva, 1867; Garfield and Somlyo, 1885), |



bundle and/qp between connecting bundles) and from céll to the connective

tissne Stroma. (Gabella, 1979; 1584a),

TBe individua Uterine smooth muscle cells are the physiological units

of contractile function (Csapo, 1971; Marshall, 1874). Tla-y are small, spindle-

shaped cells of dimensions 2-10 AR wide and 50-800 Am long, these dimensions

times as long as at the time of implantation (Abe, 1970, Shoenberg, 1977). The
combined actions of the steroid bormpnes estrogen and progesterone, and chronic
stretch are thought to be the -reg'l.llating factors (Carsten, 1968; Marshall, 1974).
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Papka et al., 1885). Using hi;toﬂuomcence and acetylcholinesterase
Mmmmitmmmmtmmmmmmm

(Hervonen et al., 1978; Slnzh et aj, 1385). This finding is in agreement with an
earliersmdyoflyonetrmrnervea in the rat in which nerves were classified as
either adrenergic or cholinergic according to the types (i.e. granular versus
agranular) of intra-axcnal Veaicles (Silva, 1967) but disagrees with the studies
of Adham and Schenk (1969) and Papka et al. (1985) who found an equal densit:y
of adrenerg;[c and chnlinerzic nerves to the nonvascular smooth muscle in the
rat myometrius. A.n of the above results Aust be accepted with caution,
however as acetylcholinesterase reactivity can be present in noradrenergic as
well as cholinergic neurons (Wallace, 1981), and it is certain that nerve types
cannot be identified ultrastructurally by the appearance (granular versus
agranular) of their intra-axonal vesjcles (Gabella, 1981). The density of
| adrenergic and cholinergic inpervation varies in different parts of the rat
uterus, the utero-tubal Junction and cervical end being more richly innervated
than the ut.erine body (Adham and Schenk, 1969; Bell, 1972; Marshall, 1973; Singh
et al., 1985). In addition to adrenergic and cholinergic nerve fibers,
~ peptidergic (viz. vascactive intestinal polypeptide, substance P, neuropeptide Y
and gastrin-releasing peptide) nerves have recently been found in the
nonpregnant rat uterus (Larsson et al, 1977 Alm et al, 1980: Ottesen et al.,

1881; Stjernquist et al., 1983; 1986; Gu et al. 1984; Papka et al., 1985). Their
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m@ummm-mcmm«tbemm.exoeptmr
gastrin-releasing peptide (GRP) nerve fibers which are - exclusively associated
with the nonvascular smooth muscle. rbey(uithﬂ;eexeepuonorcnp)mmo
shﬂnrl?nomnmemminthecewixthanlntheuterm'ehom {(but see Papka

Concerning the nerve-auscle relationship, there is a low density of
berves to myometrial smooth muscie cells asg Compared to richly Innervated

Adham and Schen:k. 1969; Marshall, 1970; 1973). Few detailed studies have been
concerned with the .ultrastructure of the nerve Iiber-puscle cell lfelationship in
the myometrium (Marshal}, 1981). However, Silva (1967) studied this relationship
in nonpregnant ang pregnant rat Ryometrium and found bundles éf nonmyelinated
nerves situated at varying distances (the closest at about 1000 na) froa
Wyometrial muscle cells while qthers lay free in the connective tissue between

have the spectalized structupe found at the motor end plates of skeletal muscle
(Marshall, 1870; 1973; Garfield and Somlyo, 1985). During the latter half of
pregnancy, in response to hormones and chronic stretch, the adrenergic and
cholinergic nerve endings in the uterine corpus (but not the utero~tubal

Junction or cervical end) degenerate resulting in a functional denervation of
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the myometrium (Sjoberg, 1968; Thorbert, 1979; Marshall, 1981; Thorburn et al.,
1984.:Ark1mtnnandJ0ms.1985 Singh ot al., 198s; Sigger ot al., 198s).
uwmtwmmmmmmtmtmmpemderac
(mmninmummlmpudeandmmmdenmrmdemminnmber
during pregnancy, at least in the human (Ottesen et al, 1882} and guinea pig
(Fried et al., 1985) uterus.
meexactmleotnmesinuterinenmctianisnotfuuymw

flow, secretion or sensation (Alm et al, 1980; Ottesen et al, 1981: Garfield and
Somlyo, 1985). While it is unlikely that autonomic nerves affect impulse
propagation in the myometrium (Finn and Porter, 1975; Thorburn et al., 1984), they
may play a physiclogical rale in local nervous control of uterine contractility
(Marshall, 1981; Ottesen et a.L 1981; Singh et al,, 198s).

Ultrastructure of Myometrial Smocth Muscle Cells

Ultrastructurally, the uterine smooth amuscle cell is similar to other
3mooth muscle types (Finn and Porter, 197s: Shoenberg, 1977} and contains a
single elongated nucleus {usually located centrally) as well as myofilaments,
microtubules and various organelles in the cytoplasm. The wycfilaments are
arranged into bundles (fibrils) running parallel (Gabella, 1979) or obliquely
(Shoenberg, 1877) to the cell axis and include thick (=yosin) and thin (actin)
contractile filaments as wel] as intermediate (desmin) {ilaments, the latter
‘perhaps providing a supporting framework for the contractile filaments
(Shoenberg, 1977: Gabella, 1981). In uterine snooth muscle the content of the

contractile filaments is influencead by ovarian hormones and chronice stretch
/ . -
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(38850. 1971). During mmncy. for example, the actomyosin concentration (Ié
p&mmle)&mmmwwmo-foldatm
2llowing an increased working capacity of the myometrium (Csapo, 1950; Nichae]
and Schofield, 1969; Csapo, 1871; Bamair, 1977), Th!s increase in contractile
protein, coabined with.an increase {n muscle length (dve to increasing stretch
mmmm)mm&émeOpmummonatmm
1974). The organelles in the cytoplasa include l.ltod:ondria. golgl apparatus,
lysoaonesandsuvoplaaicmttmum. Tbelatterisorzan:lzedintoapetworkof

tubules and sacs consisting of both granular (rough) and agranuiar (smooth)

reticulum in continuity which, at specialized regions (Junctional sarcoplasaic
reticulum), makes frequent close contact with the plasua membrane (Garfield and
Sonlyo, 1985). Surrounding the cytoplase is & plasas Nembrane with numerous
goblet-shaped invaginations called surface vesicles or caveolze. These are
grouped in rows, two to four caveolae wide, parallel to the @'s long axis and
3ccount for about 30% of the cell surface area in some smooth muscles (Gabella,
1981; 1984b). BHowever, their function in smooth muscle is obscure (Gabella, 1979;
1984b).  Also prominent in the plasma membrane, (occupying 30-50 & of the cell
surface in the udc_ue partions of the cell) are dense ‘bands which aiternate with
the longitudinal rows of caveolse (Gabella, 1979: 1981; 1984b). These electron- .‘
dense regions on the cytoplasmic side of the membrane, (which can extend for 1-
2 im along the cell length in viscera] smooth muscle), are believed to be
anchorage sites for the thin and Perhaps intermediate filaments (Shoenberg,
1877; Gabella, 1979: 1981; 1984b). Their arrangenent along the muscle cell
surface allows for extensive cell shortening during contraction and for changes

in shape of the cell profile (e.g. increased cellular ;ﬂa.net:er)'to accomodate the
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~ abut on the plasu, Besbrane (Gabella, 1983; 1984b). Its function may be to
provide a mechanical link ror force transmisaion between the myofilaments and -
' connective tissue stroma, via the Plasma membrane (Gabella, 1984a: 1984b).
Celi- Contacts Between 8l Smooth Muscle Cells

Over most of their surface, the smooth muscle cells within the muscle
btmdlescclprisingthecommmdmsthnuonnmmaepmted ‘
from their _neighbours by a basement -enbrane-rﬂled space of greater than 50 to
100 om (Burnstock, 1970; Gabella, 1981). However, at selected points )
neighbouring smooth muscle cells come into closer apposiﬁon forming specialized
r.;ontat:ts. In rat uterine smooth muscle four different types of cell-to~cell
‘contacm have been described an the- basis of their appearance in thin section
electron micrographs: 1} intermediate contacts, 2) close contacts or. simple _
appositions, 3) interdigitations and 4) nexuses or gap junctions (Bergman, 1963;
Garfield and Daniel, 1974; Garfield et al, 1977, 1978; Garﬂeld. 1585). _

Intermediate contacts are areas where the plasma membranes of apposing
cells run parailel, Separated by an intercellular space of approximately 20-100
nm (Gabe]la. 1984b; Garfield, 198s). They are further characterized by a
granular appearing central dense line in the intercellular space and an
increased density in the subadjacent Cytoplasas (Henderson, 1975; Gabella,
1984b) In late pregnant rat uterus these contacts are 0.3 to 0.5 um in width
and extremely leng (S-10 p.u) and are found more frequently in the lonzitudmal
than in the circular nuscle layer (Garfield and Daniel, 1974).
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Regiom in which the plaua meabranes of acl:laeent cella run parallel
tepmtedbyaspaeeorammxintelymnnandhavmgnonuhmne

bosonl.arepreaentinaboutequalnubersinthelonzimdinalandc:lrctﬂar
muscles of late pregnant rat uterus (Garfield and Danfel, 1974). ‘ ' \*:

|
Interdigitations are projections of one cell into an invagination of

muscle cells, at the ends of interdigitations and sometimes on cytoplasmic _

.extensions between the same cell (reflexive £ap junction), are points of very

close contact (2-3 nm Space or gap) and specialized structure between apposing
plasma membranes (Henderson, 197s; Gabella, 1984b; Garfield, 1985). In thin
section electron micrographs they appear as five or seven lined structures or..
when examined using freeze-fracture electron nicroscopy.' as Irregular rounded
areas containing a few to hundreds of membrane particles (Henderson, 197s;
Gabella, 1984b; Garfield, 1985). Extensive structural and biochemical studies of

gap junctions in both excitable and nonexcitable tissues (vertebrate and

invertebrate) revealed the following generalities which are also assumed for

uterine and other smooth muscles (Henderson, 1975; Gabella, 1981; 1984b;
Loewenstein. 1981; Larsen.( 1983; Garfield, 198S5; Revel et al,, 1985). Gap
junctions consist of discoid aggregations of two or three to nany thousands of

6-10 nm particles Spaced in varying patterns at center-to-—center distances of



12

7-14 nm. EBach particle (connexon) consists of 6 protein subunits (connexins),
| lolecnlarﬂeizhtﬂaﬁ.motnsoowpermtamneedmadmlemmda
central channel (1.5-2.0 nm in diameter).” The particles span the entire plas-a
m.mmmthmmmuthmmamdeesmme

direct pathways for Intercellular flow of fons and laree.r molecules {up to 1200
daltens) between cells. Recent results show that gap junctions isolated from
term-pregnant rat uter!{ are s&u‘cturally Qnd biochemically similar to gap
Junctions from rat he;art and liver .(Zervos et al, 1985).

- ?n preénant rat myometrius, few or no g'ap Junctions are present
between smooth muscle cells until right befclare. during and just after parturition
when they appear in relatively large numbers and approximately equal amounts in
both longitudinal and circular muscle layers {(Garfield et al., 1977; 1978; Puri
‘and Garfleld, 1982: Sins et al. 1982 Wathes and Porter, 1982; Saito et al, 1985).
Gap junction size and the percentage of the membrane surface area occupled by
gap junctions are also much greater at these ttmes Values of about 200 to 300
nm (Garfield et al, 1977 1978; Puri and Garfield, 1982; Wathes and Porter, 1982;
MacKenzie and Garfield, '1985; Saito et al, 1985) and 0.2 to 0.4 X of the plasma
membrane area (Garfield et al., 1978; Puri.and Garfield, 1982; Sims et al., 1982;
MacKenzie and Garfield, 1985) have been reported for respectively, the mean size

~and fracticnal area occupied by pap junctions in parturient rat uterus. It has
been estimated that a single uterine smooth auscle cell at term has ’
approximately 250 to 1000 £ap junctions (Garfield et al. 1978: Garfleld, 1985).\

Steroid hormones (estrogen and progesterone), prostaglandins and }:terine
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The most recent comprehensive review of uterine electrophysiology
was written by Rao (1977a) and dealt exclusively with the longitudinal muscle . .
whose electrical properties were also assumed ror the c.irculdr muscle. Since
then, detatled studies of the circular mnscle have revealed some marked
difrerences in electrical properties coampared to the longitudlna.l muscle (Osa
and Fujino, 1978; Anderson et al, 1981; Bengtsson et al. 1984b). The following
is a selective account of the fn Yitro electrical properties of longitudina] and
circular sacoth auscle of the rat uterus. These propertles cannot be assumed to
apply to the uteri of all species, as recent studies on the electrophyslology of
the circular muscle from pregnant sheep myometrium have revealed some marked
differences ag Compared to the rat myometrium {Parkington, 1985).

Resting Membrane Potential

Uterine smooth muscle from the longitudinal or circular layer
spontaneously generates electrical discharges between periods of qu.lescence
During the silent period, the membranpe potential reaches a llaxinmn value
("resting" zeabrane pot:ential) that varies from about 40 to 70 mV (.lnside
hegative) (Abe, 1970). In the longitudinal muscle during preenanc'y. the nenbrane
potential increases from a nonpregnant level of 30 to 40 mv, reaching a maximum

(60 to 70 mv) at midpregnancy, and then declining to approximately 50 mV at



lower than that of ﬂ}e longitudinal muscle, follows a sinilar decline during the
®lddle to late-stages of gestation, CXCEPt at term when there is an abrupt
fransieat increase in membrane potential which subsequently declines during
delivery (Anderson et al, 1g81; Klshikawa, 1881; Bengtsson et al, 1984p). 1p
terms of regional differences, muscle celis at Placental sites have a
consmenﬂy higher nenhraqe potential (up to 7 mv op gestation days 17 to 19)
than those from nonplacental regions, untij delivery when they are the sage
(Thiersch et al, 1959; Kuriyama, 1961: Casteels and Ruriyama, 1965; Abe, 1970;
Randa and Kurtyama, 1980).

Spontaneons Electriecal Activity

nonpregnant, pregnant and postpartum uteri consist of intermittent bursts or

spike-shaped action Potentials [Kurivama, 1961; Csapo, 1962; Marshall, 1962;

Ohkawa, 1975 Ruriyama ang Suzuki, 1976a: Kanda and Ruriyama, 1980). 1In
contrast, discharges of the circular muscle consist of single plateau—type (1.e.
spike followed by a slow, sustained depolarization) action potentials in
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1981; Bengtssan et al., '1984a; 1984b). Throughout gestation, except at term,

Placental regions are electrically lesg active than nonplacental regions (Kanda

. and Kuriyama, 1980). In_ longitudinal muscle, the spike discharge frequency is

highest at midtera and then declines towards term (Thiersch et al., 1959:

As in other excitable tissues, the action poéentbu in uterine smooth
muscle results from voltage- and ﬂne-dependent changes in membrane fonic
pemeabilities (Anderson, 1978). In lonéimdinal (Abe, 1971; Anderson et al
1971; Mironneau, 1973; Vassort, 1981; Mironneau et al,, 1982; 1984b) andl circular
muscles ( Kawarabayashi and Osa, 1976; Osa and Kawarabayashi, 1977 Bengtsson et
al., 1984a; Chamley and Parkington, 1984) the depolarizing phase of the spike is
due to an inw:;rc! current carried mainly by cast ions but also by Na™ jong
(Anderson, 1969: Anderson et al., 1971; Kao and McCullough, 1975) although their

exact contributions remain uncertain (Abe, 1970; Kao, 1977b; Andersoxi. 1978;
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~—--- Kuriyama, 1981; Tomita, 1981). The outuard current causing repolarization
(studiedinde_tailipllongitndinal and assumed for circular muscles) ig carried
by K* ions and consists of a gast (voltage-dependent) and alow (Ca?*-activateq)
component (Kao and NcCullough, 1975; Mironpeau and Savineau, 1880; Mironneau et
al., 1881; 1984b). 1In preterm circular muscle, ‘the p.la_f:e_iu-typq action potential
is lik-ely due to a combined effect of a sustajned I.mll'ard‘_(-2.'312+ or Na* current
and e decrease 1n the voltage-sensitive outward current (Osa and Kawarabayashi,
1977; Kawarabayashi, 1978; Bengtsson et al. 1984b; Chamley and Parkington, 1884).

Origin of Pacemaker Activity

pacemaker cells (pacesetters) which can be identified from nonpacesakers
(pacefollowers or propagating cells) by the occurrence or absence, respectively,
of a characteristic pacemaker potential (Kuriyama, 1961; Kuriyama angd Csapo,
1961; Marshall, 1962 Kao, 1977a). The resting membrane potential of pacemaker
cells is significantly lo;ter than that of nonpacemakers and in contrast, remains

initiate pacemaker activity (Tomita, 1970; Kao, 1977a: Lodge and Sproat, 1981).

It has not been definitely resolved as to whether the uterus in situ
has a localized pacemaker (Mzs;rshall. 1974; Osa et al., 1983). The ovarian and
cervical ends of the late pregnant rat uterus were found to'cz;nt:'act
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independently and asynchronously, while at d.elivery contractions were clainéd to
originate at the ovarian end (Fuchs, 1973; 1978). ‘Stmilar clains regarding the
location of pacemaker activity at the uterine tubal enq during delivery have
beenladarartheutenoftbeoat.mbhit.lonkeyandhm (Dantel, 1960; see

Pacemaker activity in longitudina} rat ayopetrium is characterized by

potential or slow wave depolarization), varying in amplitude from 3 to 20 my
with a period of 10 Seconds to minutes, generates a burst of spike discharges
and 2) prepotential, havir_{z an amplitude of 2 tp 7 v and period of 800 to 1200
msec. triggers an individual action Potential] within a spike burst. Thus, the |



18

1975; Anderson and Reman, 197g). c%nveragly. spiking is terminated when the
sloupacaake;potenttalrepolardzestbele:bmnebelwthethmholdror
£ ' prepotential pacesaker activity.

- permeability (Reiner and Marshall, 1975; Ruriyama ang Suzuki, 1976a). According
to this scheie. Kt ion permeability is reduced (membrane depolarized) when (:a2+

lons are extruded from the cell by a metabolically driven Ca2+-pu:p (Tomita and
Watanabe, 1973). Purther depolarization results from an influx of Na* or C.a2+

chénnels hot associated with spike generation) when K" conductance is low
(Tblita. 1981; Prosser and Mangel, 1982). Subsequently, a rige in intracellular
ca®* (resulting from the ca<t inflox and a decrease in ca®* pump activity)

time- and mmemdent Ca2+ conductance (Pnosser and Mangel, 1982).
However, the intrinsic nQChanisns éez;erating the oscillations of the Ca2+-pump
postulated by this mode] are unkown (Anderson, 1978; Tomita et al.,, 198s).

Interaction Between Lonpitudinal and Circular Layers



interaction between the muscle layers during most of gestation. except perhaps

Sperelakis, 1979 Sperelakis et al., 1983). However, any mode of electrical
M requires either that muscle cells from one auscle layer are contiguous
uithtboaeattheotherlayerorthatthelhyembemnnectedviaso-eother
type of excitable cell. While muscle cells from the two layers may sometimes
come into close contact (Garfield. 1979) most of the space between the muscle
layers is occupied by nerves, blood vessels and connective tissue (Pinn and
Porter, 1975), an arrangesent which would not favour extensive electrical

~ Interaction. Hediation of the inter-layer interaction by intrinsic nerves can
probably be excluded as tetrodotoxin doesa't Rlock the interaction -(0sa, 1974;

‘ Ohkawa, 1975). Mechanical interference can also be excluded as a means of
transmission since the electrical interaction is not arfected by suppressing the
mechanical activity by cadmium treatment (Osa and Katase, 1975). cCells

-,

¢



synapse, while propagation (conduction) is used when excitation spreads within
the same cell (Tomjta, 1970). In this and the following chapters, the term
propagation (or conduction) will be usged to describe the transmission of
excitation through the wyometrium, since this tissue behaves as a single cell
(syncitiun) In many respects (see reviews of Tomita, 1970; 1975).
Propaeation'of electrical activity in uterine ag well as other

visceral smooth muscles (which is hecessary to synchronize the electrical and
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through low-resistance pathways to form a multicellular electrical syncitium
(Tomita, 1870; 1975; Anderson, 1978). This assuaption is based on the many
studies showing that saan strips or bundles of uterine (rai:.: Abe, 1870; 1971;

as well as other smooth muscle types (Tomita, 1970; 1975; Creed, 1979) show '.
cable-like (core-conductor) properties, analdgous to those of nerve and skeletal
muscle fibers (Marshall, 1974; Tomita, 1970: 1975), when part of the tissue is

polarized with large external electrodes (Abe and Tomita, 1968). In other words,

et

the length of a single muscle cell ('ro-ita. 1975; Creed, 1979). However,

‘ S_l:t:l‘elakis_(1969) has questioned the validity of the length constant (determined
by extracellular application of current) as a measure of cell-to-cell coupling.
Be st;zg'ests ‘that in a bundle of para.uel-packed fibers, the voltage decay
measured intracellu.larly along the bundle is due prinax;uy to' current flow in .
the extracellujar space within the bundle and- not within the c;slls (Sperelakis

and Picone, 1986). In any event, electrical activity (e.g. action potentials



considering the myometrium a functional syncytium (Anderson, 1973). However.,

propagation. For' example, spike propagation along a bundle may be blocked at a
branChingpointdmtoalwsatetyractor.qrtheacﬂonpoten‘dalahape‘
distorted at\a Junction point‘wbere spikes conducted along different bundles
converge (Tomita, 1970: 1975_). Furthersare, impulses may travel at different

along the yterine midline) may be the prime condoction pathway allowing rapid
spread of action potentials along the uterine horn and perhaps also between the
tvo uterine horps (Melton and Saldivar, 1967),



pacuett:er'potentia.l between neighbouring pacemaker cells ('rdnum. 1970:;
Marshall, 1974; Creed. 1979).
Conduction Velocity

Condnction velocity of action potentiais (measured in the longitudipal

- direction) in uterine smooth muscle studied in vitro varies between species and

% 8 function of gestational state’ within a given species (Abe, 1970; Dantel and
Lodge, 1973). In the rat uterus, mean conduction velocities of 1..25, to 10.5
cm/sec for nonpregnant and hormcne-treated ovariectomized animals (Melton,
1956; Daniel, 1960: Melton and Saldivar, 1964; 1965; 1967; 1970: Saldivar and
Melton, 1966) and 7 tp 33 ca/sec for pregnant animals (Daniel. 1960; Kanda and
Kuriyama, 1980) have been obtained for spontaneous and evoked action potentials.
During the progress of zesmt{ua in the rat longitudinal qyonetriun. the
conduction velocity of evoked, sp.lkes increases in both nonplacental and
placental regions {(Randa and Kuriyama, 1980). However, the conduction velocity
of the uterus is different depending on the direction. In the pregnant mouse
uterus for example, longitudinal conduction velocity is higher in the cervical
than in the ovarian direction (Kuriyama, 1961). It is claimed that longitudina)
conduction velocity is the same in both directions in the nonpregnant rat
ayometrium (Melton and Saldivar, 1964), although this has pot been extensively

studied. In addition, conduction velocity between two cells in the same_or in
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in the uterus (Gotb e't al, 1961; Kuriyama, 1961; Osa, 1974) Similar results -

1979). In midpregnant rat uterd, spike bursts recorded from the longitudinai
myometrium are conducted with higher Jelocity in the longitudinal as conpared

to the circula.r ax.ts (Ohkaua. 1975) and in Jate pregnaent rat uterus- individual
spikes co:nrising spontaneous spike bln'sts recorded sinultaneotmly from two

dl.f!atent luscle cells in the lonzitudinal muscle, have longer inter—electrode
time shirm (Le. ‘slower conduct:ion velocities) in the transverse than in the
lonzltudin.al direction (Landa et al, 1959) Zelcer and Dan.lel (1979) have also
shown that the transverse sprend of passive current in the longitudinal muscle

_of the uyonetriul from midpregnant or deliverinz rats was smaller (i.e. length

,

co‘narant sealler) than that in the longitudinal directiop, These higher
propaeation velocities and. leneth constants in the longitudinal as compared to
the tanpgential direction of the cell axis are probably directly related to the

“ruch lower intemal resistance in the long axis of the cells that ariges from

the smaller number of cell Junctions per unit length. In addition to directional
conduction velocity dirferences regional differences exist. For example,
throughout gestation in preznant rat uterus longitudinai conduction - velocity is
consistently higher, and at nidgestat.ion the length comtant larger in
nonplacental than in placental regions (Kanda and Kuriyama. 1980) It is
probable that the circular layer of the rat nyonetrium at midterm has a slower
conduction velocity than the Iongitudinal layer ‘since the lenzth constant of the

circular layer ig smaller than that of the longitudinal layer (Abe, 1971:

-
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nonpregnant estrogen- and e@ten—mus Progesterone-treated (Melton, 1956;
Daniel, 1960: .Melton and Saldivar 1964; 1965; 1967) and 14.4 mm for early
pregnant (Daniel, 1960) animals have been reported, However, the velocity and
extent of uterine conduction during pregnancy has not been édequately studied
in any animal species, despite the mportance of such information in
undersmndinz__the mechanism underlying the synchronization of uterine smooth

muscle cell activity at parturition (Csapo, 1871; 1981),
Cell-to-Cell Coupling During Pregnancy .
Gestational changes in the degree of current. spread (cell-to-cé'll.
coupling) in uterine smooth mustle have been assesséd by measurement of passive
electrical (ie, cable) properties, In circular (Thorburn et al., 1984; Parkington,
1985) and longitudinal (Sias et al., 1982) smooth muscle from sheep and rat uteri,
respectively, the length comstants and membrane tige constants wére higher at
term than at pretern md.ieg‘% an eMced cell-to-cell c;qu;i].ing at term.
Others (Abe, 1871; Daniel and Lodge, 1973; Kuriyana and Suzuki, 1976a; Daniel and
Zelcer,. 1979} studying longitudinal pat myoretrium found no such gestational

changes. However, with the exception of the study of Sims et al. {1982) the
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Garfield, 1985) and oontr:lbuted to the electrical coupling (see below).. Ancther
factor, the degree of stretch (if not properly controlled) will Iikely influence
the leasured length constant (Tomita, 1975 Ze.lcer and Daniel 19'79‘ Sims et al,
1982). Using a different nethod to assess electrical coupl.lng In the rat
lyonen'itm. Sims et al. (1982) found a Iower Jnnctional resistance (i.e. increased
coupling) dprinz delivery than berone term or postpartum,

Conduction velocity (v) in a ccre-conductor can be calculated from
the relation v = § )\/‘r , where S is a safety factor depending on both the
excitability of the muscle cell memhrape and the action potential amplitude, A is
the length constant and 7 is the membrane time constant (Holman, 1968). Thus,
changes in passive or active uenhrane properties during gestation may a.ffect
action potential conduction velocitv It would be usefu.l therefore, to correlate
actlou potential conduction velocities with pessive cahle properties in both

Ionzitudinal and circular muscle to determine which factors influence spike

. propagation in the uterus (Dan.iel and Lodge, 1973). -Recently this relation was

studied in frog skeletal muscle fibers and the t.i.me constant {principally the
surface membrane capacitance) was the main membrane constant which determined
conduction velocity {Ho:ma et al., 1983)

Structural Basis of Cell—to-Cell Coupling . -

Electrical interaction between uterine smooth muscle cells is usually
assumed to imply the existence of inter-cellular low resistance pathways for

current flow (but see Sperelakis et al, 1983). It is generally believed that the



-/

27 .

(xS

£ap junction or npexus represents the structural baais for electrica.l coupline in
aloothluscle (Barretal..J.BSB Dewey and Barr, 1968 Gabella, 1981: Garfield,
1985) and other tissues (Loewenstein, 1981; Bennett et al, 1984). The
develenentotzapJnnctiongattmintbelongiﬂ:dinalmne&imorthe
pregnant rat i{s related to improved electricail couplinz in this tissue (Sims et
al., 1982). However, relatively good coupltng between uferine snooth muscle

cells exist before term (Abe, 1971; Daniel and Lodge. 1973; Osa, 1974; Kuriyama

a.nd Suzukd, 1976a; Ralarabayashi, 1978; Zelcer and Danjel, 1979 Kanda and
Ruriyamas, 1980; Sims et al., 1982; Thorburn et al., 1984; Park.lng-ton. 1985) and in

and Ultrastructure of the Uterus", above; Dah.l and Berger, 1978; Garfield et al.,

1979; Zervos et al. 1985), or in other smooth muscle tissues where gap junctions

have not been detected (Dantel et al., 1976: Gabella, 1981 Garfield, 1985). This

implies the existence of alternate ways (other than local eircuit current flow
through low-resistance connections betueen cells) for current spread through
the syncytium (Danjel et al, 197s; Zelcer and Daniel 1979). Por example,
Sperelakis and associates (Sperelakis and Mann, 1977 “Sperelakis et al. 1583)
have postulated a model of electrical coupling ("electric field coupling”) that
allows electrical transnj.ssion between adjoining cells without the requirement
of low—resistance cell-to-cell connections. According to this model, electrical
current Spreads by way of the extracellular space in regions of close (approx.

20 nm) contact (" Junctionai clert) between acUacent cells Alternately.

LI

electrical transmission may be by way of capacitative current flow



proposed for elsctrical oouming in lvocannal cells (Sperelak_is 1979),
Interdigitations, cloaa or sinple apposition contacts, or intermediate contacts
between uterine nuscle cells (aee “Cell-to~Cell Contacts”, above) may provide
these regions of close contact (Zelcer and Daniel, 1979; Marshali, 1981). In
Squa.ry while it is unlikely that £ap junctions are the only route for current

numbers at termy is likely to improve myometrial electrical coupling. Thus, gap
Junctions lay be sufﬂcient but not necessary for cell~to-cell electrical
coupling in the uterus (Daniel et al., 1976; Sims et al., 1982; Garfield, 1985).

B) Elect:%lechanical' Coupling

in the mtx'ace.llular concent‘ration of free icnized Ca to approximately 10 -5 M

Contractile activity in uterine smooth muscle is initiated by a rise

from a resting level of about 10~ M (Daniel et al., 1983). The source of this
activator Cas* is extracenular (Le. ca®* ions which flow into the cell down
their electrochenical gradient in response to a change in membrane
.perneability) or intracellular (i.e. C:a2 lons released from intraceliular storage
,sites) or a2 combination of both (H.‘lronneau. 1973; .1978a; Marshall. 19‘74 Grosset
and Mironneaun, 1977; Kuriyama, 1981; Daniel et al.,, 1983; Mironneay et al.,
1984a.b) Conversely, a reduction of Intracellular free ca2™ (either as a resuylt
of efflux into the extracellular space or re-uptake into intracellular storage
sites) terminates contraction (Marshall, 1974; Kuriyama, 1981; Danie] et al., 1983).
In longitudinal and circular muscles of pregnant rat myonetrium the

inward Ca2 current (through voltage-dependent transmembrane Ca channels)
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'
during a single action poteuua.l .tnitiates a txitch contraction (luronneau. 1973;
KmrabayumandOsa.lQ‘iB Bengtsaonetal. 1984b). When action potentials
are nepetitively dlscharged {e.g. in spike bursts) the contraction anplitude is
Increased because: a) the intracellular level of free Ca i3 increased and b)
the Increments in tension triggered by individual spikes can summate (Kurivema
and Csapo, 1961; Mironneau, 1973; Reiner and Marshall, 1975: Rao, 1977a). When
action potentials are discharged at. a rate higher than about 3 c/s, a fused
tetanic type contraction is geperated (Kuriyana and Csapo, 1961: Mironnean,
1973). Thus, the frequency and duration of spike freqhency can control the
coiltractlon height and duration, respectively (Marshall, 1974). In this way, the
frequency of paceaa.ker\discharg'e (pacesetter and prepotential) determines,
respectively the rate and intensity of uterine contractions (Marshall, 1973 Kao,
19‘77&) However, increases in contract.ue force in the longitudinal muscle may
be achieved by a more or less synchronous stimulation of large areas of the
ayoretrium (ie. increased cell -to-cell coup].lnz), as apposed to a faster rate of
stimulation of individual cells {Kao, 1977a). This isgmupported by the ‘recent
observation that between late pregnancy and delivery the amplitude of
spontaneous contractions increases in the longitudinal myometrium despite. a
decrease in spike frequency and a lack of change in the ability of the muscle.
to contract (Anderson et al., 1981: Bengtsson et al., 1984a,b; Izunmi, 1985).
However, part of the increase in contracti.le force may be due to increases in
the ca® -sensitivity of the contractile proteins and Ca release from
‘,lntracellular storage sites, during the progress of gestation (see Izumi, 1985).

B In the circular muscle at m.idtem contractions are-weaker than in
\longitudinal muscle, but as pregnancy pmgresses they increase in strength

v
ug‘f.ﬂ at term when they are of similar strength (or Justslightly weaker) than
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contractions in the longitudinal layer (Osa and Ratase, 1975; Anderson et aL
1981:BengmonetaL.1984b;Izun1,1985).Theaechangesarenotdueto_ ‘
changes in the ability of the cireylap muscle to éo;tract (see above) but rather

w to changes in Membrane electrical events (le, stronger contractions ‘
generated by spike bursts at ters than by singie, platéau~ty15e action potentials
at midters) and cell-to-cell coupling (Osa and Katase, 197s; Axiderson et al.,
1981; Bengtsson et al...1984a,P; Thorburn et al, 1984). The differences in
magnitude between longitudinal apg circular muscles at midterm may also be
explained by di:fgrences. in meambrane electrical events, cell-to-cell coupling:
and perhaps intracellular a2 regease (Rawarabayashi, 1978; Bengtsson et ay.
1984a.b; rzumi, 1985).l

delivery of the fetus) by forceful and coordi:_gted uterine contractions, In sity

—

récording of uterine electrical activit};. intrauterine pressure (IUP), or
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aimultaneous reeording of both shows that labour is assoelated with a transition
from local, asynchronic electrical activity (and hence irregular, low amplitude -
IUP cycles) to Wﬂc electrical activity (and hence regular, high amplitude
P cvcles) in rat (de Paiva and Csapo, 1973; Fuchs, 1973; 1885; see Wolfs and
van Leeuwen, 1979) and other species (Céapo and Takeda. 1965; Pu
Wolfs and-van Leeuwen, 197s: Thorburn et al, 1984), _Thus, forceful _
coordinated uterine contractions result from the synchronous contractile
actlvities of large numbers of uterine smooth muscle ceils (Liggins, 1979; Csapo,
1981), which In turn results from propagation of electrical excitation between .
{ndividnal smooth muscle cells (Csapo, 1971; see "Electronechantcal Coupling",
above). ¥ in discussing parturition, two processes must be addressed: 1)

" activation of individual uterine smooth muscle cells and 2) conduction of this

activity throughout the uterus to produt;;z @ synchronized contraction. Some
garlier reviews on the control (initiation) of parturition (Finn and Porter, 197s;
Csapo, 1977; 1981; Fuchs, 1978; Ligeins, 1978; Thorburn ang Challis, 1979; Challis,
1984) advance several theories which differ in'details (e.g. identity of
inhibitors or stimulants) but not end result (Le. forceful and coordinated
contractions), Whether parturition is caused by release from inhihition op by
stimulation {Liggins, 1979} or a combination of both (Thordurn et al., 198¢) 15
debatable, as is the relative 1upor1_:ance of. nafema.l 33 opposed to fetal factors
(Liggins, 1§73; Challis, 1984). The following is an account of some possible -
regulatory factors (e.g. progesterone, estrogen, uterine volume, Prostaglandins,
Oxytocin, relaxin, perves and gap junctions) that probably control the activation
or synchronization of uterine contractions in the rat. It is I.Lftely that

parturition oceurs as a result of a complex interaction of these and perhaps

- .
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other fet unknown factors, and that the same .C mechanisms, although modified
ﬁ lanym;. control parturition in other species (Marshall, 1974: Thorburn e't.
al. 1977; Liggins, 1979; Mitchell, 1984), '

Progesterone | ~
The inhibitory action of progesterone during pregnancy (and its

nithdraw;ﬂ Just before parturitior; ) is the basis for the well-known (but
controvérsial) "progesterone-block" hypothesis (Csapo, 1961), later called the
"brake model” (Csapo, 1971) and then the 7see-saw” theory of parturition (Csapo,
1877). Accordingly, Rrogesterone inhibits (“hlocks") uterine excitation,
conduction and bharmacological reactivity and thus inhibits uterine ‘
contractility to maintain pregnancy (Csapo and Takeda, 1965; Puchs, 1973: but see
Saldivar and Melton, 1986). When progesterone 1evels-dechpe and the block is
removed, thé uterus is able to fully respond to endogenous stimulants, such as
uterine distension, estrogeri. oxytocin and prostaglandins, and pregnancy is
terminated (Csapo, 1977). In the rat, ovarian‘ (corpus luteuwm) progesterope
production doaminates the pregnant uterus but there is a also a significant
placental progesterone production during late préenancy (Csapo and Wiest, 1969).
Plasma or tiss;ue Progesterone levels decline significantly (progestsrone
withdrawal) at about gestﬁ‘don day 19 (Csapo and Wiest, 1969; wiest, 1970; Fuchs,
1978; Kishikawa, 1981; Puri and’ Garfield, 1982; Saito et al, 1985) while
progesterone nuclear Teceptors start to decline at about gestation day -15. (Saito
et al., 1885).

' The exact mechanism of progesterone's blocking action is unknown
and there are many discrepancies between it's in vivo (1e. treatment before

exc;sing tissue) and _i_x; vitro (i.e. treatment after excising tissue) actions
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(Saldivar and Nelton, 1968; Fuchs, 1973; Pinn and Porter. 1975; Kao, 1977a: 0Osa

and Ogasawara, 1984). Msisnkelybecauseil)_igvitz‘oexperi.entsdonot

threshold for excitation (Narshall, 1955; 1962: Dentel, 1960; Csapo, 1961: 1962;
Kuriyama, 1961: Kuriyama and Csapo, 1961; Talo and Csapo, 1870; Ruriyama and
Suzuid, 1976a; Bengtsson, 1982). However, it is not certain whether progesterone
actually affects the resting membrane potential in uterine smooth muscle,
because factors such as stz;eg:ch (see below), time of removal of uterus from the
animal and measurement of membrane potent.:la.l. solvent used for dissolving the
horacne in Vitro and cell éanplinz bias may not have been adecjua;tely controlled
(Kao and Nishiyama, 1564; Carsten, ’1968: Marshall, 1974; Kao, 1977a). On the
other hand, the higher resting meabrane potential, decreased spontaneous
electrical activity and sdowgr conduction. velocity in placental than in
nonplaceﬁtal regions ot_thg-gyoneu-iun (see "Electmphysioloay of Uterine
Smooth Muscle”, abdve) support the idea of a local -‘blocking effect of
progesterone (Csapo, 1961; 1869). However, it cannot be definitely concluded
that those properties of t'he Placental region are due solely to.the action of
progesterone (Abe, 1970; see Pinn and Porter, 197s; Kanda and Kuriyama, 1980).
It is possible that progesterone blocks conduction by a different
mechanism, namely by decreasing electrical coupling between Ryometrial cells
ﬁcham and Bortoff, 1970). Por example, progesterone treatment increases

Jjunctional resistance {and hence decreases electrical coupling) in estrogen-



prized rabbit myometrium (Ichikawa and Bortofr, 1970; Bortoff and Gilloteaux,
19680). This effect, (also likely to occur in rat myometrium), may be due to the

Garfleld, 1982; Garfield, 1985; Saito et al., 1985). 2) progesterone treatment
inhibits gap :lunction formation in rat lyonetriln (Garfield et al,, 1982;
MacRenzie and Garfield, 1985) and 3) junctional resistance is higher in pretera
pregnant rat myvometrium (when gap junctions are absent or present in only small
nunbers) than at de.uvery when £2p junctions develop (Sims et al., 1982)

Csapo (1971, 1977) suggested that progesterone inhihits uterine

mechanical coupling during preg'nancy However, Benztsson et al.-(1983a)
studying rat myometrium found no change between late pregnancy and term in the

in vitro Ca senaitivitv or dependence of longitudinal and circiylar auscle
contractions. - It is more likely that pharmacological reactivity is regulated by
agonist receptor concentrations in the membrane which may in turn be inhibited
by progesterone {ie. estrogen-regulated receptor synthesis may be inhibited by
Progesterone; see Saito et al., 1985).

Estrogen
In the pregnant rat, plasma amd uteripe tissue concentrations of

estrogen (largely of ovarﬁan origin} increase markedly. durine the final 24 to 48
hours before delivery and peak at the time of parturition (Csapo, 1971; Soloff et
al, 1979; Thorburn and Challis, 1979; Kishikawa, 1981; Pur{ and Garfield, 1982:

Saito et al., 1885). Because of its well known excitatory effects on uterine
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cdntracttﬁty (Bozler, 1941) it 3cems probable that estrogen plays a role in the
initiation of parturition (Csapo, 1971). For example, ayometrial electrical

induced) is readily initiated, and enhances impulse propagation {Bozler, 1841:
Melton, 1956; Marshail, 1959; Ruriyama, 1961; Melton and Saldivar, 1964; Casteels
and Ruriyama, 1965; Kuriyama and Suzuki, 1976a; Ogasawara et al. 1980; and see
reviews of Daniel and Lodge, 1973; Marshall, 1973; Kao, 1977a; Fuchs, 1978). As
e T \
u"ell. the absence of &stmgén in the circular muscle of the late pregnant rat
zyometrium prevents both the aecline in resting membrane pdtentia.l and
t:ﬁnsition from plateau-type action potential to repetitive spiking
(Kawarabayashi ‘and Marshall, 1881). Gap junction formation in the myometriug is
also induced by estrogen, which nay pa:;tly be the basis for the increased celi-
to—-cell co‘upling (length constant) in estrogen-dominated (Kuriyama and Suzukd,
1976a) or partﬁrient (Sims et al,, 1982) rat myometrium {see "Transmission of
Electrical Activity”, above; and "Gap Junctions”, below). At late pregnancy
estrogen may also enhance uterine contr;ctuity through - its stimulation of
uterine prostagilandin production (see Thorburn and Challis, 1979: Williams, 1983)
and actomyosin formation (see Michael and Schofield, 1969; Csapo, 1971: 1981).

Estrogen also enhances the Pharmacologic response  of the uterus

Alexandrova and Soloff, 1980; Fuchs, 1983; relaxin: Mercado-Simmen et aj., 1982)
receptors in the myometrium (Marshall, 1973; Sajto et al, 188s).
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for details: Porter 1982). On the other hand, rat nyonetrial relaxin receptor
concentratian increases to its highest level on zestation day 17 and then
steeply declines towards term (Mercado-Simmen et al., 1982), suggesting thai: .t:he
bigh circulating relaxin levels may have little significance as far as the
uterine nuscle is concerned (Porter, 1982). In other words, the Byometrium may
become increasingly refractory to relaxin as parturition approaches.

While relaxin administration diminigshes or completely inhiblts
spontanecus myometrial \-ortractility in nonpregnant (Porter et al., 197
Bradshaw et al., 1981; Cheah and Sherwood, 1981) and pregnant (Downing and
Sherwood, 1985b) rat in vivo, as well ag uterine strips studied in vitro
(Bradshaw et al, 1981; Sarcsi et al.. 1983; Chamley and Parkington, 1984), its
exact mechanjsm of action-is uncertain, Che;nley and f’ar?dngton (1984) found
that relaxin inhibits uterine circular muscle contractility by abolishing the
plateau component of the action potential, Thus. when the plateaun ccmponem: in

‘circular uterine muscle disappeam near term (see Elecmphysiology of Uterine
Smooth Muscle®, above) relaxin has cnly 2 transient inhibitory effect. Similarly,
relaxin only transiently inhibits (or has no effect) on uterine longitudinal
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muscle {( which lacks a plateau-type action potential). Alternately, relaxin nay

diminish rat aterine contractile activity (at the contractile filament level) by
decreasing myosin light chain phqaphorylat:lon (Niahikori et ah.l.. 1982).

~ The precise rale of relaxin in maintaining uterise quisscence (and
hence pregnancy) in the rat or any other Species is uncertain (Porter, 1982;
Ne.!u.lQSQ). Portar(lm)suzzestedthatpretemmlnxinmmains
spontaneous and PGP,  ~driven uterine activity but leaves the uterus responsive

. to oxytocin. This view 13 ‘supported by the pecent in vitro studies of Chanmley

and Paridnzton (1984). at least in the circular muscle, and by the resu.lts which
show that relaxin mhihj.ts prostaglandin (prostacyclin) release in late prezna.nt
rat myometrium (h’illim and El-Tahir, 1982). It is perplexing that relaxin
doesn't affect longitudinal muscle contractions (Chanley and Parkington, 1984).
What then is the role of the increasing longitudinal musele activity (see
Anderson et al, 1981) towards term? It has also been suggested that relaxin
enhances the in vivu uterotonic action of oxytocin by improving Iyonetrial
coordination (Porter, 1979: Downing et al., 1980; Bradshaw et al., 19831; Douninz
and Sherwood, 1985a.b). However, the in witro data (for both longitudinal and
¢ircular nuscles) is contradictory" (see Chamley’ and Parkinzton. 1984). Perhaps
relaxin's more significant role in controlling parturition is to induce cervical
ripening (Bradshaw et al, 1981; Downing and Sherwood. 1985¢).
Oxytocin

The nemhypophyseal hormone oxytocin is a potent uterine stimulant
which in.ltiates contractions in quiescent uteri or increases contractiie
frequency and force in active uteri (Fuchs, 1973; 1978; 1983; 1985; Marshall,

1974; Kao, ‘1977a). When administered in vivo (Csapo and Takeda, 1965; Csapo,
- ) .



1968; 1971; Fuchs, '1975; 1978) or in vitro (see. Marshall, 1974; Kao, 1977a and
Andersan, (1978 for literature reviews; Ohkawa, 1975; Kuriyama and Suzuki, 1976b;
Chan.le;;ﬁd Parkington, 1984), oxytocin produces those etfects primarily by
increasing the duration and repetition frequency of spike burst discharges,
increasing the sptke discharge frequeacy within individual bursts and perhaps
also by improving electtical conduction (see_ "Electromechanical Coupling”,
above}.

The lonic basis of m's enhancement of membrane electrical
activity is disputed, Le. increase in Ca2* (Marshall, 1974) as opposed to Na®
* (Kao, 1977a} current. However, voltage-clamp studies on pregnant rat
long:ltudinal lyo'etr:lun ahou that oxytocin selectively potentiates the inward -
ca®" current (Mironnead, 1976b). As well -as stimulating CaZ® entry into the cell .
at the plasma -enbrane oxytocin aight raise Intracellular Ca (and thus
enhance uterine contractil.itjr) by mobilizing Ca from intracellular stores
(Schild. 1964; Saka.i et al, 19381; Batra. 1985} or by inhibiting‘ active Ca

S

extrusion rroa the cell (Soloff and Sweet, 1982; Popescu et al., 1985; Soloff,

v

1985). . T, | .’ .

In ’term preena.nt rat. serum oxytocin levels (as detected usmg a
h.lehly sensitive and specific radioimmunoaasay of serlal samples taken dur:.ng
“parturition) remain unchanged untu just before expulsion of the first fetus
when they{:crease larkedly remain elevated during delivery and then decrease
after expulsion of _t.he last fetus (Higuchi et al., 1985). Peak concentrations of
oxytocin, coincident with delivery of the first or second fetus, have aiso
recently been shown in sertal blood samples obtained just before and during

parturition- in the rabbit {O'Bjrme et al, 15386). Uterine sensitivity to oxytocin
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above), _Pmataglandlns enhance oxytocin sensitivity in the term pregnant rat
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potential (see above) or electrical‘ colmiinz between smooth nﬁsclé cells (see
"Gap Junctions”, below) may ‘also be npqrfant (Solaft, 198s). Crankshaw (1985)
has suzzestad that chnnges in coupling between receptor eccupation and |
oxytoan action, ag OPposed to an increase in oxytocin .recep.rtor 'nml;er. are
Rore important in determining the Intensity of the utg;iﬁe response to oxytocin
during gestation. ' Ovarian hormones, stretch, or a combination “of both are
Involved in the regulation of rat uterine oxytocin lfet;eptors: e.g. estrogen or
estrogen in combination with uterine stretch, inﬁpeases rece;ptor Dumber while
progesterone inhibits the estrogen-induced increase 4Solofr et al, 1979;

Alexandrova apd Soloff, 1980: 1985; Puchs, 1983; 1985).

¢t al. 1981; Phillips and Poyser, 1981; Dubin et a1 1982; Purt and Garfield,
1982; Chan, 1983; Mitchell, 1984). In brief the evidence is as follows: 1)
prostaglandins (é&ux;istered in vivo or in vitro) markedly stimulate uterine
contractility aﬁd é{zhance uterine sensitivity to other uterotonic agents (e.g.
oxytocin}, 2} pmstaglandin production by ute}im; and intrauterine tissues

increases ag Pregnancy proceeds (but which tissue is the major Prostaglandin
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parturition (but not fn the rat. see Fuchs, 1973: 1978). However, it is undecided
wbether pmuelandins enhance uterine conu-actmw or excitabﬂit:y dn situ by
their direct actiop on the myometrium (see below) or indirectly via the ovarfes,

le. causing luteal regression and subsequent dec:-ease In plasma pmeest:emne

levels (Fuchs, 1973 1978; Anderson et al, 1981).
~
{ Concem.!ng their direct action on the myometrium, prostaglanding

(PGan. PGE, ‘and PGE o) Increase the electrical and mechanical activity of
“uterine smooth nuscle in vitro. Depending on the amourt, _prostaglandins cause
an increase in frequency of nha.sic contract!o \or an Increase in topic tension
upon which phasic contractions are superiuposéd (Kuriyana and Suzuki, 1976!:-
Reiner and Harsha.u 1976; Chamley a.nd Parkina'ton. 1984). Underly:!ng the phasic
contractile change is a slow nenbrane depolarization (caused by an inward Na™
current. Reiner and Marshall, 1975 N Ca2+ current unchanged, Grosser and
Hironneau. 1977) that in.ltiates or increases the frequency or spike burst
discharges whereas the increased resting (ton.ic) tension is likely due to
prostaglandin-stiaulated intracellular Ca® release (Paton and pantel, 1967;
Reiner and Marshali, 197s; Grosset and Mironneau, 1977: Anderson, 1978; Villar et
al., 1985) and perhaps inhibition of active Ca extrusion from the cell {see

Popescu et ai,, 198S). The sensitivity of the isolated longitudina) rat

]



synchronize contractile activities) ‘and ‘hence initiate labour by stimulating gap

. Junction. formation (Garfield et al., 1980a; Puri and Garfield, 1982), "However, in

usually mduce synchronous contractue activity or labour (Puchs, 1973 °1978).
An earlier study (de Pa:lva and Csapo, 1973) showed that synchronous uterine
elecu-ical acitivity (but not labour) developed 24 hours after prostaglandin-
administration 1n late pregnant rats, but a prostaglandin-induced proeestemne
wimdraua.l was sueg-ested as the undarlying bhasis for the electrical change.
More detailed studies of the in sit:ALhtionships between gap junction
formation, electrical conduction and prostaglanding are needed. For exanple,
while the relative uterotonic potencia of the different prostaglanding have
been studied for the pPregnant rat (Phillips ang Puyser 1981) Little is known
about their relative potencies in stimulating gap Junction formation {(Garfield et
al, 1880a, b; Puri and Garfield, 1982; MacKenzie et al., 1983}, - However.
regulation of g2p Jjunction formation b‘.v mtazlandins is conplex as studies by
Garﬁeld and associates (Garfield et al., 1980a,b: Hackenzie et al., 1983) suegest

. that some prostagianding may stimulate (e.g. thromboxanes and poaaibly

endoperoxides) while other others inhibijt (e.g. prostacyclin) gap junction
development (Garfield, 198s). - . -—

In summary, prostaglandins are potent uterine stimulants but their

nuaber of ways Including: 1) direct stimulation of tbe myometrium, 2) modulating

oxytocin release and sensitivity. 3) inhibition of progesterone synthesis in the
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corpus luteum or placenta, 4) mediating cerv:k:.'a.l.ripeninz and 5) regulating
 uteroplacental blood flow (Novynndmsg:lns, 1980; Fuchs, 1983).
Uterine Volume ]Stretcl![

The growing uterine contents.duung pregoancy jmpose a sustained
“stretch upon the uterine smooth muscle which alters its electrical properties
(Csapo 1971). For example, stretch losers the -enbrane potential and threshold
for excitation thus increasing the aembrane activity, Le. action potential and
burst discharze frequencies, in rat and rabbit myometrium (Ruriyama, 1983;
Marshall, 1962 Kao, 1977a). However, stretch does not alter ‘membrane _potential
nor lenbrane actvity in the m-ozesterone-dounated rat myometrium (Marshall, |
1962). Conduction velocity is increased by uterine distensign (perhaps hy
stimulating gap junction forsation; see below), thus synchronizing contractile
activity (Da;piel.--lsso: Csapo et al., 1963; Puchs, 1973). Chronic stretch is also
required for the traxﬂif;ion in action potential from plateau-type to repetitive
spildng, in the circular muscle near term (Kawarabayashi and Marshall, 1981).
Csapo (1977; 1881) also sugh ¢ stretch activates uterine prostaglandin

N

release and uteripe actomyosin formation (Csapo, 1971)

‘activating the myometrium and increasing electrical conduction) facilitate their
own expulsion (Csapo, 1971).
Nerves
The role (if any) of autonomic nerves in parturition has-not been
clarified (Marshall, 1973; Fuchs, 1978; Thorbert, 1979; Arkinstall and Jones, 1985;
Sigger, 1986). In the longitudinal oyometrium of the pregnant rat uterus, the

neurotransmitter norepinephrine (which is the major catecholamine during

AN



and Marshall, 1981; Kishikawa, 1981). It s thys possible that the adrenergic
Derves, until they degenerate in late pregnancy, have a tonic inhihitoryleffect
on longitudinal muscle and excimtox;y effect on circular myscle éontractions.
Bowever, the uterine body of the rat has a notably poor adrenergic innervation

(Marshall, 1570; Hervonen et al, 1973). on the other hand, acetylcholine is
excitatory on the myometrivm (both longitudinal and circular muscle layers) at
all stages of gestation (Marshall, 19'.73; Kao, 1977a; Bengtsson et a1, 1984b;
Tzumi, 1985), However, it is perplexing why the .Cholinergic nerves should

- degeneratr_: in the uterine body in late pregnancy (see "Innervation of the
Myometrium”, above} if they played a role in Initigting parturition. It has been



s s
atimﬂated eontract.tom of the nonpregnant uteri of rats and other species
(Ottea&n. 1981 Ottesen et al, 1881; 1982; 1983; Stjernquist et ai., 19886).
Neuropeptide Y, on the other hand, inhibits heurally (e.g. cholinergic nerves)
evokedbutnotapontaneousconu'actionsofthenonpremntmutems -~
(Stjernquist et al, 1983). The effects of peptidergic berves on the motility of .
thepreznantmtutemhavenotbeenstudied.howeveritislikelythattheir

effects. are weak, especially in late pregnancy when the nerve distribution is

Sparse (Ottesen, 1981; Ottesen et al, 1981). For example in the human uterus, as

the number of VIP-eonmn.lng nerve fibers decreases during pregnancy, their

successful parturitton (Fuchs 1978 1985; Csapo, 1981). Ukely result from the
spread. of electrical current through the mydmetrium so that many smooth muscle
cells are sinult#neomly activated (see "Electronechanical Coupling®, above).
Extena.ive studies by Garfield and associates (Demianczuk et al., 1984; and see
review of Garrield. 1985) and others (Dahl and Berger, 1978; Wathes and Porter,
1982; Saito et al. 1985) on gap junction development in uteri of rat and other )
specles (human, baboon. sheep, rabbit, guinea pig, and mice) Support the concept
that formation of gap junction (Le. low-resistance) contacts between myometrial
smooth muscle cells is the structural basis for the synchronized contractile

follow:é: 1) gap Junctions are absent or present in low frequency in nonpregnant

or in pregnant (but preters) myometrimm, 2) hyometrial gap junctions inerease in

-~ ‘ i
(
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nulber\ at the end af term, are present in incrgased frequency and size during
parturition (or when labour occurs prematurely) and disappear within 24 hours
after parturition, 3) when normal Or premature labour is prevented .
experimentally, zap Junctions are present in reduced number, 4) synchronous
electrical and contractile activities (recorded in situ) appear in the myometria
- of various species at a time when gap jurpctions are present, 5) improved

Rycmetrial electrical coupling is correlated with the development of increased

| 22D junctional area (measured in vitro in rat uterus: Sims et al, 1982; ang in
vivo in aheep uteruys: Verhoeff et al., 1985) and §) the role of gap junctions in
intepcel;ular electrical coupling of smooth muscle and other excitable tissues
is widely acknowledged (see reviews of: Barr and Dewe\y, 1968; Loewenstein, 1981;

De Mello, 1982).

1) Control of Gap Junction Formation

The mechanisms responsible for controlling gap junction formation in
the rat ayometrium during parturition have not yet been fully established,

'~ However, it is lkely that changes in the steroid hormones and prostaglandins
Preceding parturition are responsible for the regu.lation_ of myometrial gap
Junctions in the rat and other species (see Garfield, 1985 for a conprehe;zsive
review). Por example, in the pregnant rat, a pronounced increase in serym and
tissue estrogen Concentrations and a withdrawal of progesterone occur just
prior to parturition (see “Estrogen” a.nd "Progesterone", above). Myometrial gap
junctions increase markedly just before delivery, ‘coinciding with the change in
steroid hormone levels (Garfield et al., 1973; ~1_982:_ Puri and Garﬂeld.‘ 19.82; Saito
et al, 1985) suggesting that estrogen may stimulate while progesterone may
inhibit ﬁap Junction formation. Supporting this idea are studies showing that:
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the steroid ;h_o_mgmg.__ (Wathes.andaP_orter.. 1982; and see below).

T — ——
—————

Junction formation by regulating the synthesis of the connexon proteins
comprising . the Junctiong’ molecular structure (see Garfield, 198s). Accordingly,
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Cells”, above), and the particles then aggregated to form a.gap junction . plaque
{bahl and Berger, 1978.Eu'tzber¢.1980-andseeﬁarﬁe1d. 1985). Presmhlythia'

mnpreznantratu&ri'mlesathantheleqngapjtmcﬁonsizeinuntreated
delivering animals (MacKenzie and Garfield, 1985) sugpests that factors other
than the stemidhorloneslaybeinvolvedintheaezrezationotjunctmn

-

synthesis berore and during labour in rat and other species (see
"Prostazlandim agove) and in preznant rats 1nduced to deliver prematurely
(Gartield et al., f/ 982). Studies by Garﬁeld and associates (Garfield et al.,
1980a.b; MacKenzie et al., 1983; MacKenzie and Garfield, 1985) show that

prostaglandins directly influence £3p junction formation in the rat myometrium:

" some prOStaglandj_ns {e.g. thromboxanes 'and possibly endoperoxides or

leukotrienes) stimulate while others (e.g. prostacyclin) inhibit gap junctio‘n
fornation. Garfleld (see Pigure 16 in Garfield, 1985) proposed that
prostaglanding may act to crosslink the gap junction particles or alter plasma
membrane fluidity, thus regulating particle agpregation into'gap Junction
structures. Prostaglandins may aiso control the number of cytoplasmic estrogen
receptors and thus directly control the estrog'en—stimulation of gap junction
protein synthesis (MacKenzie et al, 1983).
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connexon proteins and cansing a contmonal change (Garfiéld 1985),
However, oxytocin does not alter pmpégauon,or'synehmnmuon of uterine
contractions measured in vivo in the term pregnant rat (Puchs, 1978).

 Paradoxically, OXytocln senaltivity is higher in placentai regions of the

Fregnant rat ayometrium, at all stages of gestation, while cell~to-cell coupling

‘(Le. length constant and conduction velocity) shows the opposite relation (Kanda
" and Kuriyama, 1980).

-
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INTRODUCTION ' ;

Coordipated uterine coirtr;nctions at- t;am. necessary for effective
expulsion of the fetus, and hence termination of pregnancy, require conducuou
of excitation (i.e. intercellular couun:lcation) anonzst the multitude of szooth
luscle _cells conpris.lng the uterine wall. Whﬁe the considerable’ evidence
obtained from in vivo record.tngs of uterine electr:lcal activity at multiple sites.
along t.h.e ut:eri of rats (de Paiva a.nd Csapo, 1973} and other species (Csapo and
Takeda. 1965; Taverne et .al, 1979a; Wolfs and van Leeuwen, 1979- Verhoeff et al,
1985) shows an increase in the extent or velocity of conduction of spontaneous
electrical activity (but see Gemin et al., 1982; Harding et a),, 1982). these
studies provide little direct evidence that the bursts of activity are
necessarily propagated events (Thcrhm et al, 1984). Also, while these studies
may show a qualitative change in electrical conduction they do not provide
Quantitative data on the extent or velocity of conduction or show whether the
conduction change during pregnancy is in the longitudinal or circular (or both)
‘axes. These problems are due in part to the relatively large d.istances (3 to 30
cm or more) between recording sites, making it likely that: 1) the electrical

activity is originating at points between the electrodes but giving the

uterus. However, detailed quantitative measurements of the spread of



Daniel, 1960; Daniel and Renner, 1960) studied the spread of spontaneous
elecu'icslactivityinlargestripsortheuterifmnpreenantrnts cats, rabbits
a.nd humans, using two glass pore external electrodes placed at’ rixed distzmces
paranertothelonzaxesortheuteri. Landaetal.(lsss)usingz
Ricroelectrodes, and Ohkawa (1975} using 2 glass pore external electrodes,
studied the propagation or spontaneous electrical activity in both the
longimd.!.nal and transverse axes of uterine strips from late pregnant and
midpregnant rats, respectively. No inrornation is avaﬂahle however, comparing
the conduction of spontaneous elegtrical activity at tem with that in late
Dregnancy. despite the considerable importance of such infomation in
understanding the basis of the improvement in coordixmt.ion of uterine
contractile activity during labour (Csapo. 1981}

Chapter 1) are ihstrumeéntal in mediating ayometrial intercellular communication.
Thus, formation of gap junctions in. the longitudinal rat Ryometrium at term is
associat th increased electrical (Sims et ai,, 1582} and metabolic (Cole et
al., 1985) couph.n,z( However, no information has been avajlable about the
functional consequences of gap junction formation which also occurs in the

circular muscle at this time (see Chapter 1) “In addition, only limited

circu.lar muscle layeps, despite the likely importance of such an Interaction for

developing uterine wa.l_l tension at parturition For example, while several

i

-
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studies of pregnant mouse and rat ‘uterd show that electrical or mechanical
o activitycansmadmnonelmrtotheother(mn,lsﬂohknn.lwsma
 and Ratase, 1975), there 15 no inforaation concerntng the posstble {aprovement
ofcouplingbeueenthelonzitndinalandcircularhyersatpartmltion. This, *°
- despite the likelihood that at parturition, electrical activity aust spread
extenadvelyinboththelonzltudinalandtmnsverseaxwoftheuterusto
p:;oduce a coordingted contraction (Mosler, 1968), _

In this study. spontanecus electrical activity was simultanecusly
recorded from several spots on the surface of relatively large pileces of the
uterinewall.mineanarrayotemrnal.bluntzlassporeelectrodes to provide
information on the patterns of excitabﬂity and intercellular conu:nication (Le..

_Lelectr:lcal coupling) in the lonzitud.lnal and circular (transverse) axes of the
late pregnant and partmrient rat ayometrium (seeKao, 1977a). Surface
electmdes give recoidings af the voltage drop produced by the flow of current
in the interstitial tluid. not that in the cell membrane itself (Kap, 1977a), an
they enahle reproducible recording to be carried out for long periods of time,
with ntt.le damage to the tissue (Daniel, 1960) The amplitudes of the recorded
action potentials are usually less than a millivolt or so, due to shunting of the ‘
extracellu.lar current through the low-resistance interstitial fluid, hence in
order to "see” the electrical activity clearly, the backgroud "noise“ must be
carefully reduced (Kao, 1977a). Because of the rélatively large diameter of the
electrode pore (200 to 306 fim), the activitieg of many single cells a.re being
recorded. If the activities of the cells under the electrode are asynchronous,
then the recored signal may be of reduced amplitude or complex shape (ox'- both).

Single-cell recordings with intracellular micro‘eiectrodes. on the other hand,
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have,hizber anputndea and provide qunntimtive information about voltage
changes in the cell membrane. nxeydondt.ho-pv'er.m-ovmeademte
information about cellular interactions unless multtple microelectrodes are used
(Kao. 1877a). This would be techn:lca.lly dirﬁcnlt. as the small size of the
uterine saooth muscle cells and their spontaneous contractions make it difficult

to keepeeven one nicroelectrode inside a single oe].l for longer than a few

minutes (Marshn.l_l, 1973).

Comparison of the spread of spontaneous electzdcal excitation (spike
bursts) in the longitudinal and transverse axes of the rat nyonetriun at
delivery (many GJs) and rive days before (few if any GJs) will help to determine
the functiona.l significance of gap Jjunction romtion in the longitudinal and
circular muscle layers, Gap Junction frequency was measured in some of the
pretem and delivering tissues (both before and a.l‘ter the recordine
experinents), to strengthen the association between myometrial electrical
coupllng and gap junction formation. In the following chapter,
of individual spikes was studied.

the propagation
{ .

MATERIALS AND METHODS :
MATERIALS AND METHODS

A} Tissye Preparation

Timed premant white Wistar rats (Charles R.iver) arrived at our

animal- quarters at days 12 or 15 of their pregnancies. were caged individuaily

in a constant-tenperat:.me room with a light-dark (L:D) eycle of 121 120 and fed
2 standard commercial diet, until they were used for experiments at delivery

‘(day 22) or 5 days before (day 17). Most of  the pregnant rats delivered their



10 2 glass tray filled with werm (37 °C) Rrebs-bicarbonate solution, bubbled with
® £%3 RixtUre of $5% 0,-5% Co,. The Krebs-bicarbonate (Rrebs) solution, which
was used in a1 experiments, contained (=M): NaCl 115.5; KC1 4.5; CaCl2 2.5; Mgso .
1.16; m;azpo4 1.2; NaHCO, 21.8; glucose 11.1. When bubbled with g5% 0,-5% CO
this solutton had a pH of 7.3-7.4 at 37 °C. The in situ length of the uterus was
palntained after removal from the aniwal by pinning the uterine horns at their
.ovariﬁn and cervical ends, to the .Sylzard floor of. the dissecting tray. The

uterus was then opened 1 wise, along the side of mesenteric attachment, apg



tray filled with oxygenated Rrebs Solution at room temperature (20-22 °¢) for up
to two hours before being transferred to the electriéal recording chamber,

B) Electrical Recordin
Electrica] Recording

thermometer placed in the solution at the corner of the recording chamber. The

equilibrated for at least 20 min before Fecordings were nade.

‘ Electrical activity was monitored with extracellular glass pore
surface electrodes that were uaae by fire—polishing 4 cm segments oij
borosilicate glasg capillary tubing (1.0~1.5 mm inside diameter; 2 mp outside

diameter) to reduce the Up diameters to pore sizes of 200-300 um. The

positions in a straipht line (see Figure 1B). Inter-electrode distances

(measured between the Centers of the pores of adjacent electrodes) were set at

e
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3u_niee1ecu~odearmmadmcec_!topresslighuymmenuscle
sm-race.parauelto‘thelonzaﬁaoftheute.rine strip, by means of the coarse
adjustment of a microscope base to which the holder was attached. Unipolar

deflection. These action potentials, of triphasic shape, were displayed through
AC amplifiers (Beckman AC/DC input coupler, S8064) on a six-chadia] ink-writing

* chart recorder (Becikman Type Rz Dynograph). With a time constant of 1 second

and high-frequency tiltration, the band-pass was between .16 and 22 Hz, thereby
eliminating any baseline drift due to ni:scle surface movement, without

apbreciably distorting the configuration of the action potentials. Recordings

C) - Analysis of Spontaneous Activity

Recordings of spontaneous myogenic electrical activity were made

. -
simultaneously from six electrodes, uniformly spaced at 3 mm apart along the

tissue, for a minimum of 15 min, The records were analyzed for 1) the
frequencies of burst d:[-scha.rg-es. 2) burst durations and 3) tI;e spike frequencies_
within bursts, as follows. The (instantaneous) burst discharge frequency was
determined, for each consecutive burst at g given recording site, by measuring

the inter-burst intervals and taking their reciprocals. The inter-burst interval
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(Le. the time interval from the beginning of the positive deflection of ¥ frirst
*hike in a burst to the beginning of the poaitive defJection of the first
spikeintbetonowinz“bwst).mleasmdmuanyﬁsmgaplasdcruleron
theorizinﬂcbnrtmcordsnade‘atapaper‘speedoflln/uc(aeeﬂmeam.
These measurements were accurate to. within about 1 mm (ie. 1 sec) which was-
less than 4% of the emallest interval (Larfs:' sec) between consecutive bursts,
The burst &equencies from three adjacent electrode sites were averaged to give
& mean value for emch strip. ~

Burst dm-ations and spike frequencies within bursm were neasured.

for three sets of spike bursts (viz. bursts simultaneously recorded at six

electrode sites; selected as described below), on a computer using digitizer and
computer programs, as described ﬁ':l Chapter 3. Burst ﬁurations (lengths) were
calculated as the time 1ntervals between the peaks of the first and last spikes
conprisinz the bursts, while spike rrequencies were calculated by measuring the
Inter-spike intervals and taking their reciprocals (see Figure 2B and Fizure 2
Chapter 3). To obtain an unbiased selection of bursts -ror analysis, each set of
bursts from the original chart recording of an experiment were numbered as
integers (lLe. 1, 2, 3, ete. ), starting from the beginning of the record.. N:mbers
{i. e. sets of bursts} were then randcmly selected using a table of random
nunbers If a set of bursts so chosen represented a poor quality recor'd.ing
then another random number was selected until a "good" recording was found.
For a selected set of bursts, burst durﬁtion and spike frequency measurements
from three adjacent electrodes were averaged to give a mean value. Electrode
sites that represented the best quality of recording were chosen for analysis,
D) Analysis of Burst Propagation
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Spontaneous actlvity was recorded (see above) for a l.ln!.lnn of 15-20
min, Foreachnterinesu-ip.theelectdcalacdvitymanalwedfornthe
presence of entrainment (i.e. the nore—or—lm simultaneous occurence of burst
discharmatadjacentmmrdineaita).ﬂﬂwdimnceoveruhichbmwere

entrained (Le. the distance between electrodes over which bursts spread) and 3)
the “excitahle™ region.asoutunedbelow. Vimmlanalyaisoftbeorieinalchart

distance over which spike bursm recorded at adjacent electrodes showed the
same pumber of spikes at the onset of bursts {we have termed this distance the
"excitable region®), fast speed (25 mm/sec) chart records were obtained by
playback from tape At this paper speed, the individua) spikes comprising the
spike bursts (and hence the "excitable regions™) were revealed. Three sets of
spike bursts {ie. simultaneously recorded at the six electrode sites along the

tissue) from each strip were selected for the "excitable" reglon analysis (see
above},

were arranged in pairs, each pair being 6 mm apart wh.ue electrodes comprising
the pair were 3 mn apart. Arter Tecording the electrical activity for about 10
rmin or so, cuts through the entire thickness of the strip between' electrode
pairs were made with a scalpel without disturbing the electrodes. Before
cutting a row of pins was placed across the strip, on either side where the cut
was made, to preveat shortening of the partitioned strip and isolated segments.

Comparison of the records from the intact strip prior to cutdng with those from
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the razor blade. Analysis of the records from before and after cutting revealed

any change ip burst propagation.

E) Electron Microscony




200 mesh grids. After brier staining (2 min) with Jead citrate, the sections werse
examined at 80 kv using a Philips 300 or 301 electron aicroscope.

F) m::at!on of Gap Junctions '

(Garfield et al, 1980pa):

B-ﬂ'/sz/LxAxCF

magnification. Using these measurements, the following were calculated for all
photographs: 1) the number of £2p Jjunctions, 2) the mean length of the gap



junctiona.' 3) the total length of myometria] plasu.alenbranes. 4) the mean
mber(ﬁ'eqmncy)ofzapjtmcﬁomperloooynlenzthorlyone&ialplma -
mesbrane and 5) the fractional area of gap junctions (calculated by dividine the
zapjunctionalarea.i.e.tnicethetotallenzthofzapiunctionlelbrane by the
. total leagth of lyoletrialplamneabrane} _

G) StatiStical Analys_ig

General Ultrastructural Features of the Rat Mvometrium
——===_dirastructural ] At _ryometrium
The ut:erus is 2 hollow tubular organ whose wall is composed of three

layers: 1) the i.nnemost endometrium, 2) the myometrium in the middie and 3) the
outemost seroda (Figure 3). The Ryometrium consists of an outer longitudinal
layer, which is shown in transverse section and an inner circular layer, which is
showm in longitudinal settion in Figure 3. The longitudinal and circular muscle
layers are conposed of interlacing bundles of smooth muscle fibers (Figure 4A).
An electmnnicrograph of a cross-section through a bundle shows that. the
bundles are comprised of many loosely-packed Smooth muscle cells (Figure 4B).
Surrounding the bundie are fibroblasts and collagen fibers.

Gap Junctions in the Mvometriym From Preterm and Delivering Rats
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In some preterq:?onetrial strips ﬁxed after. completion of :
electrical recording, a few small £3p junctions were observed between smooth
muscle cells in the lonzim@ or circular layers (Fiéure_ 7, Table I). -These
preslmably deve.lope& in vitro during the course of the experiment. However,
they were 9-12 tiges less rz;equent than in del.lverlng' tissues fixed a-fter
completion of electrical recordings (Table 1). In addition, the mean fractionai
area of plasma nenbra.ne' occupied by gap Junctions in these preterm tissut.;s was
about 20 times less than that in the delivering tissues, due to the smaller size
and lower frequency of g€ap Jjunctions in the preterm tissues. Thus, even though
a few gap juxictions &eveloped 4n vitro in the preterm Strips, their frequency,

size and fractional area were significantly less (P < .0S) than in delivering

Spontaneous Electricai Activity

Spontanecus electrical activity was recorded extracellularly (using

. glass-pore surface electrodes) placed on the longitudinal muscle surface of

uterine strips excised from pregnant rats at delivery and 5 days before.. At

both stages of gestation, the activity consisted of bursts of action potentials

~
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separated by mm-mm-sielm 11,12 ). Although not studied
mmmmwmmmm&uuem)didmmm
these features. -All m:er.!ne strips were spontaneotnly active throughout the
durationoftheexperhents,exeeptforsonepretemtissumuhmhbem
quiescent after 10 to 15 minates in tbe.reeordingcha.lber. Activity in theae
mmberesmxedbylmringtbebathtenpemmretoabout@ Corby
the addition of acetylcholine (1 ftg/al) or oxytocin (103 rmm to the bathing
fluid, indicating thgt they were capable of response. On the other hand,
addition of TTX to a concentration of 1 pg/al, or scorpion venom to a
eonoentrat:lﬁn of 5 ,u.g/nl, did not restore the activity. Some pre'bem"ruterine
strips became quiescent within a similar time period when TTX (1 pg/ml) was )
present since the beginning of the exper.blent_ Lowering the bath temperature
or adding acetylcholine (1 pg/ml) restored tbe activity. 'rhese results sugpest
that the spontaneous activity was a myogenic and not a néurozen.ic phenozmenon.
As studied. in detail in longitudinal yterine strips only, the

frequency of burst discharges increased significantly (p < .001) from .45 + .06
cycles/min on gestation day 17, to 1.19 + .12 cycles/min at &e.livery (Figure 8).
Burst durations were significantly longer (p < 001} pretern (32.20 + 7.93 sec)
~than at term (21.52 + 4.38 sec). Individual spikes comprising the bursts (see
Figure 10) dischara-ed at a higher (p < .001) frequency on day 17 or pregnancy
(3.99 * .59 cycles/sec) than at delivery (1.49 # .33 cycles/sec). These

characteristics of spontaneous electrical activity are summarized in Table II,

. Burst Entrainment Distance -
To examine the spread of electrical activity (ie. spike bursts) in the
longitudinal and transverse aﬁces of the myvometrium, spontaneous burst -

discharges were recorded at multiple sites, along the longitudinal axes of
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: lonzimdina.l and circalar cut: tissueg (mounted with: the serosal surface

”expoaed) wmmmmmﬂmmam(mm

d!stance 3 mm). Thns.!nthelongitudinalsu'lpstbeelecu-odulereahgned
alonztheloneuesottbelongimdinalﬂbers.nhﬂemthedrcuhrsudpsthey

'uerealienedinthed.!recdonofthecirctﬂarntmcleﬂbers. Inthelonzimdinal

strips bothpm:emandatdenvery burstswereentrainedovertheenﬁre
recordinzdistanoeotlSuasevidencedbytheocmrenceortheburst/
disdmrgesatsilﬂar overlappingtinesalongtbetissuemieureesmm-
'rable oI). ‘l'hese distances may be only the lower limit of the actual spread

becausetheacﬁvitylayhavepnopagatedfmherthanthemtdjsmlor

T proximal electrodes {see~below). Burst activities in these strips, from either

—
stage of g'estation. were in:lti.ated at either the ovarian, cervical or middle

. portions of the strips. In some strips, the site- of origin of this Bacenaker was

not always constant throﬁ:out the duration ot’ the experinent. le. pacemaker
activity could shift from one port.lon of the strip &h-another These features,
as well as the entrainnent distances (see Pigures 134, 14A) were, not affecé;y
the presence of TTX (1 peg/ml) in the bath.ing fluid. C .

In the Circula.r uterine strips from preterm animals, on the other
hand, bursts /,mxentrained over distances that ranged from 0 mm to 15 mm
(nedia.n distance, 6 mA).. Within all circulax'- strips, the entrainment distances

were variable as shown m Figure 11. In this record. entrainnent distances 0% 3 '

‘qu and 6 mm are seen. The nean entrainment distancgj.n 63 sets of bursts
»
recorded rron 7 cm:u.lar .str.ips (6 preterm aninals') was 5.01 + 4.02 B@. At

delivery, in contrast. al.l bursts "from 7 cu'cu.lar str:.ps (7 aninals) were

-
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preterm, the mean distance aver which bursts were effained in the longitudinal
axisuasahostsﬁneslonzer(p<-.001)thanthatinthetransverseaxis.while
at delivery the entrainment distances (15 0 mm) in the longitudinal apd

‘u-mmerseueswere‘sinuar(riguress 10, 11 and 12; Tahle Im). The 15 ma,

<
distance of entrainment in the transverse axis at delivery. may be only the limit

of actual spread becansge the bursts may have propazated fm-t.her than the most

-~

distal ‘or proximal electrodes (see below). In 3 preterm 6ircular--stripe n:‘here
TIX (1 pg/ml) was added to the bathing fluid before the _start ‘of recording, the
mean entrainment distance (4;71 + '4.22 mR) was not ;igni.ficantly different (p =
.7) from the mean .distagce (5.01 * 4.02 mm) in strips-where TTX was not added
(Pigures 11 and 138). In tne recording shown in figure 138, variable entrainment
distances of 0 mm, 3 mm and 9 mm within a single strip can be seen, Similarly,
in the transverse axis at delvery, the mean distance over ‘which bursts were
entrained was the same (15 + 0 mm) in the presence or absence of 1 ug/ml of TTX
(Figures 12, 14B). Entrainment of bursts in the longitudinal and transverse axes
from the same uterine horn of ‘a preterm pregnant rat 1s shown in Figure 13,
while Figure 14 shows entrainment in both axes of a uterine horn from a

delivering rat. N

"Excitable” Region

Although spike bursts were entrained over the entire recording
distance of 15 mm in pretern lonzitudina.L strips. their spikes were not usually
completely coordinated throughout the entire burst duraticn. In other words,
thé beginnings of bursts recorded at adjacent electrode sites usually had
diri'erent nunbers of spikes This phenomencn can be seen in Figure 15 for

exanple, which shows ‘a- fast speed (10 mm/sec)Drace of the beginnings and ends - °
~ - -

3
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orasetofspikabcn-mrecordedmumneoualyataixsitesmthelongms
ofapretenlongitndina.lumﬂnemdp. Hhﬂethespiketnn-stsatelectrodes
'S'and's'wcrecoordinatedattheometorburstinz,theinitia.lspikea _
co-m'iainzthebmstsuereconductedoveronlyanntedareaor.;hemcle
For example, at electrode "5%, the first spikes gradually approached but did not
pass beyond electrode "4" {lLe. increasing poaidve deflections without a
negative phase; gee arrows). Subsequently (ie. by the time of discharge of the
fifth sni_ke]. the spikes appeared to spread. beyond electrode "4”, i.e. they
acmured’; ncgetive phase (Daniel, 1960). Similarly, the initial triphasic spikes
in electrode "4" were conducted 1Mo, but not past the region under electrode )
o and the first spike at electrode "2" was not conducted past electrode "1*
(see arrows in'Fizure 15). The term "excitahle” region was used to describe
that distance over which the beginnings of spike bursts recorded at adjacent
electrode sites showed coordination of spike discharge (i.e. equal numbers of
spikes). Thus, for this set of bursts which Spread over a 15 mm distance, ,the
"excitable” region was onIy 3 mm. Over S seconds elapsed since the begirming
of the burst at electrode "8" to the beginning of the burst at electrode "1” In
contrast to the beginnings of the bursts, spike discharges at their ends were
coordinated (Figure 15B). 0f 30 sets of bursts used for analysis of the length
of the "excitable” region (see below), 18 were coordinated at the burst ends.
Within a given preterm longitudinal strip, the length of the "excitable" region
was variable. as shown in Figures 16 ang 17, Val_ues'ranging from O mm to 15 mpm
could be obtained from a single strip (Figures 16 and 17). For 30 sets of spike
bursts from 10 preterm longitudinal strips (5 uterine horns from 5 animals), the

mean length of the "excitable" region was 6.10 + 3.48 mn (Table IV).- Most of the
- -



valueamneedfmné_ntoSu(lqdianvalue.en). Onlyasetsotbursm_
(MZWM)M'udme"m@OIJSn One of these sets of
bursts'.l'sahowninl?lwel'l. Althoughthebm'stsinthisrecordinz&re
coardinated at their beginnings (Figure 174), the ends were not (Figure 178),
Sht;rt 'exc.ttable'; regions were algg observed in the 3 preterm uterine strips
that were treated with 3 pe/al TTX (Figure 18). The Rean length of tht;
"excitable” region in 15 sets of bursts ‘rron those strips (6.40 + 3.56 mn) was
not significantly different (p = .8) from the mean length (6.10 + 3.48 mm) in the
untreated strips. | |

nearly all bursts recorded at adjacent electrode sites showed equal nuzbers of /
spikes throughout their bursts (Figure 19). For 30 sets of bursts from 10
longitudinal strips from S uterine horns (5 delivering animals), only 3 sets (from

In this record, only the first spike comprising the bursts at electrode siteg "2¢
to "6" did not appear to be conducted past electrode "1v (see arrow). The

initial spikes recorded at electrodes "1" and "2" differ markedly in shape and

were asynchronic, while as bursting\ cont!nueq the number of active cells

increased and their activities became more synchronic, Such a situgtion could

arise if electrodes "1" and "2" were over branching points in a bundlg and would
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delivering longitudinal uterine strips that were treated with TTX (1 pg/ml), the
Bean length of the ”exc!fable" region (15 + 0 mm) was similar to that in the
untreated strips. (Pigure 21).

mm (Figures 22 and 23; Table IV). In these strips, the lengths of the "excitable”
regions ranged from o mm }o 6 mm (median length, 3 mm). For example, a-set of

bursts which spread over a 15 mm distance, byt with an "excitable” region of

the "e:‘ccitable" Fegions of 20 sets of Rursts (4 per strip) was 6.60 + 1.23 pm
{Figure 2s; Table IV). In all of these str:{ps_. the lengths of the “excitable”
regions were either 6 gy .or 9 ma (median length, ¢ Ra}. The "éxcitable" regions
were also 6 mm In several sets of bursts from 2 delivering circularstrips that
were pretreated with 1 £/l TTX (Figure 26). Thus, the mean lt;neth of the

"excitable” region in the transverse axis is more than 2 times greater (p < .001)
at delvery than at preterm.
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Spontanecus activity na.s recorded before and after 1solation of electrode sites
by cuttinz through the strip. as follows. Six electrodes, placed in 3 pairs, each
pair separated by a distance of 6 mm, were placed along the long axis of the
strip. Blectrodw comprising each pair were spaced at 3. mm aﬁrt With that
electrode arraneenent, a scalpel could be rit in the 6 mm space between

Prior to cutting two rows oi' pins were placed across the strip on either side

of the .Llne where the cut was made. This prevented the cut ends of the isolated

frequency, measured for about 10 m.tnutes was 1.56 * .21 cycles/min (Fizure 274). v
The ovarian end of the strip, near electrodes "1~ and "2", had phase lead . The
strip was then partitioned between electrodes. "4~ and "5" and the spontaneous
activity in the isolated Segment containing electrodes "5" and "g" immediately
becane out of phase, decreased in frequency to about 84 + 14 cycles/nin and
thus laezed behind that in the intact portion of the strip (Flgure 278) In the
intact portion of the strip containing electrodes "1-4", the bursts were. stil}
entrained with phase lead maintained by the ovarian-end of the strip However,

over the next 10 minutes the burst trequency decreased to about 1,28 + 12
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cycles/min, and during this time the driving pacemaker shifted to a location
near electrode "3 (Figure 27¢). a second cut was thep made throughthe strip
between electrodes "2" and "3". Almost ilpediately the.burst activity in the
Segment containtng electrodes 1" ang "2" became out of phase, decreased in

cycles/min for the duration of the experizent (Figure 27E). Thus, whep
electrode sites wepe entrained in the intact uteripe Strip, the electrica]

strips from 3 delivering rats, Of the 5 tisgyes stﬁdied. 3 had ovarian leag
while 2 showed cervical phase- lead, in the Intact strip. In anl of these strips,

the "intringje" discharge frequencies of the isolateq Segnents were always about

- 15-40% less thap those in the ‘Egrresponding intact strips, and the highest

Ussues from 4 pretera animals, The results of such an experiment in ope of
)Ztudinal strips is shown in Figure 28. I the intact Strip prior to
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After cutting through the StTip between electrodes "4* and 5", the burst
amuwmmmmmmmgdm 'S"and"B"becaneoutot
phase with that in the intact portion of the strip and decreased in frequency to
about .23 +. Oecycles/lin(ﬁcurezam Furtherpartitioninzofthesu-ip--
betneen electrodes "2 and "3" caused uncoupling of the burst activities in
theseseelents.phaseleadbeinzlaintainedbytheovarianendofthestrip
contalning electrodes "1 and "2" (Pigure ch). The discharge frequency in tbe
Segment containing electrodes “3" and "4" decreased m@uv to about .35 4+ .06

ovarign end in 1 strip, and in the middle in the other strip. Phase leads arter‘

cutting were also maintained in the portions of these strips having lead prior
- to cutting, and the "intrinsic” discharee frequencies of the isolated segments

"intrinsic frequencies. In ope experiment, TTY (1 ,u.z/nl) was added to the
muscle bath prior to cuttine to see if nerves were involved in the burst
uncoupling phenomenon resulting from partitioning the strip (Fizuré 29). In‘ this
tissue, the burst discbgge frequency prior so cuttinz was about .52 + .14
cycles/min, jlth the ovarian end of the strip having phase lead (Figure 29a).
The strip was then partitioned between electrodes "2" and "3" and then
iuediately after between electrodes "4 and “5" Burst activities in the
isolated segments became out of phase ai'ter cutting and phase lead was

maintained by the ovarian segment containing electrodes "1" and "2 (Pigure .
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298). The "intrinaic” burst discharge frequencies In the isolated segments wepe
about .43 % .11 cycles/min (electrodes "1™ ang "2"), .38 + .14 cycles/min |
(electrodes "3" and "4") and .31 + .03 cycles/min (electrodes "5" and "6%). Thus
m&mceotmmezmmrmturmormwupungqamed_by
partitioning the strip were aiu!.lar to those of the untreated pretera strips,

suzzestingthatnewesnemnot'involved.

out (mucosal gide down) onto Sylgard blocks in which a razor blade m embedded
across the block (see *Materials and Met.h.c:ds"'). Cutting was atteapted by gently |
. pressing down on the serosal surface of the portion of the strip that lay over
the blade. For thege experiments the 6 electrodes were arranged in 2 groups of
3 electrodes each (inter-electrode.distance..‘é mm) such the groups were -
separated by a 6 am distance. The array was then positioned og the strip such
that a group of electrodes was on either side of ‘the region of the strip
overlaying the razor hlade. As illustrated in Figure 304, the bursts were
entrained over the entire recording distance of 18 pmm in the intact strip. In

)
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this record, the burst discharge frequency was about .93 + 24 cycles/min.
Mthouzhtbemmoi'mnioieaailaqplimdea&hmpemdlhﬂomatthe

élecu'ode "6" usually had pha.se lead of the larger alp.litt‘.'de~ tr_:[nhasic shaped
spikes. However, the burst thut was discharged just prior to cutﬂng the strip
had phase lead at the opposite end of the strip, near electrode "1* (Figure 30B).
Iamediately after cutting, the bursts became uncoupled at the region of the
Strip over the razor blage (Figure 3_08). The mons*m.m figure show where
the dynograph recorder was momentarily turped to "standby” while the strip over .
the razor blade was conpnes:jed to cut the circular muscle. Phase lgad after
cutting was retained fn the portion of the strip contaihmz the group of -
electrodes “4~, "5~ and "é" (burst discharge frequency, .§7 + .17 cycles/min)
while that portion containing e.lectrodes ;'1". "2" and "3" fell out of phase, the
burst discharge frequency. in that segnent. decreasing to about .74 + .10
cycles/min. Simjilar obsenratio;:s were made in 4 othgr clrcular strips from 3

horns (3 delivering animals), Phase lead in these strips was usually retained |

intact circular muscle. H.lst:oiogical examination of seni—th.i.ﬁ (5 m) sections,

made in cross-section through the cut at the sides and middle portions of the
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Thepmpoaeofthisstudy(and'thatinthetoﬂowingmapter)wasto

determine the runctional eonsequenees of the enhanced cell-to-cell coupling (i.e.

the increased spread of electrotonic ctn-rent) that is associated with gap
Junction development in>the longitud.inal myometrium of the deuvering rat uterus
(see Sims et al, 1982). An improved bropagation of spontanecus burst discharges
along the longitudinal. and transverse axes of the rat myometrium at delivery as
compared to S days be.fore (day 17) was denonst:ated in this study. At both

stages of gestation, bursts appeared to represent a system of coupled electrical
relaxation oscillators (Daniel and Sarna, 1978; see'below).

support the view that current flow in the parturient rat uterus is facilitated by

the fomtiqn of low-resistance (gab Junction) contacts between ayometrial

smooth muscle cells.

Gap Junctions in the Mvometrium

Thin ‘section electron nicmsé:opy ot- samples from some of the uterine
strips used for electrical recordines (fixed before or a.!’ter experimentation),
showed that gap Junctions present in the longitudinal op circular muscle
layers in al) delivering tiss (Table I). In cootrast, no gap Jung(on} were

™~

- i ’
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obaerved in efther muscle layers of pretem strips fixed berore experilenmtion.
andonlyarewjuncuonsnereobsewedinpretentimesﬁxedarterthe
electrical recordings. . Thess gap jtmctions may have developed in vitro during
the course of electrical recordinca in the muscle bath (Garfield et al., 1978).

In parturient tissues, the mean- values of gap junction frequency and fractional
area, while not signiﬂcancly different between longitudinal ang circula.r l&vers.
were markedly and aizniﬂcantly kigher than In the preterm tissues (Table I). In
addition, ‘the. mean £3p junction sizes in deliverinz tissues were larger than
those of the few Junctions found in the preterm tissues, These values (i.e.
frequency, fractional area and size) are Sililn.r to those values previously
reported for preterm and del.lverinz rat myometria (see Chapter 1). The gap
Junction frequencies in the pretera tissues fixed after in vitro electrical
recording were ‘slightly less than (but coaparable to) those previously reported
for midtern preénant rat myometria incubated for a comparahle tine (le. 1-2 hrs)
in vitro (see Garfield et al., 198¢a). “Thus, the preteu and deliverinz tissues
used for experimentation Tepresented two different groups of myometria with .

" respect to the incidence of gap junctions.

The formation of lou-resistanc_e £2p Jjupction contacts between

"Excitable Region” a:;d "Mechanism of Burst Coupline".- below). However, there are
other structural changes in the myometrium between late pregnancy ‘and
parturit.ton that éould affect burst propagation. For example, the uterus
increases in size (e.g. weight) during the second halr of gestation to accomodate

the growing fetus. In pregnant rat, the maximum uterine weight is achieved

Y,



tiasue cells (Afting and Elce. 1978; Vasilenko et al, 1981). Theretore. the
avemgelyoleu'ialmoothnuscleceninmmshzhuyinsizerroudayﬂor

pregnancy to term. The ayometrium at tem is also thinner and more flattened

thanatzestadondayl? duetoalarkedincmaseinfetalweizht (Knoxand

) Lister—Rosenoer 1978) and a change in fetal shape {Carsten, 1968), indicating an

increased stretch on the muscle fibers of both the longitudinal and_circular.
layers. | . | _ o ?
Spontaneous Electrical Activity

All uterine strips (longitudinal and c.ircu-lar) were spontaneously
active and d.!scharged bursts of action potent.ials (spikes) alternating with
quiescent periods. As studied in detail in the longitudinal strips only, th
frequency of burst discharging incneased significantly from early pregnancy to
delivery, .while the burst durations were significantly longer, and the spike
d.tscharge frequency within buram aigmricantly higher at pretern than at
delivery (Table I). Previous studies have' also shown changes in the frequency
of spontaneous electrical or mechanical activity in the pregnant rat uterus ‘
between day—17 of _pregnancy and parturition. (in vivo: Fuchs, 1969:; hlcbs and
Poblete, 1\970 de Paiva and Csapo. 1973; in vitro: Osa and Katase, 197s:
Rariyama and Suzuki, 1976a; Anderson et al, 1981; Bengtsson et al., 1984b). The
origin of thisg in vitro spontanecus activity (and hence the basis of the '
differences in activity between late pregnancy and deuvery) was not \_ l



mugamdinthissmdy Bonever.itwasnotduetoreleaseotatramitter

ﬁuinmnucnermintheﬂxsm ainceadditionofhicheoncentrationsoi’
tetrcdotogntothehathinz solution appemdtohnve little effect on the
spomneonsactivityateitherstazeoteestation. Thisrindingissinilarto

thoserronpreviom smd.tesshowingthat'r'!Xdoesn't affect spontaneoua ' -

electrical activity in longitudina.l rat myometrium excised at nidpregnnncy 0
term (Kurivema and Suzuki, 1978a; Mironneau et al, 1982) It is well known that
therhythncdischargesotratuterinestripapersistinthepresenceora
variety ot nerve and ganglionic blocking agents (Narshall. 1962). On,the other
band, it is commonly accepted that rat uterine spontaneq_ activity in vitro
depends on endogenous prostaglandin synthesis (Alken, 1972: Vane and Williams, -
19?3 Dubin et . -al., 1979; 1982; Gimeno et al.,, 1979: Ph.ﬂiipa and Poysej 981).
For exa.nple uterine prostanoid production and release into the bathing ulediun\
increases a8 pregnancy progresses and peaks at parturition, and the inci-ease in
spontaneous activity para.uels their production (Harney et al., 1974; Anderson et
al, 1981; Dubin et al., 1882). Factors such as the stress of isolatinz the
uterus, cutting the strips and bathing then in an artificial salt solution,
stretching and pinning out the ﬂssue. hypoxia and gradual deterioration of the
strips with time in the nuscle bath. are thought to initiate this prostazlan
generation and releas.e (Gimeno et al., 1981; de Barioglio a.nd Lacuara, 1985).
Thus, it is possihle that the dirrerences in frequency of spontaneous bursting
that I observed were partly due to a differential prostaglandin release at
preterm compared to that at delivery (Dubin et al. 1982} However, it is not
clear that-the differences in burst duration and spike freq'uency within bursts

are due to differential prdstazlandi}f product._ion between late pregnancy and
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partyritioh (sce Anderson et al. 1981). For example, exogenously added
mmwmmmmmmﬂmnbmtmkemdeqm
pregnant and parturient rat myometria (Ruriyams and Suzuki, 1976b; Reiner and -
Marshall, 1976; Grossett and Mironneau, 1977) and therefore it is difficult to
reconcile a higher prostaglandin production at delivery causing a decreased
spike frequency. It is lkely that at least some of the changes in spontaneous -
electrical activity with progression of pregnancy are due to changes in the
Ayogenic properties of the muscle cells (Casteels and Kuriyama, 1965; Kuriyama
and Suzuk!, 1976a). The basis for these changes in myogenic properties (which
serve to control the frequency and intensity of phasic uterine contractions) is

" lttle known, despiu-a thelr importance for the onset of parturition (Tomita and
Watanabe, 1873; Anderson, 1.978).

The finding that the frequency of spike discharge within spike bursts
in the longitudinal myometrium was higher preterm than at delivery supports the
results of previous studies (Thiersch et al., 1959, Kuriyama and Suzuki, 1976a:
Anderson et al., 1981; Kishilkawa, 1981) and has important implications regarding
the control of uterine contractions. It is well known for example, that the
intensity of contraction of the longitudinal myometrium is potentiated when the
within burst spike discharge rnequency increases (Kuriyama and Csapo, 1961:
Marshall, 1973 Kao, -1977a). However, the contractile force of the longitudinal
myometrium i3 greater at delivery than in late pregnancy, despite a considerable
decrease in spike discharge frequency, suggesting a more effective coupling of
excitation with contraction at term (Anderson et al. 1981). Since the CaZ*
handling properties of neither the longitudinal nop circular auscle (and hence
their ahility to maximally contract) are significantly different be.tween late
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nidpregnant (12-15 days) rats. Similarly in the intact uterine horn of the day
18 pregnant rat, bursts propagate over a longer d.tstanée in the longitudinal as
compared to the transverse axis (see Figure 2, Csapo, 1969). Since I recorded
spontaneoys activity over maximum distances of only about 15-21 mm, I have no
-evidence whether this represents a maximum op minimum distance, apd hence
whether the lengitudinal burst coupling distance (1f measured over a

larger area of the myometrium) is greater at delivery than before. Bowever,
chronic in vive recordings of electrical activity at more widely separated (eg.
30 mm) sites along the Pregnant rat uterus, show that the distance of apparent
burst propagation in the longitudinal axis is shorter at gestation day 17 than

L
at term (de Paiva and Csapo, 1973). Similarly, it is not known from the present

~
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studies whether or not the entrainment distance at delivery (ir -euured‘ over a
larzermaofthemm)hmaterinomuiathantbeother.

Propagation of spike bursts over large areas of the uterus is
associated with high amplitude intrauterine pressure - cycles in rat (Csapo, 1969:;
de Paiva and Csapo, 1973) and other species (e.g. rabbit- Csapo and Takeda, 1965;
pig: Taverne et al, 1879a; human: Walfs and van Leeuwen, 1979). The longer
entrainment distance in the transverse axis of the myometrius at delivery than
at preterm, and the better coordination of spike discharge at the beginning of
the bursts in both axes at delivery thap at preterm (see "Excitable Region™,
below) may alsopartlybethebasisortheenhanced uterine contractility
during delivery. N

The observation that the burst entrainment distance in neither axis
of the Ryometrium, at preterm or at delivery, wag Altered by TTY treatment
Suggests that propagation was not mediated by iﬁtrms;c nerves, and thus
supports previous structurai' studies showing a relatively low density of
m&maic nerves to nonvascular m}bletrial smooth muscle in the body of the rat
uterus (Silva, 1967: Adhan and Schenk, 1969). The low nerve density. lack of
discrete relations between the nerve endings and muscle cells {Silva, 1967), and
the decrease {n nerve density at the end of pregnancy (Thorbert, 1979:; Marshall,
1981; Arkinstall and Jones, 1985) implies the hecessity of myogenic spread of
excitation from cell to cell to provide electrical continuity through the
pPreguant myometrium (Daniel and Lodge, 1973).

Generally speaking, in smooth muscle from the uterus or other
visceral organs, electrical conduc;tion Is better along the long axis of the

auscle fibers than transversely between fibers in the same or different bundles
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(Landa et al., 1959; Kuriyama, 1961; Prosser, 1962; Nagai and Prosser, 1963;. Zelcer
and Danie}l, 1979). In the circular strips that I used to measure burst
propagation, the longitudinal muscle bundies were oriented at right angles to
#be strip's long axis while the underlying circular muscle bundles were aligned
parallel to the long axis of the tissue. Electrical activity was recorded from
the longitudinal muscle surface with the electrodes aligned transversely to long °
axes of the longitudinal fibers. Thus, the poorer pmpaﬁation (1.e. shorter
distance over which bursts were entrained) in the transverse axis at pretern
and the improved propagation in the axis at delivery, may reflect the at tei‘n
development of gap Jtmction§ in the underlying .circula.r muscle or an improved
coupling between the longitudinal and circular muscle layers at delivery or
both. The change in configuration of the spike complex from pretera to
delivery (e.g. see Osa and Ftumo. 1978; And;rson et al, 1981; Bengtsson et al.,
1984b"f' may also play a role. Given that the longitudinal and circular layers
interact electrically (see below), enhanced propagation in the transverse axis of
the longitudinal Ryometrium at term could be achieved by an Increased
electrical coupling in the circular muscle at that time. Low-resistance gap
Junction contacts between circular uterine smooth muscle cells are abseljt or
present in very small numbers in the pretera pregnant rat uterus byt develop in
large. numbers at term (Table I; and see Garfield et al., 1977; 1982).  However,
while previous studies demonstrated that gap junection formation in the
longitudinal muscle of the rat myometrium is associated with an increased spread
of electronic current (Sims et al., 1982), no information is available about the
functiconal consequences of gap junction formation in the circular muscle. [In

the circular amuscle of the sheep uterys, the spread of electronice current (i.e.



length constant) is greatest at ;hlivery (Thorburn et al. 1984; Parkington,
1985), the time when gap junctions dwelopinlummbersbebreentheaooth
auscle cells in the longitudinal (and presumably also the circular) lyoletriu- of
. this species (Garfield et al. 1979). Regarding the electrical coupling bctween
the longitudinal and circular muscle layers of the uterus, previous studies
ahowedtbatintberatorlouseutematn;dmlmmmncyandatter-
electrical activity generated in one layer is conducted into the. other layer
(Osa, 1974; Ohkawa, 1975; Osa and Katase, 1975). However, there is no direct
.evidence showing an improved coupling between muscle layers at delivery. Some
indirect evidence though, suggests that coupling between the muscle layers is
better at delivery than before. For example, when spantaneous electrical
activity from the longitudinal muscle layer and the mechanical activity from the
circular layer are recorded in circular uterine strips from aidpregnant (12-15
days) rats. contractions not corresponding with burst act.ivity are aften seen
(Ohkawa, 1975). Conversely, in a few circular strips that I studied from
delivering rats, contractions of the circular muscle always corresponded to
burst activity- recorded from the longitudinal auscle. Of the possible
intervening processes of transmission from one muscle layer to the other,
nervous mediation or mechanical interference are not involved (0sa, 1974;
Ohkawa, 1975; 0Osa and Katage, 1975), sugpesting that the interaction is
electrical. However, the strucfuml basis for this electrical coupling is

unknown. In certain regions of the rat myometrium, the longitudinal and
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layers (Osa and Katase, 1975). To my knouledze low-resistance contacts (e.g.
£ap junctions) connecting the -uscle’lmrs in these regions have not been
observed. It is also posaible that gap Junctiona betl'een interstitial cells and
Eyometrial smooth muscle cells could provide a Ion-rea!xmce pathway
connecting the muscle layers (Danie} et al, 1978), but I an not ame of the
pnesenee of such contacts in the pregnant rat utems. Garfield and Daniel
(1974) reported that zap Ju.nctlons are found comustently between ﬂbmcytes
surrounding bundles of saooth muscle cells in rat Nyometrium at all stages or
pregnancy, but there are no reports of gap junctions betleen i'ibrocyte_s and .
smooth muscle cells, )
It is claimed that the pregnant rat uterus in Situ has a localized
pacesaker area such that at preterm, activity originates at the cervica.l end
while at parturition it originates from the ovarian end (see Fuchs, 197s).
However, I was unabje to demonstrate a fixed location of pacemaker activity in
Eyometrial tissues from late pregunant or delivering animals. In other words,
3pontaneous burst acitdvity originated at different sites in the longitudinal

longitudinal muscle strips from the uteri of late and term pregnant (days 20 or
22} rats. As Marshall (19"‘4) pointed out, uterine pacemakers are labile and thys
their localization is extrene.ly dii’ritm.lt. especially in isolated nuscle segments,
Removal of the uterus, bathing it in an artificial salt solution and cutting it

into small segments may cause the pacemazker activities to becone random.

"Excitable" Region

Discoordinz;tion in the onset of spike discharges in bursts recorded

at multiple siteg along the longitudinal axis of the myometrium at pretera (and



tissue. The much ghnn:er "excitable” region before ’ ry (Table IV) suggests

a failure of spike propagation at that time. Landa et al. (1959} and Danjel

(1980) previously reported an initial failure of action potential propagation at

conduction railu_re. The conduction failure was most likely a lyogan.ic and not a
netu'ozeni;: (Le. due to the presence of intrinsic inhibitory nerves) phenoaenon,
3s TTX treatment did not alter the length of the "excitable™ region in the
Pretera longitudinal strips.

The conducting unjt (Le. pathway) for excitation in visceral smooth
auscle consists of Rany parallel muscle fibers which interact electrically to
provide 2 front of depolarization (Bulbring et al, 1958; Burnstock and Prosser,
1960; Prosser, 1962; Nagai and Prosser, 1963; Melton and Saldivar, 1964;
Kobayashi et al. 1967). Conduction distance is increased- when more conduction
paths (i.e. fiber bundles) are simultaneously depolarized providing a larper
current sink (Prosser, 1962: Nagal and Prosser, 1963). Thus, the longer
“excitable” region in the longitudinal axis of the myometrium at deli;‘ery may be
due to the formation of a larger (l.e. wider and longer) conducting pathway than
that which exists befope delivery. This may be the resuit of increased
interaction between parallel muscle fibers within longitudinal bundles and at

branching points between bundles, due to the at term development of gap

s



Junctions detween the longitudinal muscle fibers. The number (Le. width) of
inter-locking longitudinal muscle bundleg in the transverse direction would also
be increased u‘ a result of improved electrical coupling (Le. gap Junction
formation) in the underlying clrcular muscle layer, given that the layers are
electrically coupled to each other. An enhanced electrical coupling between
lg:awm and circular muscle layers at delivery (see below), would tﬁrther
increase the size (width) of the conducting pathway, and hence would increase
the conduction distance in the longitudinal myometrium at delivery. Conversely,
at preterm the absepce of low-resistance znp. Junction contacts t;etneen uterine
 smooth muscle cells {n the longitudinal and circular auscle layers, would result
in a saaller conducting pathway and hence a smaller conduction distance. The
falled propagation of only the initial spikes (and sometimes those at the ends
of the spike bursts), suggests tRat the "excitable” region is not stationary but
moves down the strip (see "Mechanism of Burst Propagation”, bejow).

The length of the “"excitable” region in th: transverse axis of the
longitudinal myometritm was also' much shorter pretera than that in the axis at
delivery (Table IV). This is expected since bursts were entrained over shorter
distances in this axis at preterm than at del.ivelry {Table II). However. even —
when bursts were entrained over distances of 6 to ‘15 me in tI;e transverse axis,
the length of the "excimb.le"‘ region was only aﬁout 3mm In contrast, the
"excitable” region in this axis at delivery was :xsually 6 to 9 mm in length.
TTX-treatment at either stage of pregnancy had no effect on the length of the
"excitable” region in the trz;nsverse axis. Therefore, as discussed for the
longitudinal axis, the longer propagation distance {(i.e. "excitable” region) in

the transverse axis of the ByometTium at delivery, is probably due to the



existence of a larger codducttng pathway at that time. * In other words, since
thedimcﬁm-otwomdonmthemmmuthelonatudmu

suscle fiders, gap junction formation between circular muscle fibers (within
bundles and at branch pofnts between the bundles) at delivery, would provide
this larger conducting pathway. Given that the longitudinal and circular muscle
layers are electrically coupled. the width of tne conducting pathway (Le. the
transverse coupling of parallel circular muscle bundles), would be also
increased as a result of an enhanced electrical coupling in the averlying
longitudinal muscle layer. An increased electrical interaction between the
muscle layers at delivery (see below) would further increase the width of the
circular muscle conducting pathway,

At both stages of gestation, the “excitable® region was about 2 times
longer in the longitudinal than in the transverse axis of the ayometrium (Table
IV). These results ar'e consistent with previous studies op pregnant rat
myometrium which showed that current spread in the longitudinal layer is poorer
in the transverse ag compared to the in the longitudinal axis of the cells .
(Landa et al., 195s: Zelcer and Danie], 1979). The difference in conduct.ionh .
between the two axes is most likely related to the zreater‘nunbers of cell-to-
cell junctions (e.g. greater resistance per unit length of tissue) in the
transverse axis thap in the long axis‘cr the cells. However, if the izropagation
pathway is also through the underlying ecircular auscle layer, the axial
difference in Propagation in the longitudins ayometrium may be also be due to
2 poorer electronic current spread in the long axis of the circu.iar muscle as

compared to in the long axis of the longitudinal layer. For €xample, the length
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constant is much shorter in the circular: muscle than in the longitudinal muscle

fros midpregnant rat uterus (Abe. 1971: Rawarsbayashi, 1978). On the other hand,

it is not known if the length constant of the. circular muscle is shorter than
that of the longitudinal muscle at delivery, Parkington (1985) found that the
length consmn‘t of the circular muscle of the shéep ayometrium is much longer
at parturition than at preterm, but in this species the passive electrical

properties of the longitudinal muscle have not been determined for comparison.

Mechanism of Burst Pro tion
——————=_urst_Propagation
A. _Longitudina] Axis

frequency suggests that spike bursts in the longitudinal Ryometrium represent
the operation of ,a system of coupled electrical relaxation oscillators, as in the
£astrointestinal tract (Danfel and %m 1978} At delivery, the intrinsic
frequenc..ies of the isolated uterine segments were about 15-40% less than the
coupled frequencies in the intact strips. In the preterm longitudinal strips, it
was more difficult to ascertain the intrinsic frequencies because of the
tendancy of the Pacemakers (in both intact and partitioned strips) to decrease
their activity and become quiescent within a relatively short Ume in the muscle
bath. However, in all the preteram strips, the frequency inediately following
partition was Jessg than in the intact strip just prior to cutting, 'I‘hi.s decrease
in frequency following partition is almast certainly myogenic, as it was also
observed in preterm strips that were Treated with the neuronal blocking agent,

TTX. Thus, both at preterm and delivery the oscillations of the higher intrinsic

~ frequency Pacemakers appeared to drive (ie. "pull up”) the lower Intrinsic

frequency oscillators resulting in entrainment and phase-locking of the
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oscillators (Daniel and Sarna, 1978). In this way, logn.l pacemakers can be(;ane
entra.!.mdtooueanother multinzintheconndimtiunotelectrical {and bence
contractile) events over a large region of the ayometrium. Takeda (1965)
sililarlyfomdthattbcpamakertdthtbehizhast“rhythn drives. the burst
activity in the intact horn of the parturient rabbit uterus.
-'l'bedirectiunofapreadorbursuacroasachuinormupled
relaxation oscillators is amay from the oscillator with the highest intrinsic
frequency which is the pacemaker (dominant oscillater) for the chain. I was
unable to find & fixed anatomical location {e.g. at the ovarian or cervical ends
of the strip) of the dominant oacillator in either preters or delivering strips:
the d"rivmg pacemaker was found at the ovarian ends of some strips and at the
cervical ends of others. I was also unable to find a gradient of intrinsic
frequencies along the strips in one direction (ovarian) or the other {cervical).
This may in part be due to changes in conduction patlerns as a result of tissye
preparation (e.g. excising the strips from the uterus may have caused the
forsation of new pacemaker areas), or because I studied burst conduction oaly
over relatively short distances (Up to 21 mm) as compared to the total length of
the uterine horn. For exampie, that distance is approximately the length {in the
longitudinal axis) of the uterus over only one fetal compartment at preterm, but
only about one-half of the longitudinal length over a fetal conpartnent at
delivery. Thus, it is not certain from these results how the polyit} of uterine
movement, which is generally thought to be "adovarian" at deliv ry and in the
opposite direction preterm (see Fuchs, 1978), is mﬂuenced by éhe polarity
(phase-lead relationships) of the oscillatans.\l’roblens of reﬂona.l phase lead

of activity and intrinsic frequency gradients a.lone the uterus would be better

/ \
“~
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studied in much longer uterine segments covering several fetal compartmests, or
intbe!ntactutermmingchmnicanyhplmted electrodesplucedmrwidg

areas.

o A single uterine oscillator is presumably o 4roup of smooth muscle

cells (see Lodge-and Sproat. 1981) which gacillate in phase to form a functional

unit (Sarna, 1975). Entrainment of oscill (8 prefequisite ur" the relaxation
osc.u.latnr model) probably involves the flow of a local depolari.ing current‘—-‘//
through low-resistance Junctions bet-een the cells or across the extmcellu.lar

space between them, or a combination of both {Daniel and Sarna, 1978).

thea to an earlicr threshold and depolarization (Sarna, 197%). In uterine and

some other visceral saooth Buscles, electrical coupling has been shown to be

Danjel et al.. 1976; Sims et al.. 1882). Thus, entrainment af bursts in the
longitudinal ayometrium at delivery may be due to the presence of £2p Jjunctions
st this tise (Garfield et al. 1977 Table D). Entrainment of bursts in preterm
longitudinal strips may be due to the presence of aall nu-bers of gap junctions
which formed in vitro (Table I) or to oﬂgs\\ty"pes of cell- to—cell contacts, e.g.
close or i.ntemediate contacts (see Daniel et al., 1976: Daniel and Sarna, 1978).
The results of the present study do not provide auch information as
to the strength or the extent of coupling between oscillators and thys whether
the oscillators are more tightly coupled at delivery than at Pretera. Detatled

neasureaents of the size of the oscillators, their intrinsic frequencies, the

&
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preters (about + H.;.) Ray de higher tha.n the lilxinun frequency which i:he
Intrinsic burst ‘oscillator can foljow (see Sarna, 1975). 1If this s s, then the
improved coordination of spike discharge between oscillators at delivery may be
partly due to the lower spike frequency (about 2 Hz) at this time.

Mechanical coupling (Le. transaissioq of strain) may also be involved
in entraining active regions along the yterus. For example, Takeda (1965) and
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(Le.tramiuionofmm)mdlllnhhedbymlnzrhtamclestﬂpathatm
caretnnypdmedouttoavoidmmtoftheMporchaneesinitslenzthas
a result of partittontng. '
B}. _Transverse Axis

The observation that ‘g;ke bursts recorded from the longitudinal
lyonetriulntdeuverywerenotentmmedinthetrnnsvemaxisacma
sezlentertbetissueihemtheMderlylnzcircularnasdalaged.sumstsﬂmt
the circular auscle provides a path for current flow transversely between <¢he-
longitudinal muscle fibers. It is well estahlished that at delivery, the muscle
cells of both the longitudinal. (see Kuriyama and Suzuki, 1976a) and circular (Osa
and Fujino, 1978; Kishikawa, 1981; Anderson et al., 1981) layers. can spontaneously
discharge splke bursts. Thus, it is possible that the oscillators in the

underlying circular. nuscle could provide some of the depolarizing current
| Reécessacy for transverse entrainment of the oscillators located in the
longitudinal layer, providing that the muscle layers are electrically coupled to
each other. In other words, as sugpested by Connor et al. {1979) for the
entrainment of slow waves in the cat intestine, the gi_g_cula‘r' muscle of the
uterus may act as an amplifier in a positive feedback circuit with the

longitudinal amuscle, In this type of system, a depolarizing current generated in

. ——— =
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provide such information. Alternately, the circular muscle lizht; only provide a
low-resistance pathway in the transverse direction for current originating in

Simultaneous recordings of electrical activity from the longitudinal
muscle and contractions from the circular muscle in 2 circulm_- uterine  strips
from delivering rats in the present study, revealed that the activities of the
longitudinal and circular layers were well synchronized. This is direct evidence
that the two layers are coupled (electrically) to each other. However, the
identity of the connecting link between the -:uscle layers has not been
determined. In most areas of the myometrium, the Ruscle layers are rather
widely separated by connective tissye {e.g. interscitia) cells, fibroblasts) and
blood vessels, although there are soie regions where the layers come into
closer contact {see "Burst Propagation”, above), Whether iow—resistance gap

Junction contacts occur between longitudinal and circular smooth miscle cells in



Bengtsson et al., 1984b).

CONCLUSIONS
b UGS



delivery, entrainment c":f bursts in the transverse axis of the longitudinal
myometrine required an intact (i.e. undamaged) circular muscle layer, suggesting
that the muscle layers were electrically coupled to each other.

Propagation of excitaﬁon in the ayometrium was enhanced at a time
when large numbers of low-resistance cel.l ~to-cell contacts (gap Junctions)
appeared in the wyometrium. Iintermtthiaenhancedpropagationtobethe
result of an improved cell—to-cell electrical coupling due to the presence of an
Increased mumber of gap juncticns in the longitudinal and circular muscle
layers, and to an increased electrical coupling between muscle layers. However,
other factors such as the altered pattern of action potenﬂals in the circular
muscle (as noted by others}. or poss.lble changes in the size or arrangement of
muscle bundles (due to.increased uterine stretch) during pregnancy, may also
have contributed to the change

Therefore, the results of this study support the hypothesis'that gap
Junction formation in the myometrium at term results in improved cell- ~to-cell
coupline, in agreement with previous studies. In the following chapter, using a
different neasu?e of electrical coupling, I provide supporting evidence for this
hypothesis.
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IABL; I. Frequency, size and fractional areg of gap junctions
(GJs) in preterm pregoant (day 17) and delivering tissues fixed
before and following completion of electrical recordings. "
i1s the pumber of uterine horns examined one per animal.’ Three
tissues from each yteripe horn were examined: ope (longicudinal)tﬁ
tissue fixed before experimentation (d.e. irmediately after
removal of the uterus from the anizal) and the other two (i.e.
one longitudinal and onpe circular) tissues fixed after exper- “*
imentacion. The number in brackets is the aumber of tissues in

- which GJs were identified. The number of 6Js is the total
number of all S or 7 lined jumetions 1dentified in 18-22 nop-
overlapping micrographs of each tissue. The frequency of GJs is
expressed as the number of GJs per 1000 um of plasma membrame

Surveyed. The fractional area of GJs was calculated by doubling

Plasma membrane. Values are means + SD. Those with the Same
superscript are significantly different (p<.05) as determined by
the Wilcoxon Rank Sum Test. ‘

Tissues were fixed after 1 hr to 3 hrs following removal of the

uterus from the animal.
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TABLE I

SPONTANEOUS ELECTRICAL ACTIVITY OF PRE

HYOHETRIUHlBEFORE TERM AND AT DELIVERY

Before Term Delivering P
{(r = 10) (n = 10)

Burst frequency .45 + 0.06 1.19 + 0.12 p=<.001
{cycles/min)

Burst duration 32.20 + 7.93 21.52 + 4.38 p=<<.001
(see) : - .

Spike frequency 3.99 + 0.59 1.49 + 0.33 p=<<.001
(spikes/sec)

. TABLE 1II. SuEmary of spontaneous electrical activities of the long-
itudinal myou::zetrim, recorded extracellularly, in longitudinal
uterine strips from 5 animals before term (day 17) and from 5
animals at delivery. Two strips from ome uterine per animal were
analyzed. Eiectrical activities simultaneously recorded at 3

adjaceat electrodes were used for analysis. Three sets of bursts

i

per uterine strip were analyzed to determine the mean burst duration

and mean spike frequency. All values are means + SE. P wvalues were

determined using a one—way analysis of variance.

)
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TABLE I71

BURST ENTRAINMENT DISTANCE IN THE LONGITUDINAL AND TRANSVERSE
AXES OF fﬂﬁ MYOMETRIUM BEFORE TERM AND AT DELIVERY

Axig Before Term Delivegx

Longitudinal >15 m® >15 m

No. of tissues 14 (9) 13 (8)
Circular 5.01 + 4.02 P 21?8'*’
No. of tissues 7 (6) . 7 ¢

k)

stxips from pregnant animals before term (day 17) and during
delivery.k "n" 1s the number of uterine strips:analyzed, usually
one strip per uterine horn. The numbers in brackets are the
aumber of uterine horns examined, one per animal. All values.arg
means + SD. P values were detérﬁ;ned using the Student's t tese
for independent samples. Those with the Same superécript are

significantly different (p<.001).
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TABLE IV

LENGTE OF THE "EXCITABLE" REGION IN TEE LONGITUDINAL AND
TRANSVERSE AXES OF THE MYOMETRIUM BEFORE TERM AND AT DELIVERY

Axisg - Before term Delivering
Longitudinal 6.10 + 3.48 m® - 14.80 + 0.76 m®
No. of tissues ' 10 (5) . ' 10 (5)

Circular - 3.00 + 1.77 mp®-P 6.60 + 1.23 mpP

.

No. of tissues 6 (5) 5 (4)

TABLE IV, Summary of the lengths of the "excitable" regions of
spcntanecus bursts discharges in longitudinal and circular uterine
strips frop pregnant animals before term (day 17) and at delivery.

"n" s the number of uterine Strips analyzed, usually one per uterine
horn. The number ig brackets is the number of uteri{me horns examined,
one per animgl. Three sets of bursts were analyzed per longitudinal
strip and four sets of bursts were analyzed per circular Strip. All
values are Zeans + SD. P values were determined using the Student's
t test for independent samples. Those with the same Superscript

are significantly different {(p=<.001).



102

. - A

FIGURE 1. SchemaciE drawings of A) the muscle bath used to Tecord
spontaneous myogenic electrical activity and B) the electrode
bolder and its alfgnment with the uterine strip. A).. The
&Qerine strip was pinned out (serosal side up) to the Sylgard
floor of the recording chamber (30 ml capacity) and six glass
pore surface electrodes were uniformly placed over the‘lcng axis
of the strip. (Figure modified from Eolman and Neild, 1979).
B). Six glass pore electrodes were claﬁped vertically (3 mm
apart) between the serrated and smooth faces of two Plexiglas
blocks which were held together by screws. The holder was
rigidly mownted to the base of a microscope stand. (Figure

modified from Christensen and Hauser, 1971).
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FIGURE 2. Spontanecus electrical aétifity recorded extracellﬁlarly
by a glass pore surface electrode on a longitudinsl uterine strip
(delivering rat). an upward deflection is positive wifh Tespect
'to ground in this and all other records. A). Burst discharges,
chart speed = 1 mm/gec. Burst frequency for each dongecutive
burst was determined by me;suring the inter-burst intervals (T)
and taking their Teciprocals. The burst duration (d) was cal-
culated as the time interval between the appearance of the
first énd last spikes comprising the spike burst. B). Indi-
vidual spikes comprising a spike burst, chart speed = 50 mm/sec.
The instantaneous spike frequencies were determined using computer
pPrograms that measured the inter-spike interva_ls () between.
negative pesks and calculated their reciprocals.. Negative peaks
were used because they were usuzlly 2-3 times the amplitude of

the positive peaks, thus facilitating peak detection.
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FIGURE 3,°

Low power electron micrograpbﬁfﬂ“e\uterine

wall,
s fixed in sipy,

from a late pPregnant (day 17) rat.

The lumen,
; - vhich ig Surrounded by the endome:z_'im

(ENDO), is to' the bottonm

The immer circular (CIRC) and outer longitudinal
: (LONG) muscle layers are shown Tespectively,

of the field.

in longitudinal and
Total uterine wall thickness is 8pprox-
Bar, 10 sau. X 1,900.

- transverse orientation.

imately 70 um.
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FIGURE 4. Longitudinal mugcle btmdﬁ:;fron pPregnant rat uterus.
A). Low power Photomicrograph of a "whole mount;" of isolated
longitudinal muscle (endometrium apd circular muscle remov;ad)
from the uterus of a d;alivering rat. Uterine wall was fixed

- i2 situ and then stained with trypan blue. The bundles of
wuscle fibers are approximately 100-200 po in diameter and are
arranged {n an interlacing network. Bar, 200 pm. X 90. B).
Low power electron micrograph of a poertion of a bundle of ‘
muscle fibers in the longitudinal muscle layer from day 17
i:'fegnant' rat uterus fixed in vitro. The muscle cells are shown
in transverse section, indicating that are oriented in the long

axis of the bundle. Bar, 10 um. X 2,500.

N ;/_-\
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FIGURE 5. An electron mic;:ogra;;h'of longitudinal muscle in myo=
metrium fixed immediately after removal of the uterus from & day
17 pregnant rat. Several ultrastructural features of the
uterine- smooth muscle cells are shown, including the nucleus m,
mitochondria (M) and cav;aolae (C). Close contacts and iﬁter-
digitations are appamn.é, but gap junctions ;are abgent.

Bar, l'um. X 33,000.
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FIGGRE ¢. An electron micrograph of longitudinal muscle in myo- -
metrium fixed lmediately after removal from a delivering rat,
showing the presence of gap junctions (arrows) between the uterine
smooth muscle cells. Bar, 1 um. X 33, 000 In the inset, a
higher power electron micrograph illustrates the 7 lined struc-

ture of a gap junction (arrows). Bar, .1 f=m. X 102,000.
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FIGURE 7. Electron mic'rograph of a small gap junction (arrow) in‘
a sample of pretern (day 17) pregnant myometrium (longitudinal
muscle) fixed after in wvitro electrical recording for about 1 hr.
Bar, 1 um. X 33,000. In the inset, a higher péé;r micrograph
illustrates the 5 lined stricture of a gap juﬁction.. Bar, .liun.

X 102,000.
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FIGURE 8. Spontaneous electrical activity of Preterm pregnant

and delivering Tat uterus. Extracellulay electrical activicy
was recorded simnltaneously at 3 sites ia the long axis of a°
longitudinal uterine serip (inter—electrode distance = 3 mm).
A Bursts. Burst frequencies and burst durations from the

3 sites were averaged to give 8 mezn value. B). Individual
spikes within bursts, Records are fast speed (50 mm/sec) traces
of portions of the spike buréts in (A). Spike frequencies

from the 3 electrode sites were averaged to a mean value. s

O
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Entraimment of spontaneous"burst discharges in the

longitudinal axdisg of the preternm (day 17) pregnant: Tat uterus.

Extracellular electrical activity was recorded sim:ltaneously at

6 sites in the long axis of g longitudinal uterine strip. Inter-

electrode distance = 3 pn, Eatrainment distance = 15 gp.
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longit%l uterine strip.
Entrainment distance = 15 pm.
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Inter—electrode distance = 3 mm,
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FIGURE 1l. Entrainment of spontaneous burst digcharges in the
transverse axis of the preterm pregnant (day 17) rat uterus.

' Extracellular electrical activity wag recorded simultaneously
‘at 6 siges in the.long axis of a circular uterine strip. Inter-
electrode distance = 3 mm. Varisble entrainment distances of
3o, 6 mm and 3 mm (left to right) can be seen in this record.
The mean entrainment distance from 7 strips was 5. 0l + 4.02 om

(medi{an distance 6 m) (Table I1I).

4
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FIGURE 12. En:rainment of spon:anecus burst discharges in the
transverse axis of the delivering rat uterus. Extracellular
electrical activity was recorded simultaneously at 6 gites ip
the long axis of a ¢ircular uterine strip. Intcr—electrode

dis;ance = 3 mm. Distance of. -entraioment = 15 mm,

7]






126

'FIGURE 13. Entrainment of spontaneous spike bursts in the
longitud.mal and transverse axes of the same uterine horn from
a preterm pregnant (day 17) rat. Extraeellnlar electrical
activity was-rEcorded simultaneeusly at 6 sites in the long
axes of the uterine strips after Creatment with 3 pg/ml of TTX
Inter-electrode distance = 3 mm. A). Longitudina) uterine
strip. Entrainment distance = 15 mm. B). Circular uterine
strip. Variable entrafoment distances of 9 mm, 3 ﬁm and 0 mm
(left to right) can be seen in-this record. From 3 TIX-treated
.circular strips, a mean entraimment distance of 4.71 + 4.22

(median distance, 6 mm) was obtained.

“ L.(- '
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FIGURE 14. Entrainment gf spontaneous spike bursts in the
longitudinal and transverse axes of the same uterine horn from
8 delivering rat. Extracellular electriecal activity was recorded
simultaneously at 6 sites in the long axes of the uterine strips, .
af;er —;reatmen: with 1" pg/ml of TTX. ﬁ)_ . -.'Longitudinal uterine
strip. Entrainment distance = 15 mm. B). Circular uterine

@trip. Entrainment distance = 15 mm.
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FIGURE 15. "Excitable" region in the longituding] axis of the

Preterm pregnant (day 17) Tat uterus. Records are fast speed
(10 mm/sec) traceg of the individusl 5pikes comprising the
beginnings (A) and ends (B) of spike bursts simultaneously
_recorded at 6§ sites in the long axds of a longitudinal uterine
strip. Inter-electrode distance = 3 mm, Unequal spike aumbers
are geen at the beginnings {é}, while equsl spike numberq are
seen at the endg (B) of the' spike bursts, Arrows ‘indicate where
_spikes Tecorded at.ap electrode site ave either not conducted
into Or are conducted into byt not pagt (1.e. monophasic shape)
the adjacent elect:ode site. Dotted lipes in&icate the tipge
‘when the bursts become completely coupled at adjacent electrode
sites. In this Tecord, only electrodes "s" and "6" are in the
Same excitable region at the onset of the bursts: "exeitabie"

. B

region = 3 mm,
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FIGURE 16. Variable lengths of the “excinable" region in the
longitudinal axia of a preterm pregnant (day 17) rat uterus.
Records are fast speed (10 mm/sec) traces of the'individual
spikes comprising the beginnings of bursts simultaneously
recorded at 6 sites in the same longitudinal strip. Inter=-
electrode distance = 3 mm. Dotted lines comnect electrode
sites that are in the same "excitable" region. Lengths are
(A) 3 om, (B) 3 mm, 6 o2 and (C) 9 mm. The mean length of the
"excitable" region in 30 sets of bursts from 5 uterine horns was

2
6.10 + 3.48 m.
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16). In:er—electrode distance = 3 mn.  O0f 30 sets of burses,

only 2 sets showed "excitable"-regions of 15 mm,
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FIGURE 18. ' Effect of*TTx on the "excitable" Tegion in the longi-~

[

tudinal axis of Preterm pregnant (day 17) rat uterus. Records

- are fast gpeed (10 mm/sec) traces of the beginnings of spike

bursts Bimul:aneously recorded at 6 sites in the long axes of .3

. ddfferent lomgituding] uterine strips treated with 1 yg/ml of

TTX. Inter-electrode distance = 3 mm. The mean length of the
excitable" regions in 15 sets of bursts from these strips
(5 40 + 3.56 mm) was not significantly different (p = .8) from

the mean length in the untreated strips.

~
e
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FIGURE 1i9. "Excitable“ region in the longitudinal axts of the
delivering rat uterus. Records are fast speed (10 mm/sec)
traces of the individual spikes comprising the (entire) bursts
simultaneously recorded at 6 sites in the long axis of a long-
itudinal uterine strip. Inter-electrode distance = 3 mm. Equal
spike numbers are seen throughout the entire burst - "Excitable”

.region = 15 mm.
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FIGURE 20. "Excitable" region shorter than 15 mm, 1in the longi—
tudinal axis of the delivering rat uterus. Electrical activity
was recorded aimnltaneously at 6 sites in the long axis of a
longituainal uterine strip. Inter-electrode distance = 3 om.
Arrow Iindicates a low amwplitude (monoph;sic shaped) spike that
was preéumab!y conducted into but not past?the area of the
tissue under electrode "1, i.e. the "excitable” region = 12 mm.

| 0f 30 sets of bursts from 5 uterine horns, ocaly 3 sets (from

the .same uterine horn) showed “exci:éble" reglons that were

shorter than 15 mm. The mean length of the "excitable" region

In the delivering longitudinal strips was 14.80 + .76 mm,

'3
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numbers are geen throughout the entire burst. The mean length
of the "excitable" region (15 + 0 m) was similar to the mean

length in the untreated strips,
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FIGURE 22. _é.)- Burst entrainment distance - 9 mm.

B). "Excitable"
Teglon < 3 mm.
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FIGURE 23. A). Burst entrainment distance = 15 mm,
: B). "Excitsble" Tegion = 3 m. of 24.gets of bursts from 6
c.ircuiar stxips - (5 ;:teriqe horﬁa), tﬁq mean length of the

- "excitable" region was 3.00 + 1.77 mm.

-
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}_‘IGUR.E 24. Effect of TIX»on the "excitable" region in the
Ltransverse axig of pPreterm pregnant ‘(day 17) rat uterus.
"Records are traces of the spike bursts (A) and the Individual
spikes ccmpr:tsing the beginni.ngs of the bursts (B) simul-
caneously recorded at 6 sites in l:he 1ohg axis of a circular
uterine strip treatecr with 1 4g/ml of TIX. Inter—electrode
dist:ance = 3 mm, _é}. Burst entrainment distance =9 om.

B). "Excitable" region <3 mm, In 2 Preterm ‘circular strips

treated with tecrodot:o:d.n, the "excitable" regions were <3 mm.

’!
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:FIGURE 25. "Excitable" region In the tramsverse axig of a deliver-
ing rat uterus. Records are fast speed (10- mp/sec) traces of
spike bursts simultaneously recorded at 6 sites in the long axis
of a circular uterine strip. Intgr—eleec:ode distance = 3 mm. .
"Excitable” region = § mm. 0f 20 gets of bursts from 5 circular
strips (4 uterine horns), the mean 1ength of the "excitable"

‘region was 6.60 + 1:23 mm.
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., FIGURE 26. "Effect of TIX on the "excitablé" region in the trang-
verse axis of a delivering Tat uterus. Records. are fa.st sSpeed

* (10 mm/sec) traces of spike bursts sim.tltaneously recorded at
6 sites in the long axis of cireular uterine st:rip treated with
1 pg/ml of TTX. Inter-electrode distance = 3 mn. "Excitable"
region -6 @i. In 2 delivering clrcular strip§ (2 uterine

borns) treated with tetrodotoxin, the "eicitable" regions

were 5 mm,

TN
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FIGURE 27. Entrainment of bursts before and.-after partitioning a
longitudinal strip from a delivering rat uterus into 3 segments.
The 6 electrodes were placed in 3 pairs (6 mm apart) along the
long axis of the strip. Intqr-electrode'distance = 3 mm,

4). In the intact strip, bursts were entrained over the 21 mm
recording disrapce. 'Arrows Indicate where small ping were
Placed across the strip prior to c:tting. B)-C). The strip was
sectioned between electrodes "4" and "“s", Arrows indicate the
tisg of cutting in (8). Cutting uncoupled the spike bursts and
altered their discharge frequencies, as dessgibed in the text.
D)~E). Ten minutes later, the strip was sectioned between elec-
trbdes "2" and "3", Arrows indicate the time of cutting. -
Cutting- uncoupled the spike- bursts and altered their discharge

frequencies, ag described in the text.
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FIGURE 28. Entrainment of bursts before ang after partitioning
into 3 segmentsg a longité!inal strip from a preterm pPregnant
(day 17) rat uterus. The & électrodes were arégnged in 3 paifs
(6 mm apart) along the long axisrof the Strip. . Inter-electrode
distance = 3 gp, 4). Intace strip. Bursts vere entrained over
the 21 mm Tecording distance. B). The Strip was sectioned
between electrodes "4 @ad "5" and then 10 minutes later (C)
between electrodes "2" and "3, Cutting uncouﬁled the burse
oscillators ang altered their discharge frequéncies, as
described in the text,
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FIGURE 29. Effect: of TTX on the uncoupling of spike bursts caused

by partitioning into segments a longitudinal uterine strip from

2 preterm pregnant (day 17) rat. The 6 electrodes were arranged

in 3 pairs (6 mm apart). Inter-electrode distance = 3 mm. 4).

. Intact strip, pretreated with 1 ug/ml of TTX. _Bursts were

‘ent'rained over the 21 mn recording distance. B). Partitioning

the strip between electrodes '2" and "3" and then between

electrodes "4" gnd "s5" uncoupled the bursts and altered their

discharge frequencies, as in the untreated strips (see text).






FIGURE 30. Entrainmenc of bursts in the transverse axis of the

162 . ) )

myometrium (delivering Tat uterus) bgfcre (&) and after (3)
damaging the circular muscle. ¢The 6 electrodes were arrdng d in
2 groups (6 mm apart) of 3 electrodes along the long axts of a -
circular uterine strip. .Inter-electrode distance = 3 mm,

. Intact Strip. Bursts were entrained across the 18 mﬁ
reccrding distance. B); The cndometrium and circular muscle
in the. portion of the strip between electrodes nan and "4 were
damaged by comprcssing that portion of the strip over a razor
blade that was embedded in the floor of the muscle ba:h,
described in the text. Arrows indicate che time when the strip
was compressed onto the razor blade. Bursts becane uncoupled
and their discharge frequencie; Fltered on either side of the

damaged tissue, as described in the text. .
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FIGURE 31. Photomicrograph of a langitudinal section chrough a

' segment of the ceircular uterine strip used in the expériment

‘of Figure 30. Tissue wag fixed, embedded in Spurr resin and

then sectioned 80 -that r:he compressed area. could be viewed in
cross sec:ion. Sectigns were cut ar -5 pnm and then smined
with trypan’ blue. A). Note thar fehile “eut (see arrow) extends
partially into the endometrium (E) the circular (C) and

longitudinal (L) miscle layers are intact. Bar, 100 p.m.b, X 100.

§).' Bigher power photograph reveals that the circulayr n:uscle

+

above the compressed endometrium (between arrows) is damaged

as the muscle ig pPoorly stained and the cell contours are

‘altered. Bar, 40 pm. X 240.
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INTRODUCTION -

It is widely believed that electrical and mechanical asynchrony of
the uterine musculatyre allows naintena.nce of pregnancy. while synchronous
activity promotes the onset and progress of labour, thereby te?ninﬁting
| bregnancy (Csapo, i981). Uterine contractions a.re initiated by action potentials
which originate in pacemaker regions and propagate to neighbouring inactive
‘cells (Kuriyama, 1961; Csapo, 1962:-Mersha11. 1962). During the progression of

stretch caused by the growing uterine contents (see reviews ;:r Csapo, 1971;
Marshall, 1973; Puchs, 1978; and Thorbarg and Challis, 197s; Kawarabayashi and
Marshall, 1981). vyet, despite the full poeential of the uterus for generating
surgicient wall tension to expel its coiltenm the fetus(es) are retained because
.Propagation from pacemaker cells is relatively linited, until just before
delivery (Csapo, 1981} Gap junctions, which develop In the myoretrium of rats
(Gari'ield et al., 1977; Puri and Garfield. 1982) and other species (see review of
Garfield, 198S) innediately before and during parturition, are thought to provide
low-resistance pathways ror current flow between muscle cells, thus . promoting
action potentia.l propagation through the myometrium and hence synchronous
contractile activity (Garfield et al., 1877; 1978). Previous studies (Sims et al.,
1982; Cole et al., 1985) demonstrated that gap junct:ion formation in the
longitudinal muscle of rat myometrium is associated with improved electrical

coupling (f.e. the Space .constant, measured by extracellular current injection,

\



present in large numbers. , _ , .

" Recordings in m. of electrical op contractile (intrauterine
pressure) activities or both in 't.he uterd of various%pecies '(e.e. rabbit: Csapo
and Takeds. 1965; rat: Puchs and Poblete, 1970; de Paiva and Csapo, 1973; sheep:
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potential. propagation (e.g. see Nelton, 1956; ‘Daniel, 1960; Melton and Saldivar,
1864: Talo and Csapo, 1970). While Talo and Csapo (1970) reported a higher
velocity and distance of propagation of action potentials evoked at the ovarian

In this chapter, the spread of spt;mtaneously discharéed and evoked
spikés along the Ryometrium from late pregnant (day 17) and parturient rat
myometrium was studied us:lné _ég&acelluli?-:r ;'ecording. With these measurements,
which yield indirect measurements of the extent of intercellular electrical

coupling (Kao, 1977-&3. I examined the question of whether improved propagation

-
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MATERIALS ARD METHODS
===y AL MOTHODS

A) Tissue Pre tion

Timed pregnant white Wistar ratg were used at delivery (gestation day

22) and at pretera (day 17). Uterine tissues: (longitudinal and circular strips)

- were obtgined from these animals and prepared for experimentation, ag described

in Chapter 2. In bricf ‘the procedure was as follows. ' Each excised uterine horn
(with intact fetal contents) was ﬁ?srerred to a dissecting tray (filled with
wara Krebs solution gassed with 95% oz—sx coz. PH 7.4) and then pin:ned out at
its in situ length, The Circuaference of the horn around several fetal] ‘
_ compartments was measured with a piece of thread and thep a longitudinal cut
was made alﬁuz the nésometria! attachment to remove the fetuses and placentae.
) The emptied uterine born was pinned out flat (endometrial side. up) to its

original length and width (i.e. circunference). Longitudinal and.circular uterine
Strips were cut over ngnplacental regions from this.__sheet.

B) Electrical Recording’

For measurement of the electrical i)roperties of spontaneously

discharged spikes, longitudinal uterine strips (3 cm'long and 5-10 @mm wide) were
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transferredtoanorganbethotaollcapacity(describedlnctmpterz)and
pinnedout(maludeup)atthejrinaimlengthandwidth. Electrical events.

"within the muscle were recorded extracellularly by glass pore surrace ‘

electrodes and were made in reference to an Ag-AgCl bath electrode, as
described in Chapter 2. Six electrodes were used to simultaneously monitor
eiectricalevemataixsites(anapart) alonztheserosalﬁu-raceoftbe
muscle. Signals were amplified by standard AC (.1-200 Hz) preaupliﬂers (Beckna.n
Type 481B) and couplers (Beckman Type 98064) and were simultaneously recorded
by pen recorder and FM tape {for later conputer analysis).

To measure conduction velocity of evoked spikes longitudinal a.nd

circular uterine strips (3 cm long and 3-s me wide) were transferred to a

nodiﬂed Abe and Tomita t‘ype bath (Abe and Tomita, 1968) of about 10 ml cCapacity
(see I-‘ieure 32) and pinned out (semsal side up) at their in situ lengths. This’
nuscle bath is divided into two compartments, one for electrical stinu.lation
(stlnu.lat.lng chamber) and the other for record.lne {recording chamber), by a
ch.lorided-silver Plate (heredfter called the “stimulating partition”) of
dimensions 1 em x 1 cm ypjen was insulated on the side facing the ‘recording
chamber. A sccond chlorided-silver plate of similar dimensions was. placed
appmxinately 1.2 cm from the partition and formed the back of the stinulating
chamber. Both compartments were perfused with prewarsed, _pneoxg;g'enat.ed (95%
©0,75% 0,) Krebs solution at a rate‘of about $ ml/min ang were maintained at a
constant tenperature of 37 + 1 °C. - One end or the strip was threaded. throueh a

small oval-shaped hole at the battom of the partition such that approximately 1

- ¢m of the strip was pm.ned in the stimulating chamber, with the remaining 2 cn

portion of the strip pi.nned in the recording chamber. In both compartments, the

N
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a

_su-ipwidthmtheaue melongimdmalutermestripawerealnysarmnged
mchthatthejrwudanendswemphoedintbemmwngchuberbetweenthe
electrode plates. Action potentials ("spikos") were evoked in the uterine strip,
nearitsenu'anoeintotberecommchuber byapplyinzrectanztuarelectrical
pulses (6-8 V in amplitude and 50-400 msec in duration) bet:ween the electrode
plates. Thepolarityotthestilulatingcurrentmsuchthntthecethodewas
at the pertitioning plate while the other plate was the anode. A Grass S-83

sdnulatornasusedtosenemethestinulus. Jm:houzhthea.’xlc:nmto!.'currem:.t "

nowlnginootbettaauemnotlmonn.itisassmedtobeproportionaltothe
applied current. Elecu-ioel activity was simultaneously nonitored at six aite&
' along the sercsal surface of the nuscle and the signals anpliﬂed and recorded

by pen recorder and FM tape, as described above. The . first recording electrode

‘was positioned about)3 mm from the cathode.

C) Analysis of Electrical Activity
Spontaneous Spikes '

" Electrical sipnals were retrieved from storage on FM tape and then
played back into the conputer with simultaneocus mom‘.t:orine on an 8 channel
* oscilloscope {Beckman Type E-018). The signals were digitized (100 sanples/sec)
and then further processed by a NOVA 830 ninicomputer, using conputer prcgrans
written in Fortran IV. At this sampling rate, the . temporal resolution in each
electrode was 10 psec, Peaks in the digitized signals at the electrode sites
were detected using an algorithm based on local maxima and minima (see Dumpala
et al., 1982). Negative peaks of the t'.he triphasic shaped action potentials were
used for peak detection because they were usually 2-3 times the amplitude of

the positive peaks and were always much greater in amplitude than the

,’ .
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background baseline voltage. Arbitrarily chesen threshold amplitude (Le. .1-.5
of maximuepenk) anddxmuon'(i.e. 100 msec) criteria were used to eliminate
spm-iouspeaks. Thedmt.ionthreaholdotmo.secmchoaenonthabasisor
thelm:mspikediachngenequencyofaboutsmes/secthatmesﬁmed
from chart records of several bursts. In other words, t.h.is duration corresponds
totheﬂleiutervalbetueenspikwdischargedatmomwthelaxhunspike
discharge frequency, Le. 10 sp.lkes/sec. and is about 2-3 times longer than the
duration of the pegative peak of the action potential (see "Results). The
following is a more detailed procedure of the analysis. For each uterine strip,
threesetsofspikebmts(vizspikemmstsshuluneomlymcordedatssites
along the tissue) were selected for analyais from the original chart paper
record:!_ngs.'as described in Chapter 2. These bursts were retrieved from storage
on FM tape and then played back into the chart recorder to obtain fast speed
(25 mm/sec) hard copies. At this paper speed, the individual spikes comprising
the burst discharges were readily visualized. Thus, the hu.lh'e:" of spikes in
each burst could be manually counted and Iater used as a check for the number
of peaks identified by the peak detection analysis, tg verify th:t all of the
spikes within the burst were detected by the computer. .The electrical
activities of 3 out of the E_S electrodes were subjec%ed to peak detection
analyais. These were chosen on the basis of the shape and amplitude of their
spikes as visualized in the faf.st spegd chart records. (see above). In other
words._ only good records were analyzed. ie. the 3 adjacent electrode sites whose
spike” bursts were conpr}sed of mostly' triphasic_shaped s;;ikes of amplitude
greater than twice the .baseline voltage.

L_(The temporal positions of the spikes (peaks) were automatically

recorded by the computer and used in 'aléoqithms to compute instanteous spike



electrode aite. The mean spike tnequéncy for the 'burst was then calmﬂa-t-ed‘.rron
ﬁ:he instantaneous spike frequeucies_ of the individual spikes comprising the
burst. ForeachsetorbtrstsattheSelecu‘odesites:the!'panspike

Wy

._frequencyateachelectrodewasdeterninedandtbeseaneanvaldeswere

averagedtozive'aleapvalueforthntsétorbmts. Thelntencyisthedelay

(At in milliseconds between the peaks (negative peaks) of "entrained” spikes
from paired electrodes. Entrain-entleansthattm;spﬂcesrronthepaimd
electrodes were synchronized with a fixed or slowly changing latency. For a set

of bursts recorded at 3 addacent,elqu‘ode sites (le. 2 electrode pairs), the

bursts at an electrode pair. Time shifts “(lags) are the absolute values {i.e.
ignoring direction of phase lead/lag) of the llatencies. The time shift for each
' spike in the burst was determined and these were averaged to give a mean time

shift for the buyrst Mean time sh.u'ts_ for the 2 electrode_pairs were-‘averazed

-
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centimeters per second.

D) Electron Microscopy

Samples of longitudinal and circular uterine strips were obtained
prior to and following completion of .some experiments, processed for thin
section electron microscopy, sectigned and then quantitﬁt;iw‘rely analyzed for gap
Junctions, as described in detail in Chapter 2. Gap junctions were identified as
distinct 5 or 7 lined structures at 't_he points of membrane fusion betwez;n
. .opposing
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Electron Microscopy

Sanplafmaaoueorthelongimdinalandcncularstripausedror
electrical recordlnz were examined by thin section electron Woroscopy for the
presence of gap Junctlons. Tahle V shows the results of £ap junction
quantitation in uterine tissues that were used to measure bropagation of evoked
spikes. Preterm myometrial tissues, fixed either before or after

experinentat.ion. showed few or no gap Junct.luns (Figures 34 and 35a).  In 2 of

gap Jjunctions (.47/_1‘ooojp.n). occupying 2 small percentage (012%) of the total
cell membrane, were identified (Fizure 34). A similar numper of gap Jtmctions_
(.24-.74/1000 p.l) occupying a small pe;centaze (.006-.011%) of the total cell -
menbrane were also observed in some of the pretern’ nyonetz-ial tisgues ﬂxed
after electrical recording. In contrast, nyonetrial tissues obtajned tron
delivering animals and fixed before or after electrical recording showed large
nunbers of gap junctions {Pigure 3sbh), The rreq-uency of gap Junctions (7 46~
8.50/1000 pn), as.well as the fractional- area of cell membrane occupled by the

Junctions ( 214—.2492:) in these ussues*were markedly (20-40 told hieher) aﬂ

»

» . . . : ‘Cn
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& s.lgniﬂcnnﬁy {p < .05) higher than in the preterm tissues. The values of gap
Junction frequency and fractional area are comparable to those from the tissues
used to assess the' electrical properties of spontaneously discharged spikes (see
Table I, Chapter 2). -

Electrical Prog;ges
1. Spontaneously Discharged Spikes

Spontaneous electrical activity was recorded from the serosal surface
(in longitudinal strips only) simultaneously at 6 sites (3 mnm apart) along the
tissue. The spike-shaped action potentials (“spikes") recorded from preterm

(Figure 36a,b). The initial positive deflections were about one-third or less of
the anplitude of the large hegative deflections, the latter being complete in
about 30-60 asec. Peak to peak duration was about 20-30 msec, whi;le peak
amplitudes were 1 mv or less in pretera ‘pregnant and 1-2 av in delivering
Ussues. However, in the preterm tissues, aore complex spike configurations
were frequently observed. For example, "notches" on the positive and negative
deflections were often seen, giving the appearance of multiple peaks (Figure
36c-h). In the delivering tissues, spikes fecorded at a glven electrode site
were generally of uniform shape and amplitude (Figure 37b) while at preterm, in
contrast, both spike shape and amplitude usually varied during the burst
(Figures 37a and 38).

In the longitudinal axis of the myometrium at delivery, individual
spikes within spike bursts were entrained one-to-ope between all ¢ electrode

sites (Figure 37b). usuaily for the entire burst duration (also see Figures 19

L e P
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and 20, Chapter 2). In this axis at preterm, however, spikes were npot usually
entrained across all s electrode sites, particularly at the onset of a burst

_(Plzure 37a;also see “Bxcitable Region”, Chapter 2), but they became entrained
over variable distances (6-15 mm) once the bursts had commenced at all

bepinming, middle and end portions ‘or a2 set of bursts simultaneously recorded at
6 sites in a preterm pregnant tssue. Initially, the spikes wepe uncoordinated
(i.e. occurred independently) across the 6 electrode sites, although some spikes
‘at a given electrode site produced small depolarizations {see arrows) at its
lneighbouring e.léctrode site. As the burst Progressed the spikes became
entrained across ajl 6 electrode sites, but by the end of the burst they were
entrained across only 5 electrodes. At this latter stage, some spikes at
electrode 5% produced saall depolarizations {see arrows) at the neighbouring
electrode "g~. Similarly, the increase in entrainment. distance following the
onsel of bursting was observed in tissues treated with 1 ug/ml of tetrodotoxin
(Figure 38). As illustrated in this Figure, the intit{al spikes at the beginning
of the bursts were entrzined across only 2 electrode_: sites ("eS" and "e6"), but
the distance of entrainment subsequently increased to includ;e 4 electrode sites
by the middle of the burst, and this was maintained until the bursts ended.

To provide some evidence for a possible interaction (i.e. electrical

electrodes per Ussue, the signals at only 3 adjacent sites were analyz®d. This

was partly to save computing time byt alse because in the pretera tissues it was
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difficult to find more than 3 adjacent electrodes at which the bursts had
component spikes of a "simple” shape (e.g. Figure 38b-e) which provided reliable
detection of the action potential peak. This problem is illustrated in Figure
371; for a set of bursts Fecorded from a preters pregoant tissue. At the end of
the bursts of this record, only electrodes "3". "4" and "5" recorded spikes whose
Degative peaks would be reliably detected by the peak detection programs.
Instantaneous Spike Prequency_ |

electrode sites, 1e, they had the same or similar insta.qtaneous spike
frequencies (e.g. see Figure 41a). The record in this figure shows the change in
spike discharge frequency during the progression of a burst simultaneously
recorded at 3 adjacent electrode sites {n a longitudinal uterine strip from a
preterm pregnant animal (see bursts in Figure 39a). Instantaneous spike
frequencies at adjacent electrodes were highly correlated (t = .9 and .95, for
electrode pairg 1.2 and 2,3, respectively). The mean spike discharge frequency
of 3.2 spikes/sec was the same at each electrode site. The change in spike
discharge frequency during bursts simultaneously recorded at 3 adjacent
electrodes in the myometrium from a delivering anima] (see bursts in Figure 40a)
1s shown in Figure 41b. Instantaneous spike frequencies at adjacent electrodes
were also highly correlated (r = 1.0 for both electrode pairs) In this tissue.
The mean spike discharge frequency at each electrode was 1,28 spikes/sec. For
30 sets of 3 bursts each from 10 preterm and 10 delivering longitudina) strips,
the instantaneous spike frequencies of entrained were highly correlated (r > .9

at adjacent electrode sites. While the spike frequency within 2 given burst was
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_ Dot constant at either stage of gestation, the spike discharge was less stable;
(i.e. more “erratic”) at preterm than at delivery (see Figure 41). The grand meap
spike discharge frequency at pretera (3.99 + .59 spikes/sec) was significantly
higher (P < .001) than the frequency of 1.4 + .33 spikes/sec at delivery (Table
VI

Tbelummspikediachargerrequencyuthinaburstcanbeusedas
a "rough" estimate of the maximum relative (functional) refractory period of the
membrane for spiking (Dandel, 1960; Goto et al. 1951: Bortoff, 1976). The grand

spikes/sec in the delivering tissyes (Table v1). Maxinun-relat.ive refractory

(Daniel, 1960; Castee]s and Kuriyama, 1965) and Rouse (Goto et al, 19671:
Kurivama, 1961) longitudinal myometrium, respectively.

Phase Shirt

during the burst (Figure 42a). For electrode pair "2-3", the spikes at ‘elecu'ode

direction from electrode "3~ to electrode "p- {(i.e. positive phase shifts).

Similariy at electrode pair "1-2", the initial spikes apparently propagated in
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the ovarian direction, ie. electrode "2* had phase lead. Later during the burst
(see Figure 35b), the phase lead Chnng'ed direction twice more, i.e. the spikes

set of bursts, the mean phase shifts in the ovarian direction were about 80°
(maximum = 160°) and 60° (maximum = 120°) for electrode pairs *2-3- ang "1-2",
respectively, while those in the cervical direction were about 70° (maximum = g0°
) and 50° (maxiumum = 600) for the respective pairs. Phase shift values at both
electrode pairs were clustered arcund "+" op =-» 50-60°, as observed in most
pmém tissues. In the delivering tissuye, the-phase shifts also varied within
the bursts but the direction of phase lead was constant (i.e. in the ‘ovarian
direction} throughout the burst (Figure 42b). The mean phase shires were about
10° and 14° for electrode pairs *2-3" ang "1-2", m;spectively. The maximum

phase shift of about 16° was the same at both electrode pairs. -Phase shifts

l.e. ignoring direction of phase lead) of 12.3 + 54° in the delivering tissyes
was auch smaller (p < .001) than the valye of 57.8 + 21.4° in the preterm tissues
(Table V). Unidirectionality of phase lead throughout the entire burst was
observed i‘nh\about 90% of the bursts froa delivering tissues as compared to only
about 30% of the bursts from preterm pregnant tissues. There did not appear to
be a preferred direction of phase lead at delivery (i.e. the proportion of bursts
with ovarian phase lead was about equal to the proportion with cervical phase
lead).‘ Phase shifts were sim{lar in both directions (ie. 12.3 +56° in the
ovarian as compared to 12.2 + 5.5° in the cervical direction). In summary, while

the phase shifts were not constant at elther stage of gestaticn, at preterm they



directional preference.
Time Shifts

It was desirable to determine whether the smaller phase shifts

propagation ve.loc.ity (i.e. latency or time shift) of entrained spikes. The time'
shifts (lags) of entrained spikes within a glven burst were rather widely
Scattered, particularly in the preterm tissues, For example, in the sét of 3
bursts froa a pretern tissue (see bursts in Figure 39a), the tﬁe shifts ranged
from 10-80 msec at electrode pair "2-3" and from 0-80 msec at electrode pair
"1-2" (Fiz'ure 43a). In contrast, the time shifts were less _widely scattered, i.e.
20-30 msec at electrode pair "2-3" and 20-40 msec at electrode pair "1-2"
(Figure 43b), in the set of 3 bursts frog a delivering tissue (see bursts in
Figure 40a). In bursts from preterm tissues, spikes frequently (but not more
than about 20% of the splkes within a given burst) occurred sinultaneously at
adjacent electrode sites (i.e. Jatency = 0 msec at the resolution of 10 msec for
peak detection, see "Materia.ls and Methods"). ‘I_'hese values were not inéluded in
the calculations of the pean tUme shift for a burst. For 30 sets of 3 bursts
from 10 preterm tissues, the mean time shifts (absolute valyes of latencies. i.e.

ignoring direction of apparent propagation) ranged from 21 msec to 59 msee,
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with a grand mean value of 38.9 + 12.6 msec. For 30 sets of 3 bursts froa 10
delivering tissues, the mean time shifts ranged from about 12 msec to ¢5 Rsec,

freque‘u-cy 3t preterm. In other words, the higher the Spike discharge frt_equency.
the more rerractot\'y ;ught be the %ue which the spike Propagates through and
hence the ‘greater ti:e lﬁtency (i.e. slower propagation velocity) of the spike
(see Bortorr, 1976). To determine jir the latencies of entrained spikes at either
gestational state wepe United by the relative refractoriness of the membrape,
- the relationship between time shift (lag) and spike frequency was studied for
\;d5h of the 30 sets of 3 bursts from the 10 preterm and 10 delivering tissues,
For all bursts, the plots of time shift against instantaneot;ts spike frequencies
did not reveal a constant relationship, In other words, at either stage of

gestation, the time shifts within bursts were positively associated with spike

frequency in some bursts and negatively associated with it In other bursts.

strong (fe. |r| < -5).  These features are illustrated in Figure 43a for plots of

time shift against instantaneous spike frequency for a set of 3 bursts from a
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preters tissue (see bursts in Pigure 39a) and in Pigure 43b for a delivering
tissne (mbmin?igum&a). Inthepmtentisaue.tbetheshiru;of
spikes at eiecmde pair "2-3" showed a weak poa&ﬂva {r = .15) but not
" adgnificant (p > .05) correlation with the spike frequency while those at
electrode pair "1-2- showed a weak Degative {r = -.28) byt significant (p < .01)
correlation with spike frequency (Figure 43a). For the delivering tissue, the ~
time shifts of the spikes at electrode palr "2-3" were not correlated (r = .06) -
with spike frequency while those at eleémde "1-2" showed 'a moderate negative
(r = -.48) and significant (p < -01) correlation with the spike frequency (Figure
43b). When the mean spike frequencies for the 30 se.ts of bursts froam preterm
and delivering tissues were plotted against the respective mean tiile shifts, the
slope of the regression lige ¥&3 not significantly different froa g, Thus, at
neither stage of gestation was the time shift (i.e. apparent pmpagét.ion
velocity) o spikes that were entrained in ﬁhe longitudinal axis, affected by the
spike disc frequency (l.e. the Presumably maximum duration of membrane

refractoriness),

The apparent Propagation velocity of spontaneous spikes in thgh_
transverse axis was not determined. Spikes in this ax{s ;rere entrained over
distances of only about 3 mm at preterm and 6 mm at delivery (Table IV, Chapter
2). Moreover, the usually complex shape of the spikes from bursts in thesge
tissues precluded the reliabje measurement of the latency.

L. Evoked Spikes

. \w
The rather wide scatter of latencies between entrained Spontaneously

discharged spikes within a piven burst, particularly in the preterm tissues, may

be partly due 20 a shifting pacemaker location. in other words, if the spike



days defore (gestation day 17). as described below,
A) Longitudinal Axis

All longiFudmu Strips were Spontaneously active, discharging spike
bursts between quies;:ent periods. Because of the difficulty in identifying an
evoked s;;ike from one that 1s Spontaneously discharged, it is hecessary to
stimulate the tissye during the silent period between spike bursts {Melton, 195s;

Tomita, 1970). Single spikes were evoked in the longitudinal strips by applying
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The excitahu.gy of the uterine smooth -.uscle cell nque to.
clectrical stimulation fluctuates during the silent period between bursts, as
does the input (e.g. transsesbrane) resistance {Casteels and Ruriyama, 1965;
Kuriyama wnd Suzuki, 1976a; Kands aod Kurfyama, 1960). These fluctuations might
alter spike propagation, depend.ﬁxg on the time during the silent period when
spikes are evoked. It was therefore hecessary to determine whether there was a
difference in propagation velocity of spikes that were evoked at diffecent times
during the quiescent period between spontaneous bursts. An example of such an
experiment on a delivering longitudinal uterine strip is shown In Figure 4s.
Seven spikes were th;ked by repetitive stimulation (v x 50 msec) at .5 Hz in
the 20 second silent period between 2 spbntaneously discharged bursts (see
arrows in Figure 45a). The respective propagation velocities were 11.8, 11.5,
11.5, 11.8, 12.0, 12.0 and 12.2 cm/sec (latencies measured between positive peaks
of signals at “e2—e6", see below) and all were conducted over the 15 mm
recording distance (Figure 45b). The shape of the spike recorded at electrode
"1" closest to the partition was somewhat distorted by the stimulus artifact and
therefore latencies were measured between electrodes "2-6~. {In this and
several other records from different parturient tissues, there was no difference

in the propagation velocity with latencies calculated between “positive" as
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animals (n = 119 Reasuresents), the mean propagation velocity of the evoked
spikes was 10.5 + 13 cm/sec (Table vII). Individual valyes ranged from a

minimum of 8.8 m/sec t a maximum of 14.0 ca/sec (median valye 10.5 ca/sec).

direction (e.g. see Figure 46). In 5 longitudinal uteripe strips from <
delivering animals, spikes wepe evoked before apd after addition of the nerve
blocker TTY (1 gg/ml) to the bath. The mean propagation velocity {n = 50
Reasurements) of 10.5 * 1.5 ca/sec in the presence of TTX was similar o the
Rean veleocity of 105 + 1.1 cm/sec in its absence. The Propagation distance of
I5+ 0 mz was the same with or without TTX (Figure 47). In the Ussue whose
record is shown in this figure, tha_m{n conduction velocity of 10 evoked spikeg

was 10.94+.7 ca/sec before, and 11.6 + 7 cR/sec after addition of TTX.
- /
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In contrast tot.he deliverinz_tlasues. longitudinal uterine s&ipa from
'preters pregnant animals required stimuli (6-8 V) of about 3 times longer
duration (i.e. 150-250 Bsec) to evoke a spike, Voitages of upl.ltﬁde greater
thnnBVwerenotusunuyusedbecamthe&'uJusartiractbemetoolarge
at the. recording electrodes pead the stimulating plate, thereby obliterating the
" evoked spike. However, incre the stimulus up to 10 V did not decrease the
duration required to evoke the spike (see below). Thus, If the dtﬂ‘m a
M evoking a propagated spike is used as 3 measure of mesbrane excitsbility
{Casteels and Kuriyama, 1965), the myometrium mlabout 3.ttm less excitable
at preterm (gestation day 17) than. at delivery. Moreover, unlike the delivering
'tissues in which spikes were readily evoked throughout the silent period
between ‘bursts, only those stimuli applied immediately before or immediately
after the generation of a burst usually evﬁked 2 spike in the preterm tissues
(Figure 48). As shown in the record of this figure, when ¢ stimulf (8V x 250
msec) uere' successively applied at 2 second interv_als (L.e. at .5 Kx) following

the cessation of the burst. only the first 2 sﬂnuli evoked a2 propagating spike.

(6-10 V) of prolonged durations (le. up to 700 msec) did not evoke spikes. In 2
of 8 preterm tissues studied, a few spikes were sometimes evoked in the
quiescent period between bursts. However, these spikes seldom Propagated past
the first recording electrode 3 mm from the stimulating part_itiox?. In 8
longitudinal strips from 7 preterm animals (n = 74 measurements), the mean
propagation velocity of 9.2 + .8 ca/sec was significantly slower (P < .001) than

at delivery (Table viI). Individual valyes ranged from a ninimg of 7.5 cassec



evoked Spikes (Figure 49). For exanple, Pigure 49b shows the lst 2 spikes in
tbesmntnneombmvtthatprecodedanmkedsmke(ﬁmwaj The
propagation velocities of the spontaneous spikes (about § ca/sec) were only
slightly less than the velocity (8.6 cm/sec) of the evoked spike. Conduction
distances of the evoked spikes were .varinb.le (6-15 mm) and most spikes
propagatedimtpﬂr‘tmdo-nthemipﬂ-‘imdsaj OnhrSOSoftheevoked
spikes propagated over the entire 15 mn recording distance. Pmpazation
distance was not significantly (p = 4} correlated (r = -1) with velocity. The
Jmean propagation distance of 11.8 + 2.3 am (wedian ~ 12 RE) was significantly
,shortcr ® < -001) than at delivery (Table Vo).

In 2 lons.ttudina.l uterine ‘strips from 2 pretera pregnant animals,
spikes were evoked before and after addition of TTX (1 Hdg/ml). The mean
pPropagation velocity of 9.6 4+ .5 ca/sec (n = 20 Reasurements) in the absence of
TIX was similar to the velocity of 9.5 +.7 ca/sec (D = 18 measurements) in the
presence of TTX (Figure 50). The ®¢an propagation distance of ;2.8 + 2.1 gm In
the absence of TTX was similar to the distance of 12.0 + 2.6 ma in its presence.

§L'h~ansvg rse Axis

All transverse strips were spontaneocusly active, discharging spike
bursts between quiescent per iods. Repetitive stimuli (6-8 V x 300-400 msec)
were successively applied at a rate of about .5 Hz, {n the silent period between
‘;pontaneous burs_ts. In deliver;gjg Ussues, spikes were evoked only by stimulil
applied immediately before or immediately after the generation of 2 burst. The

mexzbrane qQuickly became refractory to stimulation after the generation of a

-~



velocity of 3.6 cm/sec for the spike evoked just after cessation of the burst
(Figure 51b) was similar to the propagation velocity of 3.5 cm/sec for the last
spantaneously discharged spike In the preceding burst (Pigure 51c). The
spontaneous spikes in this strip originated between electrodes "S5* and “6" and
travelled in the opposite direction to that of the evoked spike. In 5 transverse

—

strips from 4 deuver'ine animals, the mean bropagation velocity of evoked spikes
(n = 49 measuresments) was 4.0 + .8 ca/sec. Individual values ranged from a
minimum of 2.3 cm/sec to a maximum of 6.4 ca/sec (median = 4.0 ca/sec). The
mean propagation velocity In the transverse axis at™delivery was less tha.n one-
half the mean velocity in the longitudinal axis (Figure 52; Table viI).
Propagation distances in the transverse strips were variable (6-15 mm) and most
spikes travelled only part way down the strip. The distance of propagation was
weakly (r = .4) but significantly (p < .01) correlated with the velocity.- The

"hean propagation distance of 10.4 + 2.3 mm (median = 9 mm} was sig:ﬁficantlyA
less {p < .001) than the 15 mR propagation distance in the longitudinal‘ axis at
delivery (Figure S2; Table V).

In transverse strips from preterm pregnant animals, spikes were
difficuit to evoke Of 7 tissues studied (from 4 animals), spikes were evoked in
only 4 of the strips. Burst discharge frequencies were low ({e. < 5 cycles/min)

———

and erratic in these tissues. It was therefore difficult to time the stipmuli such

that they were applied Just before the generation of a burst Instead,

«

successive stimuli were applied just after the generation of a burst and

stimulation was stopped when the membrane became refractory. Stimuli (6-8 V x

’
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300-400 nmsec) applied inmmediately after spontaneous generation of a burst were
usually successful in evoking a spike. however the membrane quick.l} became
refractory to stimulation (Figure S53a-c). As shown in this figure, embrane
becanemfractoryattertbesecondsthulmm@plied. In the ¢ transverse
tissues where spikes were successfully evoked, the mean propagation velocity (n
= 40 measurements} was 2.3 + .7 cm/sec, significantly less (p < .001) than the
velocity In this axis at delivery (Table VII). . Individual values ranged from a
Rinisum Of-1.9 ca/sec to a mékim of -SS-cayerc Tmedian = 2.1 ca/sec). In the
pretera pregnant .lyo-etriun. the mean propagation velbcity in the transverse
axis was less than one-third of the mean velocity in the longitudinal axis
{Table VI). Propagation distances ;rer'e variable (3-9 mm) in the transverse axis
at preterm and were not correlated (r = -.01) with velocity., The mean
propagation distance of 7.4 + 1.7 am (median = 6.0 mm) in the transverse axis at
preterm was significantly less (p < .001) than the propagation distance in this
axis at delivery ('I‘abie VII). At preterm, the propagation distance in the
tran;sverse axis was also significantly (p < .001) shorter than that in the
longitudinal axis (Table VH). These results are similar to the distances

for spontaneous spikes in the transverse and longitudinal axes of the
preterm and delivering ayometrium -(see Table IV, Chapter 2).

In 2 preterm transverse tissues, TTX (1 [.L.z/nl) was added to the
muscle bath at the beginning of the experiment. The mean propagation velécity
and distance (n = 20 u;easurements) of 2.2 + .3 cm/sec a.nc-! 8.2 % 1.6 am,
respectively In these tissues were similar to t;.hose of the untreated strips (see
Figures 53a; S4a). In the TTX-treated strips, the evoked spikes propagated with
similar velocity (Le. 2.2-2.3 cm/sec) to spontaneously discharged spikes {i.e. 2.5-

2.6 cm/sec) travelling in the opposite direction (Figure 54b).
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DISCUSSION

investigate the role of gap junction formation in myometria]l electrical coupling
by assessing the entraipment of spontaneously discharged spikes as well as the
velocity and extent of propagation of evoked spikes. The major findings of thise
chapter are as follows:

1). Spontaneously discharped spikes were better entrained in the longitudinal
axis of the myometrium at delivery, since 1) entrainment distance was longer. ii)

phase leads/lags of entrained spikes were smaller, more stable and more

2). Accompanying these changes were changes in the electrical properties of
the muscle cell membrane such that at delivery: i} spike discharge frequencies
were lower and less erratic within 2 given burst, 11) spike shapes were simpler
and {ii) spike amplitude higher, than at preterm,

3). Velocity and extent of propagation of electrically ;voked spikes were
greater in the longitudinal and transverse axes of the myometrium at delivery
than at preterm. At both stages of gestation, propagation was greater in the
longitudinal than in the transverse axis.
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4). Accompanying thege Propagation changes were changes in the elec&ical
moperttesofthembranesuchthatthe excitabuitycfthe-uscleto
electrical stimulation was greater at delivery than at pretera.

5). The incidence of £ap junctions was markedly higher in parturient as
conpar_ed to preterm pregnant myometrium.

Since the degree of acdon potential entrainment and the extent and
velocity of action potential propagation in the Ryometrium are thought to
depend on the degree of cell-to-cell electrical coupling between uterine smooth

intercellular current flow in the myometrium.
Gap Junctions in the Mvometrium

Thin section electron microscopy of samples from some of the tissues
used for in vitro electmphysiologica.l studies confirmed that gap Jjunctions were
presept in large numbers in all delivering tissues, as compared to preterm
tissues where only a few or no gap junctions were present (Table V). The values
of gap junction frequency, fractional area and size are similar to the values
previously found for delivering and pretern tissues (see Table I in Chapter 2)
and to values for the incidence of g2p Junctions in pregnant and parturient rat
myometrium, previously reported in the literature (e.g. Garfield et al., 1977; Puri
and Garfield, 1982; and see "Gap Junctions”, Chapter 1).

In parturient tissues, the mean values or gap Junction frequency and
fractional area (in both longitudinal and circular nuscle layers) were markedly
(e.g. 20-40 timeg higher) and signiricantly higher than in the respective pretern

tissues (Table V). Thus, the u.ltrastructura.l evidence showed that two distinct
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the much greater incidence of £3p junctions at delivery is the basis for the
observed changes in electrical properties, then Junctions ip the preterm tissues

Changes in Electrical Propertiés

' Spontaneous %es _ '
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delivery, indicating that uterine smooth muscle cells were electrically coupled.
However, at delivery muﬁing of Iyo-efrial cells was apparently enbanced
bgcause 1) spike shape, amplitude and discharge rate within bursts were more
regular at delivery than at preterm, 2) at delivery the distance availablé for
propagation (15 mm), over which virtua.uy all of the spikes w:lth.ln bursts were
entrained one-to-one, wag lonzer than the variable entrainuent distances (e.g.
6-15 mm) within bursts in preterm tissues and 3) entrained action potentials
exhibited more stable phase shirts (e.g. smaller deviation from zero, and
unidirectionality) and smeller latencies, at delivery than at preterm. These
results are consistent with some previous reports on the e.lectrophysiology of
pregnant rat longitudinal ayometrium. For example, the higher and more regular
. spike discharge rate ang variable spike amplitude in pr}eterm as compared to
delivering longitudinal myometrium are well ‘known: (e.g. see Thiersch et al., 1959;
Casteels and Kuriyama, 1965; Kuriyama and Suzuki, 1976a; Kanda and Kuriyama,
1980; Anderson et al, 1981).

. Osa et al. (1983) aim.uarly reported a more complicated spike shape
recorded extracellularly in pretem pregnant (day 20) as compared to term
Pregnant (day 22) rat longitucﬂnal myometrium, consistent with the present
results. Surface electrodes” measure the combined activity of many cells (Kao,
1977a); the pore size (200~-300 {m) of the electrodes used in the present study
. would record the activit.ies of about 20-60 cells, assuming a uterine smooth cell
diameter of 5-10 4R (see Marshall, 1978). The amplitude of the extracellular
signal is a rough indication of the number of active cells under the electrode
(although, it is alse affected by leak currents, e.g. by the "tightness" of the

seal between the electrode and the tissue surface), while its shape is
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determined by. the temporal dispersion of the individual spikes (Kao, 1977a).
Therefore, the gestational change in action potential amplitude and shape
observed in this stqdy probably reflected changes during pregnancy in the
spread of action potentials between myometrial cells. In other words, the higher
amplitude and simpler shaped signals recorded at delivery imply a more
synchronized spike, activity (l.e. electrical coupling) among individual cells at
delivery than at preterm. It is unlikely that the complex spikes recorded from
pretera tissues resuited from ‘mechanical injury by the electrode {e.g. excess
pressure of the electrode on the tissue), because even within the same burst
action/p?tentinl shape was variabler Moreover, the occurrence of complex spikes
did not increase with time of recording as would be expected if they resulted
from injury caused by the electrode. However, the difference in shape of the
extracenula.r signal may be due to tissue contraction pushing more or less hard
against the recording electrode On the other hand, it is possibie that the
underlying circular myscle layer, which shows a different type of action
potential (i.e. spike followed .by a plateau potential) than the longitudinal
muscle ‘at preterm (see Osa and Fujino, 197s; Anderson et al., 1981; Osa and
Ogasawara, 1983; Bengtssan _gt al., 1984b), contributed to the serosal surface
electromyogram at preterm producing a complex-shaped spike. (See Ohkawa, 1975;
Osa and Katase, -1975 for evid;:nce of an electrical interaction between
longitudinal and circular mruscle layers of preterm pregnant rat ayometrium). At
delivery in contrast, the shape of the spike is similar in both muscle layers
(e.z. Anderson et al, 1981; Bengtsson et al., 1984b). Asynchronous activity of
longitudinal myometrial cells at preterm (and their synchrony at delivery} may

alternately reflect 2 gestaticnal change in coupling of the longitudinal to the



{15-20 days) pregnant mouse uterus. Daniel (1960) recorded spontaneous spike
burst discharges sinulmneous.ly at 2 sites (5 ma apart) from the longitudinal
axis of pregnant rat uterine ét:-ips and found that the individuai spikes within

preterm pregmant rat, rabbit and cat longitudina) Ryometrium {Daniel and Singh,

A
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1958; Daniel, isso; Daniel and Renner, 1960). 'I'here are no previous reports on
the propagation velocity of spontaneously discharged spikes froa delivering |
myometrium of rat or any other spec.les Thus, this is the first study showing
that the apparent propagation velocity of spontaneously discharged spikes is h
higher at delivery than at pretern.

Osa et al. (1983) studied the polarity of individual spikes comprising
spontaneous bursts in pretera (day 20) and term pregnant rat longitudinal
kyometrium, and found that while there was no preferential direction of ”
propagation at either stage of pregnancy, the direction changed more frequently
before term. Assuming that the behaviour of the uterus during parturition would
be an extension of these changes from day 20 to term, their results are
consistent with the results of the present study, ie. bidirectionality of phase
for spike propagation within bursts at ;retem and unidirectionaMty (but with .
no preferred direction) at delivery. The less stabl;.- and bidirecﬁonal phase -
shifts within bursts at preterm indicate that pacemaker areas are more labile In

preterm pregnant as compared to delivering myonetrign (Marshau 1962; Dsa et
' al., 1983). It has been reported for pregnant mouse myometrium that impulses
bropagate with greater velocity from the tubal to the cervical end, than in the
reverse direcﬂon;(xuriyana. 1961). The resulfs of the present study indicate
that the mechanism of propagation. in the longitudinal axis of pregnant rat
myometrium does not show a directional preference (e.g. at both preterm and
delivery, phase shMem sin;ilar irrespective of direction of apparent spike
propagation), consistent with the results of Melton and Saldivar (1964) for

impulse propagation in the longdtudinal axis of estrogen-treated nonpregnant

rat ayometrium.
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resistance (le. intercellular resistance) than to alterations in membrane
resistance (gsee Delmar et al., 1986). The longer latencies at preterm were not
due to other gestational changes in membrane properties, such' as the higher
spike discharge frequency at preterm ‘which might slow propagation (ie.

through more refractory membrane) in these tissues (see Bortoff, 197s), sir;ce
there was usually no dependance of latency on spike frequency. In bursts where
there was a dependence, the latencies (time shifts) were most often negatively
correlated with the spike frequency (i.e. shorter latencies with higher spike

frequencies) which is opposite to that expected if propagation was slowed by

more refractoriness {Bortoff, 1976).
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These results provide g]_ect:rophysioib'gical evidence for a closer

cell-to-cell  coupling of myometrial cells at delivery than at preterm, which
.taken together with ‘the ultrastructural data showing a much higher number of
gap junction contacts between uterine smooth muscle cells at delivery than at
preteram, suggest but do not prove that gap junction ror-atlon‘ caused an
improvement in electrica) coupling in the parturient myometrium. These data are
consistent with the eenemﬁy acceptéd view of the inportanée of electrical

. transmission t.hrough gap junctions for cell-to-cell coupling of pacemaker cells

-

in other tissues (De Mello, 1982: Jalife, 1584).

Evoked Spikes
The Increased velocity and extent of spike pmpagauon in the

longitudinal” axis of the myometrium at delivery as compared to at preterm (day
17) was verified using an independent procedure, n.:mely that of evoking a splke
at a known location In the tissue {(Le. at'the ovarian end of the strip) and
measuring its propagation along the strip. ' The mean propagation velocities of
10.5 cm/sec at delivery and 9.2 cm/sec at preterm are similar to the propagation
velocities of spontaneously discharged spikes at their respective stages of .
pregnancy (Table VII). They are also similar in magnitude to previously reported
velocities for propagatio;x of evoked spikes in the longitudinal axis of rat
ayometrium: 1-10 cm/sec in untreated or estrogen- or estrogen plus
progesterone-treated, nonpregnant (Melton, 15S6; Melton and Saldivar 1964; 1965;
1967: 1970; Saldivar and Melton, 1966). 7-33 cm/sec in pregnant (Kanda and
Kuriyama, 1980) and 9.6 cm/sec in postpartum (Csapo and Kuriyama. 1963) animals. ¥

There have been no previous studies on evoked spike propagation in parturient
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rat myometrium. This is the first study to demonstrate an increased spike |
propagation velocity in the longitudinal axis of rat myometriim during delivery

and supports the réults of 'I‘alo‘and Csapo (1970) ‘nho reported that evoked

spikes propagated with higher velocity in the longitudinal axis of rabbit )
myometrium at delivery than at late {25 days) pregnancy. However, their r:ph
showed only a few slow speed traces of supposed evoked sp:ikes (l.e. it is not ;fl
clear from the traces whether they negsured propagation of the stimulus —
artifact or of the evoked spike), and although they claimed that a large number

of strips were studied, there was no statistical analysis of the data. Kanda and
Ruriyama (1980) reported for the longitudinal ayometrium from pregnant rats,

that the velocity of propagation of evoked spikes (measured over very short,

e.g. < 1.5 ma, distances), increased during the progression of pregnancy (from

day 7 to tersm), but they did not study propagation during delivery.

The higher excitability (lower threshold) of the mepbrane to
electrical stimulation at delivery than at preterm (as Judged by the duration. of
a depolarizing pulse at a constant voitage required to evoke a spike), supports
the previous results of Casteels gnd Ruriyama (196S). They similarly found the
duration of stimulus (at comstant voltage)} required to trigger a spike was
longer gt late pregnancy (18-20 days) than Just after (6-8 hrs) delivery. The
excitability of a tissue is more properly described in terms of a strength-
duration curve, but these were not determined for preterm or parturient tissues
in the present study. The larger stimulus strength required to trigger a spike
in the preterm as compared to parturient longitudinal strips is probably related
to the level of the membrane potential (ie. at preterm, the resting membrane is

more hyperpolarized and hence further from threshold), as well as to the size
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(diameter) of the individual smooth ‘muscle {ibers (Le. at preterm, fiber dianeter
ismnerhewethethmholdforsﬂlulationbyemmnldecu'odesislamr
than at delivery; see Kuffler et al.,, 1984). Dur!nz the silent period between
spontanamnbmtsinpretemdnues.‘aconsmntsthulu could not trigger a
spike until just shortly before or immediately after bursts consistent with
previous studies on late pregnant rat uterus (Kuriyama, 1964; Casteels and
Kuriyama. 1965; Abe, 1970). This periodical change of membrane excitability is
probably due a change in meabrane resistance: membrane resistance is increased
‘Just befare the generation of a burst (p‘x;esunhly due to a reduction in K
conductance) and decreases (prest_mbably due to increase in K' conductance)
following the burst (Kuriyama and Suzuki, 1976a; Kanda and Ruriyama, 1580).
Bvoked spikes propagated further in the longitydinal axis of the
myometrium at delivery as compared to at preterm (Table VII). The mean
propagation distances of approximately 12 mm at .pretern and 15 mm at delivery
are simflar to those of spontaneously discharged spikes in the longitudinal axis
at the respective times during pregnancy (see “Excitable Region®, Chapter 2).
Talo and Csapo (1970) similarly reported that for rabbit myometrium studied in
vitro, evoked spikes propagated further in the longitudinai axis at deliverir
than at late pregmancy. The present results do not provide information on the
actual distance of spread of action potentials in the longitudinal axis of the
parturient myometrium. In' other words, the 15 ma distance over which all Spikes
propazated at delivery aay be only a lower Umit of the actual extent of mpulse
spread. At preterm, {n contrast, the conduction distance was variable, with most
spikes stopping before reaching the farthest recording electrode. The mean

propagation distance of about 12 mm at preterm is probably the upper limit of
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the extent of actual spread at that time of pregmancy. Individual distances of
p;vpagatlonintbeloneimdimluhatmmnwemmtcofrelamdwithﬂ:e
indivodual propagatian velociﬁes. consistent with the results of previous
studies cn spread of evoked spikes in isalated uterine (Melton and Saldivar,

* 1964) and other visceral (Burnstock and Prosser, léur?ooth muscles. The
shorter propagation distances at preterm were not due tot}é“e.rtects of
inhibitory nerves in the myometrium £5" tetrodotoxin, which selectively blocks

most (but not smooth muscle) Na® channels (Kao, 1966). did not affect impulse
spread in the pretera tissues. This might be expected becauyse of the relatively
low density of inpervation in rat myometrium and the probable degeneration

&yometrial nerves during pregnancy {Thorbert, 1979 Marshall, 1981; Garfield,
1986). Therefore, the increased distance of impulse spread at delivery is
probably due to a change in morphological or electrical properties (or both} of
the uterineosnoott}. muscle at teﬁ (see below).

An Increased velocity and eJ.':tent of Impulse propagation was also

.observed' for evoked spikes in the transverse axis of the myometrium during
delivery as compared to at preterm (Table VII). However, at both stages of
pregpancy. velocity and digtance of propag;-.tion in this a:;is were only about
25-40% and 60-70%, respectively, of the corresponding values in the
longitudinal axis These results suppogt those from the preceding chapter
that showed an increased extent of spontaneous spike burst propagation in the
transverse axis of the myometrium during pregnancy\ (see "Excitable Region™ and
Table IV, Chapter 2). There have' been no other previous reports on spike
Tlmgagﬁtion in this axis during pregnancy for myoaetrium from rat or any other

speci\ea\ Assuning that the propagation pathway of the electrical activity
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recorded from the serosal surface of the tissue is through the longitudinal

related to the difference in tissue resistances between the two axes.! For!

3
example, the smooth muscle cells are nucb longer than they are wide and thus a

the cells. Hence the internail msistance of the long:ltudinal layer would be
greater in the transverse than in the longitudipal axis. The tissye _
extracellular space Is also anisotropic, so the resistance of the extracellular
space is higher in the transverse than in the longitudinal axis (Sperelakis,
1879). Thus, propagation would be inpeded to a greater extent in the romer

than in the latter axis. Zelcer and Daniel (1979) have previously shown that

for the uteri.ne tissues used in the present .study (wbich contained both
longitudinal and circular muscles), the question remains whether the primary
propagation patr;way for excitation ‘(recorded from the serosal surface of the
longitudinal myscle along Its transverse axis), is through the lorgitudinal or

circular layer (see below). —

What is the basis for the observed propagation changes in the

connected in series and in parallel) of relatively large (200-300 K“r) size and

several millimeters in length (Bumstock and Prosser, 1960; Prosser et al., 1960;
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. Nagai and"Prosser. 1963 Melton and Saldivar, 1964:leapo. 1871). These bundles

have cable—l_ike “electrical properties, analogous to those of nerve Jibers {Abe,

1970; Tomita, 1970; 19?5: Kuriyama and Suzuki, 19'{2&:’ Sims et al. 1982).

According to Huxley (cf; Tomita, 1970; Weingart, 19;?). propagation velocity (vy)-

in a cable-like structure under different conditions can be compared according /—\

-

to the relation:
"‘\___»v""“\l

(av/dt. )
Y o mnax

A cm Vp (r i4-1-0)
where (dV/dt)m is the maximum rate of rise of the action potential: o the
membrane capacity; Vp, the amplitude o—r the action potentfal: (r i+r°); the sum,
respectively, of the inside and outside (external) longitudinal resista.nce per
unit length. Impulse velocity thus depends on both the size and rate of change
of excitat.ory currents in the active membrane region, and on the cable
characteristics of the tissue (principally its membrane capacity and internal and
.external longitudinal resistances), Changes during preenanc‘y in one or more of
these parameters of the myometrium might alter propagation veloc.ity.l In
longitudinal rat Ryometrium, spikes (recorded intracellularly_)_ have higher
amplitudes, greater overshoots and. greater maximum rates of rise at late (17-20
days) pregnancy than at delivery or shortly postpétrtum (Kuriyama, 1964; Casteels
and Kuriyama, 1965; Kuriyama and Suzuki, 197ga; Kanda and Kuriyama, 1980:
Anderson et al,, 1981). These changes would ténd to cause an opposite
conducr_ior(l velocity change "to the one observed in this study. On the other
hand, the membrane capacitance is similar at late‘_ pregnancy and delivery (Sims
et al., 1982). 0Of the possible factof‘s which might increase propagation velocity, .

any change(s) leading to a decreased longitudinal resistance (myoplasmic and
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Junctional resistances) at term should lead to an increase in electrotonjcally
. o ) ,

mediated interactiops, and hence to an increased propagation velocity during
delivery, provided that its influence is not mk_ed by some other effect. Sims

improvement in coupling should result in a decrease in the longitudinal internal
resistance of the tissue and hénce to an increased velocity of spike
propagation (see Weingart, 1977). 1t gap junctions are distributed more-or-legs
evenly over the smooth musgcle surface (see Gabella and Blundell, 1979; 1981), the
resist;mce to radial current flow within and between longitudinal muscle bundles
would also be reduced at term, resulting in an increased propagation velocity in
the transverse a.xis (and see below). On the oﬁher hand, a change in cable
radius (i.e. radius of the individual smooth muscle fibers) would also affect the
longitudinal internal Tesistance of the myometrium (Sims et al., 1982). However,
the cable radius 19: probably similar at day 17 of pmmm%d delivery: the
slight increase in uteririe smooth muscle cell gize {length and diameter) from

day 17 to delivery (i.e. increased weight of myometrium due in part to
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" hypertrophy of the cells; see Afting and Eice, 1978; Vasilenko et al., 1981) is
oﬁ'aet,’by an increased stretch on the myometrium caused by an increase in fetal
weight (Knox and Lister-Rosenoer, 1978) and change in fetal shape (Carsten,

1968) which would tend to decrease the cable radius. Care was taken in the
present study to maintain the muscie strips at their in situ leng'ths and thus to

extracellular space (see below) resulting in a decreased resistance to
extracellular flow in the myometrium and contribut.ing to the higher propagation
velocity observed at delivery (see Tomita, 1967 ang Cranefield, 1983 for _
discussion of action potential propagation in visceral smooth muscle and cardiac
muscle, respectively), is not known. cOmparacive studies of action potential
propagation in visceral smooth muscles have revealed that for-seooth muscles
which conduct the fastest, the extracellular space is smaller, the fibers are
longer and more closely packed than in slow conducting muscie (Burnstock and
Prosger, 1960; Prosser et al, 1960). The siza of the extracellular space. In rat
longitudinal myometrium does not change between late pregnancy (18-20 days) and
6- 8 hrs postpartum (Casteels and Kuriyama, 1965) Cn the other hand, the longer
uterine smooth muscle cell length at term (Csapo, 1971; and see above) may '
centribute to the increased pPropagation velocity during delivery: the longer
the individual muscle cells, the fewer cumber of cell junctions (and hence the
shorter the delay in Propagation) per unit length of myometrium (i.e. conduction

velocity along a single cell is almost instantaneous whereas a delay occurs at
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its junction with anot‘her cell). Whether the individual smooth muscle fibers are
more closely packed into bundles at delivery than at preterm, to account for the
higher velocity of propagation during delivery, is not known.

If propagation in the transverse axis of the longitudinal muscle is .
partly throygh the underlying circular muscle layer (see above), then the
increased propagation velocity in this direction of the ns;ometrim from preterm
to delivery may be partly due to an i.lproved coupling between the muscle layers
at de]ivery or to an hproved spike propagat:lon of the circular muscle in Its
own axis, or to 2 combination of both. Ohkawa (1975) and Osa and Katase (1975)
provided evidence sugpesting.that the longitudinal and circular muscle layers of
preterm pregnant rat myometrium are electrically coupled (e.g. electrical
activity generated in one muscle layer was conducted inte the other layer). The
extent of this coupling must be weak, at least at preterm, since there are
marked differences in electrical properties of the muscle layers which make it
unlikely that electrical activity spreads rgadily from one layer to the other
(Bengtsson et al., 1984b). Hoiever. coupling -between layers may be enhanced at
delivery when their electrical activities are similar. In the previous chapter
(see "Results", Chapter 2), evidence was presented to suggest that the
longitudinal and circular muscle layers were electrically coupled during

~ delivery (e.g. in circular strips: 1) electrical activity recorded fron the
longitudinal muscle occurred simultaneously with contractions of the circular
layer and 2) entrainment of spike bursts was abalished over a portion of the
strip where the circuwlar muscle (but not the longitudinal muscle) was damaged.
On the other hand, the shape of the circular muscle action potentia] changes

from plateau-type at preterm to spike-shaped at term (Osa and Katase, 1975; Osa

2
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and Fujino, 1978; Anderson et al., 1981; Bengtsson et al., 1984b). The prolonged
depolarization of the plateau component at preterm may slow action potential
bropagation. On the other hand, the amplitudes and maximum rates of rise of the
circular muscle action botentials are higher at delivery than at late (168-17
days) pregnancy (Bengtsson et al., 1984b). This would result in an increased
velocity of propagation, if not masked by some other change. An increased
electrical coupling of the circular muscle In its own. axis at delivery should
also enhance propagation between long:ltudinal muscle bundles in the transverse
direct.ion Gap junctions were present in large numbers between uterine smooth
cells in the circular muscle layer at delivery (Table V; and see Garfield et al,,
1877), and thelr presence should result in a decreased longitudinal internal

resistance in the circu.lar layer. Studies on passive current epread for circular

_muscle from pregnant aheep myometrium have indicated an improved electrica.l

coupling (i.e. length constant increaeeﬁ) between uterine smooth muscle cells in
the circulap muscle at delivery (Thorburn et al., 1984; Parkington, 1985), a time

when gap junctions appear in large numbers in the longitudinal (and presumably

the circular) muscle layer of the myometrium of this species (Garfield et al,

1879). Measurements of intercellular coupling (e.g. length conetant} have not _.
been made for circular muscle of pregnant. rat myometrium. at deuvery However, '
the results of the preeent study, showing a higher velocity of spike propagation
in the transverse axjs of the myometrium (ie in the direction of the long axis
of the circular muscle cells), provide :lndirect evidence of an improved |
electrica.l eeupling between uterine smooth muscle cells in the ci}eqlar miscle
of rat myometrium at delivery

What is the basis for the further spread of impulses in the

myometrium during delivery as compared to at preterm? As previously mentioned,
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spike§ in uterine smooth muscle Propagate along functional bundles. These

bundles bmnchoutmdjomotherbundmrommgamhornet@rk (see

"General Anatomy”, Chapter 1; Pigure 4, Chapter 2J. Propagatton may be blocked

. at a branchinz point of a bundle due to a low safety factor. ie. the local

circuit current of the spike must excite a larger membrane area at the

bran‘:hi.nz point and hence the safety factor would be low (Tomita, 1967: 1970: R
1975). ‘l'hus the geometrical factor of branching is an important determinant _
affecting the propaeation distance. If the amount of branching changed during
pregnancy, the propagation distance might be aitered. If this is the basis for

the further spread of spi.kes in the myometrjun during delivery,-then there must

be more branching at preterm than at term. Hoﬁever. whether the arrangement of

potential is more hyperpolarized, ie further from threshold, at pretem than at
delivery) making it more likely than propagation would be blocked at a
branching point (‘I‘onita. 1967). On the other hand, since propagation in the
snooth muscle bundles requires the simultaneous generation of spikes in many
fibers, the interaction of smooth muscle fibers, both within and between bundles,
may also be important in detemining the extent of conduction (Burnstock and
Prosser., 1960: Nagal and Prosser, 1963; Tomita, 1967). The presence of gap
Jjunction contacts between uterine smooth muscle fibers at delivery would

enhance fiber interactions {within and between bundles), thereby increasing the



and between longitudinal nuscle bund.les {e.g. due to g2p juncticn formation), an.
inproved coupl.tng of the underlyine circular muscle in its own axis (e.g. due to
gap junction rornation). and an enhanced coupling between muscle layers would
increase the width and length of the conduction path {and hence the distance of
impulse spread) in the transverse axis of the longitudinal layer at delivery.

within branching and overlapping fiber bundles, must be very complicated. It
would be a formidabje task to predict the effect of any one factor on impuise
propagation through such a structure (Cranefield. 1983), However. the results
showing an ir;creased velocity and extent of Propagation of evoked spikes in the
hyometrium at delivery as compared to at pretery provides indirect
elec&ophysiological evidence for a closer electrical coupling of myometrial
cells during delivery. consistent with the results for apparent propagation of
spontaneous bursts and spikes in the myometrium during preznan;:y. and they
Support the results of previous studies using different techniques of assessing
electrical coupling in the myometrium (Sims et al., 1982). Taken together with .
the ultrastructural evidence (Table V: Table I Chapter 2), these data support but
do not prove the hypothesis that gap junction formation .in the longitudinal and
circular muscle layers causes an improvement in electricai coupling in

parturient myometrium {Garfield et al, 1977; 1978).
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On the other hand, relatively good electrical coupiing existed at
preterm {e.g. spontanecus action potentials were entrained, and evoked spikes
propagated, over distances many times the length (300-800 jtm, see Csapo, 1962:
Marshall, 1973) of individual uterine smooth muscle cells (and see "General
Discusion”, Chapter 4). Since the gap Junction is w:ldely held as the ‘anatomical
correlate of functional electrical coupling between nany cell types (Dewey and
Barr, 1968; Gabella,. 1981; Loewenstein, 1981; De Mello, 1982), the basis of the
coupling in the nyonetriﬁ before te‘m is uncertain. Perhaps the few gap
Junctions observed in preterm tissues are sufficient for coupling. Although we
bave no idea of how many :gap Junctions must be ‘present in the ayometrium for a
change in coupling (and hence inpulse_' propagation) to be detected, {t is logical
to suppose that an Increased ‘frequency of gap junctions at term would further
reduce junctional resistance aﬁd hence improve électrical coupling between.
cells. Alternately, very small gap junctions, undetected by thin section
eiectron microscopy, may be présent in the myometrium at preterm, and these may
be sufficient for coupling. For example, Williams and DeHaan (1981) reported for
heart cell aggregates that spontaneously discharpged action potentials remain
synchronized in the absence of ultrastructurally defined gap junctions (caused
by treatment of the tissue with protein synthesis inhibitors). These data nay
also suggest that g2p Junctions are not necessary for coupling the heart celis.
On the other hand, gap junctions may not be the only route for current to =
spread between cells (Sperelakis. 1969). . Other coupling mechanisms could play a
role, includ.ing capacitative (Sperelakis and Mann, 1977} and eléetric field
(Sperelakis et al.. 1983} coupling. These modes of coupling imply that current
Spreads between cells by way of the extracellular space in regions of close

contact between them. Close or intermediate contacts are numerous in the

"—-_.___/___
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Ayometrium at preterm (see Garﬂeld'and Daniel, 1974} ahd these structures may
facilitate current flow through the extracellular space in the nyometrium
(Zelcer and Dan:lel. 1979). At any event, the nature of the intercellular current
flow (and of ce]l—to-cell conduction of the action potential) are debatable, as
is the general question of whether £8p junctions are necessary for cell-to-cell
coupling in smooth muscle (Dﬁn:gf et al.,, 1976: Gabella, 1981). However, the
results of the present study add to the previous evidence. (e.g. Sims et al., 1982) )
and sugpest that €ap junctions are sufficient for electr:lcal coupling of uterine
smooth muscle cells,

In summary, these_ results which show an enhanced velocity and extent
of action potential propagation in the myometrium at delivery, suggest an
improved electrical coupling of myometrial cells associated with gap junction
formation between uterine smooth muscle cells at term. In this regard, the
development of £3p junctions in the ternm pregnant myometrium may be ope factor
promoting synchronous contractile activity in the uterine wall and hence
expulsion of the fetus(es). The widespread occurrence of gap junctions at
parturition (and their virtual absence at preterm} in a.u‘ species studied (mice:
Dahl and Berger, 1978; rabbit: Demianczuk et al, 1984; guinea pig, sheep, baboon
and human: see review of Garfield et al., 1985; Verhoeff et al., 1985) sugﬁésts
their fundamental importance in promoting labour. However, as pointed out by
Liggins (1979), the initiation of parturition is a complex event, involving the
inter-play of several factors including hormones (e.g. estrogen, progesterone,
oxytocin, relaxin) and locally produced stimulants (e.g. prostaglandins), as well
as the physical factor of stretch imposed on the uterus by its fetal contents,
which together alter the excitability and contractility of the uterine smooth

muscle cells (see Marshall, 1973). Gap junction formation (and the resulting



\\.

-

214

coordinated activities of the uterine smooth luscie cells) would aid in the

conversion of these excitahility and contractility W&e powerful
contractions of the uterine wall recessary to expel the retus(gs).

CONCLUSIONS
.

Splke propagation and gap junction rrequency in the nyonetrium were
measured at preterm and at delivery to test the hypothesis that: gap Junction
- formation at parturition results in improved electrical coupling between uterine
smooth muscle cells. Spontaneously discharged spikes wére entrained over
longer distances and with shorter latencies (i.e. higher apparenjc propagation
velocities) in the longitudinal' axis of the nz}onetriun at delivery than at
preterm. The. improved spike propagation in thé myometrium at delivery was
confirmed by measuring the spread of spikes evoked by electrical stimulation. -
Evoked spikes ﬁinilarly pmpagate& with higher velocity and over longer
distances in both the longitudinal and transverse axes of the_‘qz_o_lqnetriuin at
delivery as compared to at preterm. S&ucéural studies confirmed that gap
Jjunctions were present in large numbers between uterine smooth .muscle cells at
delivery, whereas few if any junctions were found in preterm tissues. Since the
velocity and extent of action potential propagation through a network of
nuiticellular .;nuscle bundles depends in part on the cell-to-cell coupling
res_sistances of the muscle cells, these results provide indirect evidence for an
improved cel.l—to-céll electrical coupling associated with gap Jjunction formation
at the end of gestatfon. This improved electrical coupling between myometrial
cells may be the basis for’ development of synchronous contractile actwity in
the uterine wall at parturition,
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TABLE V. Frequency, size and fractional area of gap junctions (GJs)

in preterm pregnant (day 17) and delivering cissues fixed before
and after electrical stimulation and recording. "n" is the
oumber of uterine horns examiﬁed. one per ani;al. Three
tissues from each‘u:erine horn were examined: one (longitudinal)
» tissue fixed before experimentation (i.e. immediately after
removal of the uterus from the animzl) and the other two {one
longitudinal and one circular) tissues fixed after experimen-
tation. The number of GJs is the total number of all S or 7
lined junctions identified in 18-22 nonoverlapping‘miprogréphs
of each tissue. 'The ffequency of GJs is expressed as th; aumber
of_GJs per 1000 gum plasma membragne surveyed. The fractiomal area
' ofJaJs was calculated by doubling the length of GJ membrane and
dividing by the total iength of plasma membrame. Values are
means + SD. Those with the same superscript are significantly

different (p < .05) as determined by the Wilcoxon Rank Sum Test.

Tissues were fixed after 1 hr to 3 hrs following removal of the

uterus from the animal.
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TABLE VI . - )
\ ) ‘\ r\ )
CEARACTERTSTICS 'OF ENTRAINED SPONTANEOUS SPIKES IN THE
LONGITUDINAL AXIS OF THE MYOMETRIUM DURING PREGNANCY
Before Term ; Delivering _ . P
. T (@@= 10) (n = 10)
Spike ;grge Frequency 3.99 + .59 1.49 + .33 p < .001
(spikes/sec) . '
Maximm Spike -Discharge . 5.24 + .82 ° 1.83 +..48 P < .00l
Frequency (spikes/sec) - .
Phase Shift (degrees) 57.8 +21.4 12,3 + 5.4 p < .001
Time Shift (msec) 38.9 '+ 12,6 22,9 + 9.4 P < .001
Mean Apparent Conduction 7.9 + 3.0 13.5 + 4.2 P < .001

Velocity (cm/sec) -

TABLE VI..- Sum:iry of characteristics aof .entrained spontaneous spikes in
the longitudinal a.xis of the'p:egnan-g;'myomecrium from 5 animals _I:.)efore
term and 5 animais during deii\:r'ery-"_"n" ?.*;s. the number of tissues, \
2 per uterine horn. Electrical écti'vities were simultaneously
recorded at 6 adjé‘cent electrodes (3 m apart): activities at 3
electrode sites were amalyzed (éee "™aterials and Methods") o AlL
values are means + SiZ. .P values were determined using a one-way

analysis of variance.
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- TABLE VIT -

PROPAGATION VELOCITY AND DISTANCE OF EVOKED

Before Term : Delivering P

P N

LONGITUDINAL AXIS {a = 8) (n = 11)
Propagation velocity, ' 9.2 + .8 10.5 + 1.3 . p << .001
‘en/sec. .
Propagation distance, 11.8 + 2.8 >15 P < .001
m. )

TRANSVERSE AXIS (@ = &) (o =35)
Propagation velocity, 2.3+ .7 40+ .8 P < .001
cm/sec. .
Propagation distance, 7.4 + 1,7 . 10.4 + 2.3 p << .001
oo,

TABLE VII. Summary of gestational changes in propagation of evoked spikes
in-the longitudinal and transverse axes of the pregnant rat myometrium.
"n" is@g number of tissues examined, usually only one per ﬁt:erinne
horn. Spikes were evoked at the ends of the strips and their
propagation down the strip‘s was followed using 6 glass pore surface
electrodes, as described in "Materials and Methods". Approximately
10 measurements were made per tissue (see text). All values are
means + SD. P valu;as were determined by the Student's t test for

independent samples.
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FIGURE 32. Scheaatic representation of the modified Abe ang
Tomita (1968) type bath of about 10 ml capacity (5 em x 1. 5 em
x 1.5 cm) that was used for evoking and recording electrical
activity. A uterine strip (3 cm long x .3~.5 cm wide) was
pinned out at itg in situ length (serosal side up) to the
Sylgard floor of the bath such that 1 cm of the strip (ovarian
end) was pinned between the 2 stimulating electrodes that formed
‘the ends of the stimulating chamber, while the other 2 cm
.portion of the strip protruded into the Trecording compartment,

To record electrical activity, 6 glass pPore extracellular elec-
trodes (only 2 are shown in figure) were rigidly mounted (3 mm
apart) im a holder that was attached to Che base of 3 microscope
‘;tand and the electrode array was placed on the serosal surface
of the strip in the direction of the strip s long axis (modified

from Specht and Bortoff, 1972).

) -
A
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FIGORE 33. Determination of the instantaneous spike frequency,

phase shift and time shift of Spontaneously discharged spikes,
The activities of 3 adjacent electrodes ("e") were digitized,
and the temporal positions of the sPikes detexrmined using comr
puterized peak detection analysis, as described in "Haterials
and Methods" The instantaneous spike frequency is the
reciprocal of . the time interval (T ) between successive spikes
in the burst. The latency (thi i+l) for the occurrence of
corresponding entraiped spikes at an electrode pair was cal-
culated for each entraiped spike in the burst. Phase shifts
._of entrained spikes were calculated as thi i+1/T X 360°

Time shifts (lags) are the absolute values (i.e. direction of

apparent propagation ignored) of the latencies.



222

17

100 msec




223 -

myoﬁet;idm fixed immediately after removal- of the uterus from
the anims]. Bar, lum. X 33,000. Inset. ‘Bar, «3 pm.
X 63,000.






225

]

FIGURE 35. Electron micrographs of myometrium fixed following
In vitro electrical recordi;zgs (tissue in the-muscle bath for
about 1 hour). A). "Preterm Pregnant (day 17) myometrium.
showing no gap Jjunctions but some intermediate contacts (see
arrows) between uterine smooth muscle cells. Bar, ‘l um.

X 33,000, B). 'Gap junmctioms in delivering myometrium.
Bar, .5 pgm. X 61,000,
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Shapes of spontaneously discharged spikes recorded

extracellularly from the Pregnant rat myometrium. An upwards

deflection indicates relative positivity with respect to ground.

A). Delivering myometrium. B-H).

Preternm pregnant (day 17)

myometrium. These accibn potentials were from bursts in the

Same tissve. This variation in acﬁion potential shape was some-

times observed within the same burst at a given electrode site.

Bt
I's
1
1
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FIGURE 37. Entrainment of spontaneously discharged spikes in the
longitudinal axis of the pregnaﬁt.myometrium. Records are fast
speed traces (50 mm/sec) of portions (e.g. onsett, middle and end)
of spike bursts simultaneously recorded at & sites in a longi-
tudinal uterine strip. Inter-electrode distance - 3 mm. .
A Preterm (day 17). Entraiument distance increased from 3 mm
at the onset of the burst to 15 o at the middle, and then
decreased to 12 mm at the end of the burst. ArTows indicate
where spikes at am electrode site produced only small depolar-
izations at its adjacent electrode site. B). Delivgring. En-

trainment distance = 15 mm throughout the entire burse.
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FIGURE 38. Entraimment of spontaneously discharged séikes in TTX-
treated preterm pregnant (day 17) myometrium. Records are fast
speed (50 mm/sec) traces of the omset, middle and end portions
of bursts simultaneously recorded at 6 sites in the long axis |
of a longitudinal uterine strip after treatment with 1 pg/ml
of tetrodotoxin._ InCer-electréde distance = 3 mm. Entrafn-

- ment distance increased from 3 mm at the onset of the burst to

12 mm at the middle and end of the bursts.
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\
FIGORE 39. Individual spikes comprising-bursts simultaneously- \
recorded et 3 ad¥acent electrode si;es in the longitudinal axis f)
of preterm pregnant mydmetr%mm. A. Entire bursts. Short ',’
arrows-indieaﬁe portions of the bursts shown in (B). B)‘ Fast j
speed (50 mm/sec) traces of portions of bursts in CA) ~showing §
entrained spikes. Long arrows indicate the times during the
bursts when the phase lead of spike propagation changed direction 5
at both electrode pairs. Incer—electrode distance = 3 mmp, The
electrical characteristics of entrained spikes were quantirated

' for this set of bursts, as shown in Figures 414, 424 and 43A.

p——
Q
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FIGURE 40. Individual spikes comprising bursts simultaneously .
recorded at 3 adjacent electrode sites in the longitudinal axis
of delivering myometrium. A) Entire bursts. The portions of
these. bursts(see short arrow and bar) are shown in (B) below.

B). Fast speed (50 mm/sec) traces of portions of bursts in (4)
showing entrained spikes. Long arrows {ndicate the direction

of phase lead of spike Propagation. Inter-electrode distance =

3 mm. The electrical characteristics of entrained spikes in this

e —

set of bursts were quantitated, as shown in Figures 41B, 42B and

43B.
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FIGURE 41. Spike discharge frequency during the progreséion of
a burst of action potentials in the pregnant oyometrium,
A). Preterm (see butsts in Figure 39). B). Delivering (see -
bursts in Figure 40). Instantaneous splke frequencies of succes-
sive entrained action potentials in bursts simultapeously recor-
ded at 3 adjacent_ electrode siteg ("el™, "e2" angd "e3") were .
calculated from the time intervals between éuccessive action .

potentials, as described in "Materials and Methods",
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FIGURE 42. Phase shifts of successive entrained spikes during the

progresaion of burstsg simultaneously recorded at 3 adjacent
electrodes in the Pregnant myometrium. A). Preterm (see bursts

in Figure 39). B). Delivering (see bursts in Figure 40).

‘Phase shiftg (thi i+1/T X 360°) between adjacent electrodes

(pairs 2+—] ang 3+2) were calculated as described in "Materfals
and Methods",
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FIGURE 43. Time shifts (lags) plotted against instantaneous spike

frequencies of Successive entrained spikes during the progres-
sion of bursts simultaneougly recorded at 3 adjacent electrodes

in p:.‘egnaﬁt Tyometriun, - Time ghifrg (msec) were calculated as

: dez_;cribed' in "Materials and Methods". A). Preterm (see bursts

in Figure 39). Time shiftg were only weakly (r=-.28) but
significantly (p <« .01) correlated with spike frequency at
electrode pair "2+=1", while at electrode pair "3+=2". the

correlation (r=.15) was not significant (p >.05).

B). Delivering (see bursts in Figure 40). Time shifts were

moderately (rw—.48) and significantly (p < .01) correlated with
spike frequency at electrode pair "2+1", while at electrode
pair "3+—2" time shifts were not correlated (r=.06) with spike

frequency.
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PIGURE‘44. Effect of varying the stimulus duration oz the
generaticn and shape of the evoked’spikes recorded extra-
celldlarly near the cathodal stimulating partition. Spikes
were evoked at the ovarisn end of a delivering 1ongitudinal g
ucerine strip by applying square wave electrical pulses (6-7 V)
between 2 chlorided-silver plates (described in "Materials and
Hbthods) and were simultaneously recorded at 2 electrodes, "el"
and "e2", located 3 om and 6 wm, respectively, from che cathode.
In this an& subsequent records, "el" is at the ovarisn'end of
the strip, closest to the psrticiona An upwards deflection
indicates relative positivity wich respect to ground.

A). Spontaneously discharged spike. B)-D). Evoked spikes to
depolarizing Pulses of 50 msec,IIOO msec and 150 msec, respec-
tively. E). 50 msec hyperpolarizing pulse.

Arrows indicate when stimulus was applied. Note the dlstortion

of the astion'potential recorded at el, closest ts‘EEé“ssimulacing

plate.
' 2
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FIGURE 45, Stimulation of delivering myometrium during the
quiescent period between spontaneous burst discharges. Spikes
-were simultaneously recorded at 6 electrode sites in the long
axis of a longitudinal uterine strip. Inter-g;ectrodg disggnce
- 3:hm. A). Seven spikes (gee arroés) were evoked by repetitive
(é.g; at .5 Hz) application of depolarizing pulses (6V X 40 msec). N
B). Fast speed (200 mmlsec) _traces of the Ist, " 4th and 7th
evoked spikes. Propagation velocities were 11.8 cm/sec,

11 8 cm/sec and 12. 2 cm/sec, -respectively, measured between
positive peaks of electrodes "e2"-"eg" (stimulus artifact ob-
scured pealk ag "el" . In subsequent, records, pfopagation
velocities of evoked spikes were measured between ﬁositive peaks

unless othervise indicated.
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FIGURE 46. Propagation veloeity of spontaneously discharged spikes

. in delivering myometrium. Records are fast speed (200 mm/sec)
traces of the last 3 spikes in the burst just preceding the -
evoked spikes in the longitudinal uterine strip of Figure 45.
Activity was recorded simultaneously at 6 electrode sites.

Inter—electrode distance = 3 mm, Propagation velocities were

13 cam/sec.
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FIGURE 47. Effect of TTX on B;opagati_ctn of evoked spikes in the
delivering myc;metrim. Spikes were evoked by singlg sSquare wave
. pulses _(6V X 50 ﬁsec) and simxita.neously recorded at 6 electrodes
(3 mn apart) in' the .'Lr:;ng axis of a longitudinail ‘uterine_ strip.
A). Without TTX. Propagation velocity, 10.9 cm/sec. B). With

TIX (1 pg/ml). Propagaﬁion velocity, 11.1 cm/sec.

TS—
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FIGURE 48. Refractoriness to stimulation of preterm Pregnant

' myometrium in the quiescent period following the cessation of a
spontaneous burst, Electrical activity was simultaneocusly
recorded at 6 sites (3 mm apart) in the long axis of a longi-
tudinal uteripe strip. Four stimuli (8V X 250 msec) were
successixgly applied at 2 second intervals immediately after
the burst ended. Arrows indicate stimuli that evoked spikes.

The second spike appeared to be evoked at a 1ocation distal to

L1} 1'!
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FIGURE 49. Propagation of evoked and spontanecusly disch;rged spikes
in pretéfq'pregnant (day 17) myometrium, %iectric;l activity was
simultaﬁeously recorded at § elect;odes (3 = apaft) i;—;;;-loug
axis of a longitudina¥ uterine strip. 4). Spike evoked.by a
single pulse (7v x 200'm§ec)happl;ed immediately after (about 2
sec) after the end of é spontaneous burst. - Propagatién velocigy,
8.6 cm/sec (determineg between electrodes "2-5"). B). Spon-
taneouslyﬁdischarged spikes in the bursf preceding the.evoked
spikg in Q&i. The spongaheous spikes were initiateq between
electrodes "e2" ang "e3" and Propagated at velocities of

7.9 em/sec and 8.2 ca/sec, respectively (determined between

positive peaks ;k "e3-e5",
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FIGURE 50. Effect of tetrodotoxin on propagation of evoked spikes
:Ln pPreterm pregnant: (day 17) myometrium. Spikes were evoked by
- single pulses (7v X 200 msec) and similtaneously recorded at 6 |
electrodes (3 mm apart) in the long axis of a longicudinal
uterine strip, A). Without TTX. Propagation velocit:y.
9.2 cm/sec (determined between Me2~e5'"), B). with TIX
(1 pug/ml). Propagation velocity, 8.9 cm/sec (detormined -

between "e2-a5"),
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FIGURE 5;7” Propagation in the transvgrse axls of de;ivering : \\hf\

myometrium. Eiectrical activ?ty was éimultaneously recorded

uterine strip, ‘é). Five successive puisé; (7v X 300 msec)

wer® applied ar 2 second intervals, immediaﬁely after the end - -
of'che_burst. Small arrow indicateg first stimylus,

B). Evoked spike to the first stimilus, Propagation velocity,

3.6 en/sgec (determined between "e3-e6™), ©. Last spontaneously
discharged spike in the burse Preceding ‘the evoked spikes (see

large arrow in A). This spontaneous spike wag initiatad between
electrodes "e5" apg "e6" and prbpagated in the direction

opposite to the evoked spikes. Propagation velocity, 3.5 cn/ sec

kdetermined between "e3-e5™),
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FIGURE 52, Propagation of evoked splkes in the longitudina} and

transverse axes of delivering ayonetrium from the Same uterine 2

- ‘hom. Electrical activity was simultanecusly recorded at 6
electrodes (3 mm apart) in the long axis of the uterine strips,
Longitudinal strip: evoked spike to single pulse (6V X 70- msec).
Propagation velocity, 10 3 cm/sec (determiped between "e2-e6"),
.c:ircular strip: - evoked spike ro single Pulse (7V X 350 msec).

- Propagation velocity, 3.1 co/sec (d'etermined between negative
pefie of Mel-e™), o

s . -
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FIGURE 53. Propagation of evoked spikes in the transverse axis of
Preterm pregnant (day 17) myometrium, Electrical activity was
simultaneously recorded at 6 electrodes (3 om apart) in the long
axis of a circular uterine strip. A). Three pulses
(7v X 300 msec) were applied at 2 second intervals (see arrows)
immediately after the end of a spontaneous burst, Propagation
velocity of the firse evoked‘spﬁke, 1.8 cm/sec (measured

‘ between negative Peaks of "eZ-e4M), ._g). Propagation velocity
of the second evoked spike, 1.9 cm/sec (measured between negative

-

peaks of "elZ-e3™y,

2 .
L\"}\ . *
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FIGURE 54, Effect of tetrodotoxin on propagation of evoked spikes
in the transverse axis of preterm Pregnant (day i?)amyometriumﬁ
Electrical activity was simultaneously recorded at 6 electrodes
(3 mm épart) in the long axis of a circular uterige treated with
1 ug/mt of TTX. A. Evoked spikes to electrical pulses
(7Vv X 300 mséc) applied after the end of a spontaneous burst,
Propagation velocity of second evoked spike, 2.3 cm/sec
(measured between negétive peaks of "e2-e4M), B). Spontaneocus

"spikes in the same strip. Propagation velocities (in direction

opposite to the evoked sp%keé), 2.4 cm/sec and 2.6 co/sec,
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Distinctive Nature of This Research

The objective of my thesis was to examine the functional consequence

.(specifically, the effects on pPropagation of electrical excitation) of gap

Junction formation in the myometrium at parturition. I demonstrated an enhanced
propagation of spike bursts and individual spikes in delivering tissues, where

‘ gap Junctions were round In sieniricant numbers, as compared to preterm tissues

which had few ir any gap junctions. Since the spread ot excitatlon along a _
uterine strip is an indirect measure of electrical coupling between the uterine
saooth muscle cells (Kao. 1977a), the results imply that improved intercellular
coupling “of nyometri&; ceils- is associated with an increased area 6f—gap S
Junetion contact betw‘een then, ‘I'herefore these results support the general
hypothesis that zap Junction formation at the end of gestation improves couplmg
between uterine smooth muscle cells (Garfield et al.. 1978). According to the o
generally acgepted mechanism of current flow through a physiclogical syncytium
such as uterine smooth nuéclé. formation of gap Junction contacts between
uterine smooth nuscle cells would decrease Junctional resistance (i.e. decrease
internal resistance to local ecircuit current flow) between cells, thereby
facilitating Propagation aof excitahon throughout the myometrium (Barr and
Dewey. 1968: Bortoff, 1976; Kao, 1977a). My results are the first to
quantitatively show an enhanced propagation of electrical activity (spike bursts
and individual spikes) In the rat nyonetrium at delivery, and support the
previous studies showing enhanced electrical (Sims et al., 1982) and metabolic
{Cole et al., 1985} couplkig associated .with €ap junction formation in rat

longitudinal myometrium at delivery. The improved spread of excitation in the
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consequence of £2p junction formation in the circular muscle layer at term. As
discussed below, these resuits provide a plausible explanation for the evolution
of contractile synchrony in the irterine wall at delivéry. -

-

4

Srontaneous Activity

Contractions of the myometriﬁm are physiologically achieved by a

sequence of processes: spike initiation, spike propagation, excitation-



.much preater at term than at pretern, suggesting a more effective coupling of
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depolarized by K*) 15 not a'.i'zn.iﬂca%tly different at term as compared to at
pr_e{ey.—nor are there large differences in the caZ* handnng properties of the
muscle, Ca sensitivity of the contractile proteins, or Ca release from
J.ntraceuular storage sites (Anderson et al,,- 1981 Beng'tsson et al,, 1984ab;
Izumi, 1885), These observations (taken together withthose showing a change in
spike discharge frequency from preters to term) suggest that improved cell-to—
cell conduction in the longitudinal muscle at term is the basis for its enhanced
contractile force dur.tng delivery compared to at pretern (Anderson et al,, 1981).
The results of the present study confirm that propagation is enhanced in the
myometrium at delivery as compared to before term.

I was unable to demonstrate a mfa&d direction of burst or spike.
propagation at either “stage of gestation. As pointed‘ out by Marshall (1973), the
."Lahﬂity of uterine pacemakers, particularly in isolated muscle strips where
tissue trauma often causes pacing to become random, makes their localization

- diffic?t.  Puchs (1973) claims that contractile activity..in the dehvering rat
uterus (studied 1n Vivo) originates _at the OVarian end of the horn. However,
detailed in vivo studies of electrical activity m other animal species’ show that
Spontaneous activity may start at any point _along the uterine horn and
propagate tubocervically or cervicotubically (Kao, 1959; see gev}ew of Taverne
et al., 1979b). Often, cervicotubal propagation dominates before and during
expulsion of the fetuses. It may be arpgued that application of surface
electrodes or introduct.ion of pressure balloons into the uterine lumen to
measure spontaneous activity may disrupt physiological pacemaker organization
(Marshall, 1973) 'I'hus whether the uterﬁs in vivo has a localized pacemaker has

&Iot been satisfactori.ly determined. Taverne et al. {1979b) provzde a plauszble

l//
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explanation for cervicotubally directed propagation at delivery. They suggest
that such contractions would prevent "untizely interruption of the fetal-
placental-paternal connections of the retuses that are not yet due to be )
expelled”. This idea is consistent with the observations of Mosler (1968) which
suggest that in the rat (and presumably other _polytoccus species), the fetuses

are expelled by uterine contractions propagating in the direction _OpPposite to
the expulsion direction.

Burst Propagation . .

Synchronous electrical activity in the uterus is assoclated with
parturition in nany species (rat: de Paiva ang Csapo, 1973; rabbit: Csapo et al.,
1963; Csapo and Takeda 1965; sow: Taverne et al., 19:9&. sheep: Thorburn et al.,
1884; Verhoeff et al., 1985; human: Wolfs and van Leeuwen, 1979). It is widely

believed that this synchronicity results from propagation of excitation

mroughout the uterine horn, although with in wivo studies it is not certain that

the recorded electrical activity at one electrode site represents propaeated

activity from another {Taverne et al., 1879b). On the other hand, the fact that

the frequencies of burst: activity’ are similar (e.g. the periods of aétivity and

inacttvity are synchronous] at various locations in the uterus implies that
electrical activity is propagated through it (Taverne et al,, 1979b: Gemain et
al, 1982). At any rate, thepe has been little quantitative information on the
extent or velocity of propagation {and possible gestational changes in these
parameters), in the pregnant uterus. The results of this thesis provide good
evidence that bursts at both stages of gestation propagated between electrode

sites, as the bursts were ngt entrained after ‘cutting. through the tissue -’I;etween
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in the isolated uterus of the parturient rabbit (Takeda, \1965). and in isolated -~
longitﬁdindl muscle from term pregnant rat uterus (Osa et al, 1983). However,
{

synchroni'c burst activity in vivo may also be t_’acilitated_ by the mechanical
stretching effect of the active portion on the passive region and by the

stretching effect of the movement of uterine contents (see Takeda, 1965).

Cutting through the strip between electrode siteg also revealed that

the spontaneous burst activities (pacemakers) showed some of the characteristics
of a system of coup}g& relaxation oscillators (see Daniel. and Sarga, 1978): each
_isolated uterihé Segment had an intringje frequency which 'was less than that of
the intact strip, and the highest frequency of bursting was retained in the

;o’ea'nent: which had phasg lead prior to cutting. In such a system, propagatfon is

brouzht about by entraining different pacemakers whose "natural” (i.e. intrinsic)

-



SR AT TR TRy O

T T e LR

] ‘ | 272
The relaxetion oscillator Rmode} assules electrical coup].i.ng among .
acUacent osciuators or pacenakers (Daniel and Sarna, 1978). Presumably local s

. depolarizing current flow ‘through low-resistance Junctions connecting cells is

tbe basis for coupling (but see Danfel ‘and Sarna, 1978) This raises the
question or how the burst oscil.lators In the long'imdina.l axis at preterm are

development of £ap junctions. . Perhaps the few gap junctions that developed in
Yyitro before or during recording wepe sufficient fgr coupling. If so. then in
Vitro studies of electrical coupling in the myometrium must be interprated with
caution when extrapolated to the muscle in vivo (Garfield, 1985). Studies on the
relationship between gap junctions and in vivo ele%:?ica.l properties cr the
myometrium (e.g. see Verhoeff et al., 1985} may circumvent this problem. If
current flow throueh the extrecellular space between cells is sufficient for
coupling of the burst oscﬂlators (Daniel and Sarna, 1978), then close apposition -
contacts, which are found between uterine smooth muscle cells in rat uyonetrium
(Garﬁeld and Daniel 1974) may facilitate this mode of coupling as ‘they would
provide a lower resistance pathway between cells relative to the higher )
resistance:xtracellular space (Daniel and Sarna, 1978) Thesé contacts may : ‘
also facilitate “electric figd~ couplinz th.rcugh the extracellular space bemeen
cells, according to the model of Sperelakis et al. (1983). On the other hand. it
has been suggested for other visceral smooth muscles®(e. £. see Fry et a.l 197")
and embryonic heart cells (e.g. see Williams and DeHaan, 1981) that small
aggregations of membrane particles (visible by rreeze—fracture but invisihle by
thin section electron microscopy) ‘may provide coup.hng via low gmmt current
flow" between cells. - Whether such cell—to—cell ‘channels eﬁst in the membra.ne of
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\uterine smooth muscle cells at preterm and facilitate electrical coupling, is not
known. .

At both stagesof eésﬁﬂom bursts were entraiped over a 15 n
distance in the longitudinal axis. It would be informative to deteraine whether
the maximum burst propagation distance is longer at delivery than at preterm, as
would be expected i.f current flow in the myometrium was enhanced by gap
Junction !ona_t.ion at term. Perhaps the 15 mm distance at preterm represents a
near maximum length over which bursts propagate when few or no gap junctions
are present. Gap junction formation at delivery should increase current flow
between cells, thereby increasing the extent of burst propagation. On the cother
hand, perhaps coupling of burst oscillators does not require gap Junctions, i.e.
coupling may be via the extracellular space in the junctional clefts between
myometrial cells. Further studies should be done to determine the maximum

distances over bursts are entrained in the longitudinal axis at preterm and at

delivery.

Bursts appeared to be more completely propagated‘ over the 15 mm
recording distance {n the longitudinal axis at delivery than at preterm because
the length of the "excitable"” region in the axis was much longer at delivery
than at 'pretem. The longer "excitable” rez_ion at delivery may be the result of
‘an improved synchronization of the excitatory cycles of the burst oscillators
which in turn might facilitate spike propagation between them (Kurivama, 1964).
On the other hand, tpe increased length cf the "excitable” region at delivery
may rgflect changes In spike propagation not related to the changes In burst
Propagation. A more reliable assessment of whether coupling of burst

oscillators is improved at delivery would be to measure the phase lag between
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bursts at both stages of gestation. With improved coupling at delivery, the
phase lag should be less than at preters. Alternately, it may be possible to
drive (e.g. by electrotonic pulses) the burst frequency and observe changes 1n
phase lag or phase-locking. Il' the osciuators are better coupled at delivery, -
due to low-resistance gap junction contacts betueen muscle cells, then
electrotonically driving the oscillators to higher than intrinsic frequencies
should result in smaller increases in phase lag than in electmtsnically driven

preters tissues, and bursts should remain phase-locked to higher frequencies at

-delivery than at preterm, according to relaxation oscm_&tor theory (Daniel and

Sarna, 1978).

-

Bursts at preterm spread Qver shorter distances in the transverse
than in the longitudinal axis, consistent with the results of Csapo (1969) who
recorded electrical activity from the intact uterine horn of the preterm

pregnant (day 18} rat. 'The finding in the present study that bursts in the

transverse axis at delivery were not entrained over a region of the tissue

where the underlying circular muscle was damaged, implies a role of the circular

nuscle in circumferential coupling between longitudinal muscle bundles.
Presumably, the bundles of longitudinal muscle lack (or have only limited)
transverse coupling but become coupled in the axis at delivery as a result of
enhanced ;:oupling te the underlying circular muscle, or improved coupling of
the circular muscle in its own axdis, or a.combination of both. There have been
no studies on gestational changes of current spread in rat uterine circular
muscle, although Parkington (1985: ané see Thorburn et al., 1984} has shown that
cell-to-cell coupling of isolated circular muscle rrom.sheep myometrium is

markedly improved {i.e. the space constant is much larger) at delivery than at
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preters. Gap -Ju.nctions are present in large numbers in the ayometrium {i.e. in
lonzitudinnl muscle and presumably also in the circular layer) of this species
mediately before and during parturition (Garfield et al., 1979): these may be
the structural basis for the enhanced electrical coupling in the circular. muscle
at delivery. It'is likely that £8p junction formation in the circular auscle of
tl;e rat myometrium at tém would also result in enhanced cell-to-cell coupling
in its own axis.  This shou.ld result in an improved flow of current transversely
between longitudinal nusc.le bundles, providing that the lonzitudinal and
circular muscle layers o: the rat myometrium are coupled to‘ each cother.
Conversely, gap junction i’omation_ in the longitudinal layer should improve
conduct.{dn in its own axisl. and‘it' coupled to th.e underls}ing circular layer,
might enhance current flow between circular muscle bundles in the direction
transverse to their long axis. The spread of excitation in both axes of each
muscle layer is undoubtedly required for coordinated.contraction of the uterus
during labour.

Several other studies have provided evidence for an interaction
between the longitudinal and circular muscle layers of the pregnant uterus
(mouse: QOsa, 1974; rat: Ohkawa, 1875; Osa and Katase, 1975). In the present study,
additional evidence was obtained for an interaction of the layers: in some
circular strips in which electrical activity from the serosal {longitudinal
muscle} surface and contractions of the underlying circular muscle (assuming
that contractions in the circular strips are predominantly those of the circular
muscle {ibers which are oriented in the long axis of the strips; see Osa, 1974
were simultaneously recorded, coniractions of the circular muscle were always

preceded by and synchronous with the serosal surface electrical activities.
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These results turtber suggest that electrical activity was .Lnitiated in the
longitudinal layer and then conducted into the circular layer. However, in such

c.!rcular layer and was conducted into the longitudinal layer in the period of
latancy between excitation and contraction of the circular layer. Further
studies of the possible role of circular muscle in the circumferentia) coupl.tnz
of longitudinal auscle bundles (and of longitudinal musecle in coupling of
circular auscle bundles in the uterine long axis) are required, particularly the
uncoupling effects of various complete or incomplete cuts in one or both muscle
layers. It is also important to determine whether or not the contractions of one
muscle layer drive those of the other layer, and in which layer, longitudinal or
circular, the burst pacemaker (i.e. the high frequency oscillator) is located. ‘
The nature or extent of interaction between the muscle layers of the
myometrium is not clear and requires furtper study. It is claimed that bundles
of muscle connect the outer longitudinal to the underlying circular layer in the
rat myometrium (Mosler, 1968; Garfield, 1979). Gap junction formation between
uterine smooth muscle cells at term (which presumably also form between the
muscle cells of the bundles connecting the layers) would therefore provide a
low-resistance pathway for current flow between the layers. However, it is not
known how extensive these connections are, nor have they been identified or
studied by electron microscopy. 1In any event, most of the region between the
muscle layers seems to be composed of connective tissue cells and blood vessels
(Finn and Porter, 1375). wWhile it has been suggested for some other visceral
smooth muscle that coupling of “the longitudinal and circular muscle layers may

occur via the connective tissue cells in the interlayer space (e.g. see Taylor
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et al., 1977: Gabella and Blundell, 1981}, "hetervcellular” £2p Junction contacts
(or other membrane Junctions) connecting uterine smooth muscle cells to
‘Connective tissue cells have not been observed in the rat RyomRetrium (Ga;rield
and Danfel, 1874). |

What are the functional roles of the. longitud.inal and circular
muscles ot the uterus? The inportance of the c.lrcu.lnr layer has becn
emphasized because it undergoes more marked changes in electrophysiological
(e.g. resting membrane potential, action potential shape, but not frequency of
Spontaneous activity) and contractile (e.g. up.utude of spontaneous contracticn)
properties than does the longitudinal layer (Anderson et al., 1881; Kawarabayashi
and Marshall, 1981: Bengtsson et al., 1984b). Mosler (1968) has shown for
isolated pregnant rat uterus, that contractions of the circular but not the
longitudinal muscle increases intrauterine pressure. He postulates that

constriction of the circular muscle exerts force on the fetus which is then

fetus and thus frees it, others {Bengtsson et al., 1984b) acknowledge the
importance of large regular contractions of the circular muscle (aided by
longitudinal muscle contractions) in pushing the fetuses toward the cervix at
delivery, but also postulate a role of weak and irregular circular muscle
contractions at preterm, in producing a tonic constriction of the uterine lumen
.to prevent fetal movement toward the cervix. In any event, enhanced interaction
between uterine muscle layers at delivery would facilitate circumferential and

longitudinal spread of contractions, and thus expulsion of the fetuses,
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TTT— According to Csapo (1962; 1981), the nulbcr of ayometrial cells
sl&ultaneomly activated is of critical importance to the development of uterine
wall tenaion.“aince it is the ratio of active to inactive cells that controls the
magnitude of the uteripe contraction. In other words, labour-like contractions
of the uterine wall are thought to be promoted by propagating action potentials
of high velocity that allow the simultaneous activation of lnny muscle cells, In
contrast, local activity nest..ricted to pacemaker areas does not 'promote

“.development of significant uterine wall tension, since contractions ot these
cells is dissipated by elastic lengthening of neighbouring inactive cells {Csapo,
1981). However few detalled studies have determined  whether action potentia.l
propagation is hproved in the myometrium at delivery, despite the importance of
that information to our understanding of the control of uterine function. Talo
and Csapo (1970) made Reasurements of the extent and velocity of impulse
propagation on strips of late pregnant and parturient “rabbit myometrium
Although they reported that propegation..of evoked spikes was enhanced at
delivery as compared to at preterm, the recordings shown in their paper are not
convincing because the traces are at ioo slow a speed to resolve the action
potential from the stimulus artifact. In the -present stud_y. therextent and

‘velocity of impulse propagation was more convintingly shown to be greater (in
both axes of the nyometrium) at dei.tvery than at preterm. The similar
magnitudes (at both stages of gestation) of velocity and distance of propagation
of spontaneous spikes compared to those evoked by electrical stimulation,
reassures me of the e‘xistence of 2 conduction change in the myometrium at

pretern. Tetrodotoxin did not affect propagation in either axis, suggesting
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that the propagation change was dye to alterations in the electrical or
structural properties of the uterine smooth auscle (ie. inhibitory nerves did
oot impede spike Propagation at preterm). Since velocity was highest and

distance of spread farthest at delivery, when £2p junctions were present in

hypothesis that the presence of gap Junctions lowered thé juncticnal resistance
between ayometrial cells and hence facilitated current flow between them. Sims
et al. (1982) observed an aproximately 30% decresse in internal resistance {e.g.
Junctional impedance decreased but myoplasaic resistance was constant)
associated with éap‘:]unct.ion formation ip isolated rat longitudinal ‘nyonetrium
froa before ternm to delivery. In the present study;. an approximately 10%
Increase in Propagation velocity was ob§ewed from before term to deliver:y for

spikes in the longitudinal axfs of ‘the myometrium (Table VO). If propagation

longitudinal internal resistance (e.g. Weingart, 1977; Wojtczak, 1979; and see
"Role of Gap Junctions in Regulating Uterine Smoocth Muscle Activity”, below).
Further studies are needed to study the correlatiﬁns bétween the cable
properties and the velocity of Impulse pPropagation in both the longitudinal ang ‘
circular muscle layers of the myometrium. If both the cable properties and

Propagatien velocity were determined on the Same sirip, and correlated with
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structural studjes (e.g. gap junction Quantitation} of the tssues, {mportant
Information on the mechantsms of currept flow in smooth muscle might be
obtained (Daniel and Lodge, 1973). Alternately, use of more simplified cejl
systems (e.g. isalated ¥yometrial cells) may provide better access to the gap
Junction for detailed functional analysis (see weing'art.' 1986 for

is difficult to be certain that the aﬁount of stretch imposed on the strips was

‘consistent. However, I anm confident that the strips were pot over-~ gor

understretched because the burst frequencies ang splke discharge frequencies
within bursts were similar to those Feported in other careful studies of
sSpontaneous activity of the pregnant rat myometrium (_e.z. 3ee revie_ews of
Kuriyama, 1961 ang 1964; Casteels and Ruriyama, 1965; Kuriyama and Suzukd,
1976a; Kanda and f(uriyama. 1980: Anderson et al., 1981). The effects of stretch
on membrane activity of the Dyometrium are well known: overstretching causes a
continuous spike discharge while marked understretching results in a low spike
and burst dis;charge frequency with few spikes per burst (Kuriyama, 1961;
Marshall, 1962: Csapo et al., 1963). op the other hand, a careful quantitative
study of the éffect of stretch on‘ impulse pPropagation in isplated tterine strips

is needed. Csapo et al. (1963) pr:eviously observed that propagation of
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spontaneous bursts in intact uterine horns of parturient rabbit was improved by
moderate increases in intrauterine ‘volume.

atering intracellular levels of Ca®*, B or cAMP (eg. see De Mello, 1963: Spray
and Bennett, 1885). In cardiac Ussue, entrainment of action potentials between
pacemakers {s lost when cell-to-cell coupling is abolished by. pharmacelogical
=anipulation (Jalife, 1984; Delmar et al., 1986). Recent studies (Cole and
Garfield, 1985) ha;re also provided evidence suggesting that cell-to-cell
coupling (measured ag the -diffusion of glucose analogues)-_iz; isolated
longitudinal myometrium from delivering rats is altered by agents which are
known to alter intracellular levels. of Ca2+. H" and CAMP in this tissue.
However, many of these age:nts probablg also alter the membrane properties (e.z.l
excitability or membrane resist:_mce) of the uterine smooth muscle cells, which

'Q -
must be taken into account in assessing their affect on impulse pbropagation (see

Delmar et al,, 1588).

)
At this point it 15 worth considering the pc;s:sible physio.‘;ogical
significance of the pm:l:agation changes in the oyometrium observed at delivery.
The uterus is a tﬁbula:: organ that expels its contents by 2 squeezing
c;ontraction {Mosler, 1968). For this to be effective, 41 the uterine muscle

fibers must be contracting more or less simultanecusly (Csapo, 1981). Assuming

Kas
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uterine horn at delivery. This is well within the time it takes the uterus to
develop maxiaum tension following electrical stimulation {cf. Talo and Csapo,
1370). On the other hand, the uterine wall portion enclasing each fetus may be
the functional unit for expelling the fetus at delivery (Mosler, 1968). The
length of this- "compartment” is oaly about 4 cm at delivery (Le. fetal crot;n—
rump length is & em at delivery: see above). At preters, contractile synchrony

is prevented (despite the high velocity of spike pPropagation) bccause the spike

. usually propagates over only a limited distance (about 3 cm; see Tahle VI,

Chapter 3). At delivl'ery. in contrase spikes always pPropagated over distances of
at least 1.5 cm (Table VI, Chapter 3) and probably further. In parturient rabbit
ayometrium evoked spikes propagate over distances of at least 4.5 ca (Talo and
Csape. 1970). It is lkely thaf“spikes can also propagate over distances simjlar
in magnitude to the 4 cm length of the uterine wall enclosing a fetys (rat, sce
above). However, the present study does pot provide inforlétion about the
raximue distance of impulse spread in the rat amyometrium. I_t is often assumed

in discussions on uterine physiclogy {e.g. see Kao, 18377a; Csapo, 1981} that at

_delivery, impulses initiated at one end of the uterine horn are propagated along

its entire length.  This remains to be determined. At any rate, the higher

velocity and extent of impulse propagation-in the lengitudinal axis of the
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characteristic of the parturient uterus (Csapo and Takeda, 1965; Wolfs and van
Leeuwen, 1979: Verhoefr et al., 1$85),

contractions are synchronized circulferentially at delivery is unclear. Perhaps
contractile synchrony is achieved by propagation of spike bursts, instead of
individual spikes. Bursts were entrafned over longer distances (at least 15 am)
in this axis at delivery than before (Table 111, Chapter 2). 1t remains to be

deterained whether or not bursts are entrained over the entire circumference of

the uterine horn at term.

Rale of Gap Junctions 1in Regulating Uterine Smooth Muscle Activity

The results of the present study suggest that at term, a functional
Transformation of the rat myometrium occurs such that propagation of electrical
excitation {s enhanced. It ig widely believed that this transition is a
prerequisfite for inducing normal labour in all species (Csapo, 1971). Its basis
may be due to e formation of gap junctiorx:ontacts between uterine smooth

muscle cells at term, which would generate low-re’sistance pathways for current

flow between cells and thus Promote propagation of electrical discharges
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(Garfield et al., 1978). In myometrium {Sims et a1, 1982) and other -uscle
synctia (e.g. cardiac luscle. see Ypey st al., 1979: Clapham et al., 1980),
electrical coupling is improved by gap junction forl:don. and coupling can be

\ Al
altered by modulation of the Junctional /resistance (Neingart, 1977; Jalife, %\
Delmar et al.. 1986), ( |

In most species of animals, labour is thought to be controlied by
changes in plasms or uterine Ussue levels of steroid hormones and
prostagiandins (Thorburn and Challis, 1979; Csapo. 1981}, In the pregnant rat,
circulating and myometrial levels of progesterone are high at gestation day 17
and fall towards towards ters, while the opposite is true for estrogens and
prostaglandins (e.g. Csapo and Wiest, 1969: Puri and Garfield, 1982). Extensive
studies by Garfield and associates (summarized in the review of Garfield, 1985)
suggest that the chang'es in steroid hormones and prostaglandins preceding
labom control gap junction formation in the rat myomeiriym: progesterone may
inhibit whereas estrogen aay stimulate gap junction fé:mation. Gap Junction
reéulat.ion by prostaglandins, although experimentally demonstrated, is less well
defined, ie. some prostaglandins may stimulate while others may inhibit Junction
formation (see Mackenzie et al., 1883; Garfield. 1955: MacKenzie and Garfield,

1985). Distension of the uterus by the growing uterine contents may also

stimulate gap Junction formation in the rat Ryometrium (Wathes and Porter, 1832).

Estrogen admin{stration to nonpregnant animals results In 2 decrezsed
Junctional resistance between myometrial cells (ie. length constant is increased,
see Kuriyama and Suzuki, i18762), whereas Progesterone administration Iincreases
Junctional :‘esista'nce between mycmetrial cells (Bortof? and Gilloteaus a380).

Whether the occurrence of gap junctions was alse altered by the heraone



285

.traatlentszimtbesqussmismtknm Itisknownthatlarzedosesor )
estrogen induce m Junction fomtion in nonpregnant and preghant lyonetriu-
{e.g. see Dahl and Berger, 1978: MacKenzie and Garﬁeld. 1885). Steroid hormone
Toateent also causes otber changes in myowetrial eloctrical properties (e.g.
resting mesbrane potential. rate of rise, amplitude and shape of the spike) in
"longitudinal (see reviews of Marshall, 1962 and Kao, 19778) and circular
(Rawarabayashi and Harsha.u. 1981) muscles. However, it is not clear how these
J&tter changes by themselves would affect impulse propagation (e.g. see Marshall,
1962 and Rao, 19"7&) On the other, the regulation by the steroid hormones of
£3p Jjun lon formation (and bence intercellular current flow) in the myometrium
h during p znanc:,. provides a more plausible explanation of control of impulse
propagation in the myometrium. Hence, the cont::actile acUvity of the uterus is
asynchronic (and pregnancy is maintained) uptil £3p Junction formation at term
allows synchronic acuvity and termination of pregnancy.

Another lmportant role for £2p Junctiens in the rat mnyometrium at
tera may be to provide pathways for direct exchange of metabolites (e.g.
"metabolic coupling™) between myometrial cells (see Cole et al., 198S). However,
the nature aof the metabolite or intracellular "signal® that is transferred, and
its impartance in synchronizing uterine metabolism during labour are unknown.

In all other species_ stud.ied to da?e. including mice (Dah] and Berger,
1978)_._ rabbit (Demianzuck et al, 1984), guinea pig, shéep, baboon and human
(Garfield.\ESSSJ. £3p junctions are present between uterine smooth muscle cells
only immediately before, during and impediately following normal parturition
They are 2lso present in the avomeirium of some species (e.g. rat, babocn and

human) during preteralaboer, but are absent or present in reduced numbers in
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tissues from similar animals wherr labour is prevented experimentally (see review
of Garfield, 1985). Thus, mnetria.l g£ap junctions zen‘ernny appear to be

_ becessary for parturition. ' However, other factors besides the formation of gap
Junctions, are also likely involved in the initiation and progression-of labour
{Liggins, 1979; Csapo, 1981; Garfield, 1985). For example, stimulants such as
oxytocin and prostaglandins which act to directly excite the uterime muscle

cells, may be needed to trigper parturition, once the gap junctions have formed.



\

e

Abe, Y. 1970. The hormonal controi and the effects of drugs and ions on the
electrical and mechanical activity of the uterus. In Smooth Muscle. Bulbring, E

Brading, A. F.. Jones, A. W. and Tonmita, T. editors, Edward Arncld, London. 396-
417. )

ol d

Abe, Y. 1971. Effects of changing the ionic environment on passive and active
meabrane properties of pregnant rat uterus. J. Physiol. (Lond.) 214:173-190.

Abe, Y. and Tomita T. 1968, Cable properties of smooth ‘muscle. J. Physiol. (Lond.)
196:87-100.

Adhan, N. and Schenk, E. A. 1969. Autonomic innervation of the rat vaginar'cervix
and uterus and its cyclic variation. Am. J. Obstet. Gynecol. 104:508-516.

Afting, E.-G. and Elce, J. S. 1978. DNA in rat uterus myometrium during pregnancy
and postpartum involution. Anal. Biochenm. 86:90-99,

Alken. J. W. 1972. Aspirin and indomethacin prolong parturition in rats. Evidence
that prostaglandins contribute to the expulsion of the fetuys. Nature 240:21-25.

:ilﬂ. P., Alumets, J., Hakanson, R.. Owman, Ch., Sjoberg, X.-0., Sundler, F. and Walles,
8. 1980. Origin and distribution of VIP (Vascactive Intestinal Polypeptide)-nerves
in the genito-urinary tract. Cell Tissue Res. 205:337-347.

Anderson. N. C. 1969. Voltage-clamp studies on uterine smooth muscle. J. Gen,
Physiol. 54:145-1685.

1
Anderson, N. €. 1978, Physiclogical basis of myometrial function. Semin. Perinatol.
2:211-222,

Anderson, G. F., Kawarabayashi, T. and Marshall, J. M. 1981. Effect of indomethacin
and aspirin on uterine activity in pregnant rats: comparison of ecircular and
longitudinal muscle. Biol. Reprod. 24:359-372.

Anderson, N. C. and Ramon, F. 1S76. Interaction between pacemaker electrical
behaviour and action potential mechanism in uterine smooth muscle. In Physiclogy

of Smooth Muscle. Bulbring, E. and Shuba, M. F., editors. Raven Press, New York.
S53-63.

Anderson, N. C., Ramon, F. and Snyder, A. 1971. Studies on calcium and sodium in
uterine smooth muscle excitation under current-clamp and voltage-clamp
conditions. J. Gen. Physiol. 58:322-339.

287 .



288

Arkinstall, S. J. and Jones, C. T. 1985. Regional changes in catecholamine content
of the pregnant uterus. J. Reprod. Fert. 73:547-557. -

Barioglio de, S. R. and Lacuara, J. L. 1985. Release of prostaglandins E and F
from rat uterine strips incubated in depolarizing and hyperpolarizing solutions.
Prostagland. Leuk. Ned. 20:129-138. -

Barr, L., Berger, W. and Dewey, M. M, 1953. Electrical transmission at the nexus
between smooth muscle cells. J. Gen. Physiol. 51:347-368.

Barr, L. and Dewey, M. M. 1963, Electrotonus and electrical transmission in smooth
muscle. In Handbook of Physiology, Section &: Alimentary Canal, Vol. IV: Motility.
Code, C. F., editor. American Physiological Society, Washington, D. C. 1733-1742.

Batra, S. 198S. Effect of- oxytocin on calcium movements in uterine smooth muscle.
Regul. Peptides Suppl. 4:78-81.

Bell, C. 1972, Autonomic nervous control of reproduction: tirculatory and other
factors. Pharmacol. Rev. 24:657-736. .

Bengtsson, B. 1982, Factors of importance for regulation of uterine contractile
activity. Acta Obstet, Gynecol. Scand. Suppl. 108:13-16.

Bengtsson, B., Chow, E. M. H. and Marshall, J. M.. 1884a. Calcium dependency of
pregnant rat myometrium: comparison of circular and longitudinal muscle. Biol.
Reprod. 30:869-878.

Bengtsson, B., Chow, E. M. H. and Marshall, J. M. 1984b. Activity of circular muscle
of rat uterus at different times in pregnancy. Am. J. Physiol. 246:C216-C223,

Bennett, M. V. L., Spray, D. C., Harris, A. L., Ginzberg, R. D., Campos de Carvalho, A.
and White, R. L. 1984. Control of intraceliular communication by way of gap
Junctions. In The Harvey Lectures, Series 7s. Academic Press, Orlando. 23-57.

Bergman, R. A 1968. Uterine smooth puscle fibers in castrate and estrogen-
treated rats. J. Cell Biol. 36:639-648, '

Bortoff, A. 1976. Myogenic control of intestinal motility. Physiol. Rev. 56:418-
434.

Bortoff, A. and Gilloteaux, J. 1980. Specific tissue Impedances of estrogen- and
progesterone-treated rabbit myometrium. Am. J. Physiol. 238:C34-C42.

Bozler, E. 1941. Influence of estrone on the electric characteristics and motility
of uterine muscle. Endocrinology 29:225-227.

Bradshaw, J. M. ., Downing, s. J., Moffatt, A., Hinton, J. C. and Porter, D. G. 1981,

Demonstration of some physiologica_l properties of rat relaxin. J. Reprod. Fert.
63:145-153.



289

Braun, J.. Abney, J. R. and Owicki, J. C. 1984. How a £€2p junction maintains its
structure. Nature 310:316-318. :

Bulbring, E., Burnstock, G. and Holman, M. E. 19%8. Excitation and conduction in
the smooth muscle of the isolated taenia coli of the guinea pig. J. Physiol.
- (Lond.) 142:420-427.

Burnstock, G. 1970. Structure of Smooth muscle and its innervation. In Smooth
Muscle. Bulbring, E., Brading, A. F., Jones, A. W. and Tomita, T., editors. Edward
Arnold, London. 1-68. ‘

Burnstock, G. and Prosser, C. L. 1960. Conduction in smooth muscles: comparative
electrical properties. Am. J. Physiel. 199:553-559.

Carsten, M. E. 1968. Regulation of myometrial composition. growth and activity. In.
Biology of the Uterus, vol. 1. Assali, N. S., editor. Academic Press, New York,
355-423.

Casteels, R. and Kuriyama, H, 196S. Membrane potential and lonic content in
pregnant and nonpregnant rat myometriua. J. Physiol. (Lond.) 177:263-287,

Challis, J. R. G. 1984. Characteristics of parturition. In Maternal-Fetal Medicine,
Creasy, R. K. and Resnik, R., editors. W. B. Saunders, Ph.ﬂadelphia_. 401-414.

Chan, W. ¥. 1983. Uterine and placental prostaglanding and their modulation of
oxytocin sensitivity and contractility in the parturient uterus. Biol. Reprod.
29:680-688.

Cheah, S. H. and Sherwood, 0. D. 1981. Effects of relaxin on in vivo uterine
contractions in conscious and unrestrained gstrogen-treated and steroid-
untreated ovariectomized rats. Endocrinology 109:2076-2083..

Chow, E. H. M. and Marshall, J. M. 1981, Effects of catecholamines on circular and
longitudinal uterine muscle. Eur. J. Pharmacol. 76:157-165.

Christensen, J. and Hauser, R. L. 1971. Longitudinal axia} coupling of slow waves
in cat colon. Am. J. Physiol. 221:246-250.

Clahha.m. D. E., shrier, A. and DeHaan, R. L. 1980. Junctional resistance and action

potential delay between embryonic heart cell aggregates. J. Gen. Physiol. 75:633-
654. . _

Cole, W. C. and Garfield, R. E. 1985, Alterations in coupling in uterine smooth
muscle. In: Cold Spring Harbor Symposium on Quantitative Biclogy (in press).



290

Cole, W. C., Garfield, R. E. and Kirkaldy, J. s. 1985. Gap junctions and direct
intercellular communication between rat uterine smooth muscle cells. Am. J.
Physiol. 249:C20~C31, '

Cranefield, P. p. '1983. Channels, cables, networks, and the conduction of the
cardiac impulse, Am. J. Physiel. 245:H901-H910.

Csapo, A. I. 1950, Actomyosin of the uterus. Am. J. Physiol. 160:46-52.

Csapeo, A. I 1961, Defence mechanism of pregnancy. In Progeﬁterone and the
Defence Mechanism of Pregnancy. Ciba Foundation Study Group 9. Little Brown,
Boston. 1-27. ’

Csapo, A. I. 1962, Smooth muscle as a contractile unit Physiol. Rev, 42 {Suppl.
5)7-33.

Csapo, A. 1. 1969, The luteo-placental shift, the puardian of i)renatal life.
Postgrad. Med: J. 45:57-64,

Csapo, A. I. 1977, The "see-saw" theory of parturition. In The Fetus and Birth.
Knight, J. and O'Connor, M., editors. Ciba Foundation Symposium 47. Elsevier,
Amsterdam. 159-19s,

Csapo, A. 1. 1981. Force bor. In Principles and Practice of Obsterics and

of la
Perinatology. Iffy, L. and Kamientzky, H. A., editors. John Wiley and Sons, New
" York. 761-799. :

Csapo, A. I and Ruriyama, H. 1963. Effects of fons ang drugs on cell membrane

activity and tension in the postpartum rat myometrium. J. Physiol. (Lond.)
165:575-592, :



291

H

Csapo, A. L., Takeda, H, and Wood, C. 1963. Volume and activity of the parturient
rabbit uterus. Am. J. Qbstet. Gynecol. 85:813-818.

Csapo, A. L. and Wiest, Ww. G. 1969. An examination of the quantitative relationship

between progesterone and the maintenance of pregnancy. Endocrinology 85:735-
7486.

Dabl, G., Arzarnia, R and Werner, R. 1980. De novo construction of cell to cell
channels. In Vitro 16:1068-1075. ' :

Dahl, G. and Berger, W. 1978. Nexué‘ formation in the myometrium during
parturition and induced by estrogen. Cell Biol. Int. Rep. 2:381-387.

Daniel, E. E. 1960. The activation of various types of uterine muscle during
stretch-induced conmtraction. Can J. Blochem. Physiol. 38:1327-1362.

Daniel, E. E., Daniel, V. P., Duchon, G., Garfield, R. E. Nichols, M., Malhotra, §. K.
and Oki, M. 1976. Is the nexus necessary for cell-to-cell coupling of smooth”
muscle? J. Memb. Bicl. 28:207-239. ' ‘ -

Danjel, E. E, Garfield, R., Kannan, M. S., Zelcer, E, and Sims, S. 1978. The nature
cf the control over coupling between smooth muscle cells and layers: its
contribution to the synchrony of smooth muscle contraction. Jpn. J. Smooth
Muscle Res. 14:37-38.

Danjel, E. E., Grover, A. K. and Rwan, C. Y. 1983. Control of intracellular calcium
In smooth muscle. In Calcium Regulation by Calcium' Antagonists. Rahwan, R. G. and
Witiak, D. T., editors. ACS Symposium Series, No. 201. 73-88. )

Daniel, E. E, and Lodge, s. 1973. Electrophysiology of myometrium. In Uterine
Contraction: Side Effects of Stercoidal Contraceptives. Josimovich, J. B., editor.
John Wiley and Sons, New York. 19-64.

Daniel, E. E. and Renner, S. A. 1960, E'foect of the placenta on the electrical

activity of the cat uterus in vive and in vitro. Am. J. Obstet. Gynecol. 80:229-
244. -

Daniel, E. E. and Sarna, s. 1978. The generation and conduction of activity in
smooth muscle. Ann. Rev. Pharmacol. Toxicol. 18:145-1686.

Daniel, E. E. and Singh. H. 1958. The electrical properties of the smooth muscle
cell membrane. Can. J Biochem. Physiol. 36:959-975.

DeBaan, R. L. and Hirakow, R. 1972. Synchronization of pulsation rates in isolated
cardiac myocytes. Exp. Cell Res. 70:214-220.

Delmar, M., Jalife, J. and Michaels, D. C. 1986, Effects of changes in excitability
and intercellular Coupling on synchronization in the rabbit sino-atrial node. J.
Physiol. (Lond.) 370:127-150.



292

De Mello, W. C. 1982. Cell-to-cell communication In heart and other tissyes. Prog.
Blophys. Molec. BRio) 38:147-182. )

De Mello, W. . 1983. The role of CAMP and Ca on the modulation of Junctiona}
conductance: an Integrated hypothesis. cell Biol. Int. Rep. 7:1033-1040.

Demianczuk, N., Towell, M. and Garfield, R. E. 1984. Myometrial electrophysiolozic

activity and gap Junctions in the pregnant rabbit. Am. J. Obstet. Gynecol.
149:485-491, ‘

Dewey, M. M. and Barr, L. 1988, Structure of vertebrate intestinal smooth muscle,
In Handbook of -Physiology, Section 8: Alimentary Canal, vol. IV: Motility. Code, C.
F., editor. American Physiological Society, Washington, D, c, 1629-1654.

Downing, s. J., Bradshaw, J. M. (. and Porter, D. G. 1980. Relaxin improves the
coordination of rat Ryoretrial activity in vivo. Biol. Reprod. 23:899-903.

Downing, S. J. and Sherwood, 0, D, 1985b. The physiological role of relaxin in the
pregnant rat. II. The Influence of relaxin on uterine contractile activity,
Endocrinoloey 116:1206-1214.

Downing, S. J. and Sherwood, 0. D. 1985¢. The physiological role of relaxin in th
pregnant rat -TIT. The influence of relaxin on cervical extensibility. -
Endocrinolog‘y 118:1215-1220. ;

N
Dubin, N. H.,, Blake, D. A., Ghodgaonkar, R. B. and Egner, P. G. 13882, Thromboxane
32. 6-keto-prostagiandin I-‘1 ¢ and prostaglandin F2 o DY contracting pregnant
rat uteri in vitro. Biol. Réprod. 26:281-288.

Dubin, N. H, Ghodgaonkar g, B. and King, T. M. 'Qm Role of DProstaglandin
production in spontaneous and Oxytocin-induced uterine contractile activity in
4n vitro pregnant rat uteri. Endocrinology 105:47-51. .

Dumpala, s. R., Reddy, S. N, and Sarna, S. K. 1982. An algorithm for the detection
of peaks in biological signals. Comput. Prog. Biomed. 14:249-256.

iR Physiology of Smooth Muscle. Bulbring, E. and Shuba, M. F.,
editors. Raven Press, New Vork. 249-264.

Finn, C. A. and Porter, D. 6. 1975, The Uterus. Elek Science, London.

Fowler, R. J. 1977, The role of pProstaglandins in parturition with special

reference to the rat. In The Fetus and Birth Knight. J. and 0'Connor, M., editors.
Ciba Foundation Symposium 47. Elsevier, Amsterdam, 297-312,



293

Fozzard, H. A. 1979. Conduction of the action potential. In Handbook of
Physiology, Section 2: The Cardiovascular System, Vol. I: The Heart., Berne, R, M.,
editor. American Physiological Society, Washington, D. C. 335-356.

Fried, G., Hokfelt, T.. Terenius, L. and Goldstein, M. 198s. Neuropeptide Y {NPY)-
like hnunoreactivity in guinea pig uterus is reduced during pregnancy in
parallel with- noradrenergic nerves. Histochemistry 83:437-443. .

Fry, G. N., Devine, C. E. and Burnstock, G. 1977 Freeze fracture studieés of
nexuses between smooth muscle cells. Cloge relationship to sarcoplasmic
reticulum. J. Cell Biol. 72:26-34. :

Fuchs, A.-R. 1589. Uterine activity in late pregnancy and during parturition in
the rat. Biol. Reprod." 1:344-353. :

Fuchs, A.-R. 1973. Parturition in rabbits and rats. In Endocrine Factors in

Labour. Klopper, A. and Gardner, J., editors. Mem. Soc. Endocrinel. (London) 20:163-
18s. -

Fuchs, A.-R. 197s. Hormonal control of myometrial function during bregnancy and
parturition. Acta Endocrinol. Suppl. 221:1-70.

Fuchs, A.-R. 1983. The role of oXytocin in parturition. Curr. Topics Exptl.
Endocrinol. 4:231-285. .

Fuchs, A.-R. and Poblete, v, F, 1970, Oxytocin and uterine function in pregnant
and parturient rats, Biol. Reprod. 2:387-400.

Gabella, G. 1979. Smo_ot.h muscle cell Junctions and structural aspects of
contraction. Br. Med. Bull. 3s:213-218.

Gabella, G. 1981. Structure of smooth muscles. In Smooth Muscle: an Assessment of -
Current Knowledge. Bulbring, E., Brading, A. F., Jones, A, W. and Tomita, T,
editors. Edward Arnold. London. 1-46. T~

Physiol. Rev. 64:455-477.



T e e, A e .

294

Cabella, G. and Blundell, p. 1981. Gap ‘junctions of the muscles of the smali and
large intestine. cell Tissue Res. 219:469-488.

Gerfield, R. E. 1979, Regeneration of smooth muscle: ultrastructure and
multipotential properties of gmcoth muscle. In Muscle Regeneration. Mauro, A.,
editor. Raven Press, New York 383-404.

Garfield, R. E. 1986. Structural studies of innervation on nonpregnant rat uterus.
Am. J. Physiol. 251:C41-C56.

ayometrium: control by estrogens, progesterone and prostaglandins. Am. J.
Physiol. 238:C81-C89, .

Garfield, R. E,, Rabideau, s., Challis, J. R. G. and Daniel, E. E, 197, Hormonal

control of gap Junction formation in sheep myometrium during parturition. Biol.
Reprod. 21:999-1007. ‘

£€2p junctions in activation of ayometrium during parturition. Am. J. Physiol.
235:C168-C179. : :

Gimeno, M. F,, Chaud, M., Bordia, E. s, Lazzar{, M. and Gimeno, A. L. 1981. Does
hypoxia selectively stinulate the generation of prostaglandin El by the isolated
rat uterus? Prostaglandins Med. 7:375-333.



395

Gimeno, M. P, Sterin-Speziale, N., Bonacossa, A and Gimeno, A. L. 1979. Is the
Spontaneous motility of the isolated rat uterus controlled by prostaglandin E?
Prostaglandins 17:673-882. ‘

Goto, M., Kuriyama, g and Abe, Y. 1961. Refractory period and conduction of
excitation in the uterine muscle cells of the . mouse. Jpn. J. Physiol. 11:369-377.

E, on membrane currents and contraction in uterine smooth muscle. J. Physiol,
(Bond.) 270:765-784. |

: k-
Gu, J, Polak, J. M., Su, H. C, Blank, M. A, Morrison, J. F. B. and Bloom, S. R. 1984,
Demonstration of paracervical ganglion origin for the vasoactive intestinal

Ham, A. W. apnd Cormack, D. H. 1979, Histology. J. B. Lippincott, Philadelphia.

Hamoir, G, 1977. mdgheMStry of the myometrium, In Bilology of the Uterus. Wynn,
R. M., editor. Plenum Press, New York, 377-¢21.

Harding, R., Poore, E. R, Bailey, A., Thorburn, 6. D., Jansen, C. A. M, and
Nathanielsz, P, w. 1982.. Electroyographic activity of the nonpregnant and
pregnant sheep uterus. Am. J. Obstet. Gynecal. 142:448-457.

Harney, P. J, Sneddon, J. M. and Williams, K. I. 1974. The influence of ovarian
hoermones upon the motility and prostaglandin production of the pregnant rat
uterus in vitro. J. Endocrinol. 60:343-351.

Henderson, R. M. 1975, Cell-to-cell contacts. In Methods in Pharmacology, vol. 3.
Smooth Muscle. Daniel, E. E. and Paton, D. M., editors. Plenum Press, New York. 47-
i .

Hertzberg, E. L. 1980, Blochemical and immpunclogical approaches to the study of
£2p junctional Ccommunication. In Vitro 16:1057-1067.

Hervonen, A., Ranerva, 1. and Lietzen, R. 1973. Histochemically demonstrable
catecholamines and cholinesterases of the rat uterus during estrus cycle,
pregnancy and after estrogen treatment. Acta Physiel. Scand. 87:283-28s.

Higuchi, T., Honda, K., Fukuoka, T., Negoro, H. and Wakabayashi, K. 1985. Release of
oxytocin during suckling and parturition in the rat. J. Endocrinel. 105:339-3486.

Holman, M. E. and Neild, T. 0. 1979, Membrane properties. Br. Med. Buli. 35:235-241.



296

33:711-720.

- Ichikawa, S. and Bortoff, A. 1970. Tissue resistance of the progesterone-
dominated rabbit Ryometrium. Am. J. Physiol. 219:1763-1767.

Izumi, H 198S. Changes in the mechanical Properties of the longdtudinal ang

muscles of the rat myometrium during gestation, Br. J. Pharmacol.
86:247-257,

electrically coupied cells, Effects of regional changes in membrane properties,
C_irc. Res. 53:526-534. ) ‘

Kanda, S. and Ruriyama, H. 1980, Specific features of smooth muscle cells
recorded from the placental region of the myometrium of pregnant rats, J,
Physiol. (Lond.) 299:127-144,

Kao, C. v. 19885, Tetrodotoxin, saxitoxin and their significance in the study of
excitation bPhenomena, Pharmacol. Rey. 18:997-1049.

Kao, C. v. 1977a. Electrical properties of uterine saooth muscle, In Biology of
the Uterus. Wynn, R. M., editor. Plenum Press, New York. 423-496.

In Excitation-Contraction Coupling in Smooth Muscle, Casteels, R, Godfraind, T.
and Ruegg, J. C.. editors. Elsevier/North-Honand. Amsterdam. 91-96.

Kao, C. Y. and McCullough, J. R. 1975. Ionic currents in the uterine smo%h
ruscle. J. Physiol. (Lond.) 246:1-36.

Kawarabayashi. T. 1978. The effects of phenylephrine in various ionic
environments on the circular muscle of midpregnant rat nyometrium. Jpn, J.
Physiol. 28:627-645. :

Kawarabayashi, T, and Marshall, J, M 1981. Factors influencing circular myscile
activity in the Pregnant rat uterus. Blol. Reprod. 24:373-379.



- 297

+ gestation and post partum. Jpn. J. Physfol. 31:515-536, : \
Knox, W. E. and Lister-Rosencer, L. M. 1978. Timing of gestation in rats by fetal

and maternal weights, Growth 42:43-53.

Kobayashi, M. Prosser, C. L. and Nagal, T. 1967. Electrical properties of

intestinal muscle as measured mtracellu.larly and extracellularly. Am, J. Physiol,
213:275-288, :

Kuffler, S. W., Nicholls, J. G. and Martin, A. R. 1984. From Neuron To Brain. 2nd
edition. Sinaner Associates Inc., Sunderland, Mass.

Kuriyama R. 1961. Recent studies ogp the electrophysiology of the uterus, In
Progesterone and the Defence Mechanism of Pregnancy. Ciba Poundation Study
Group 9. Little Brown, Boston. 51-70.

Kurivama, H. 1984, Effect or electrolytes on the membrane activity of the uterus.
In Pharmacology of Smooth Muscle. Bulbring, E., editor. MacMillan, New York. 127-

Ruriyama, K. and Csapo, A. I. 1961. A study of the parturient uterus with the
microelectrode technique. Endocrinclogy 68:1010-1025.

myometrium during gestation and following hormonal treatments. J. Physiol. {Lond.)
260:315-333.

Kuriyama, H. and Suzuki, H 1976b. Effects of prostaglandin E_ and oxytocin on
the electrical activity of hormone-treated and preghant rat “myometria. J.
Physiol:” (Lond.} 260:335-349.

Landa, J. F., West, T. c. and Thiersch, J. B, 1959, Relationships between

contraction and membrapne electrical activity in the uterus of the pregnant rat.
An, J. Physiol. 196:905-909. .

Larsen, W. J. 1983, Bilological implications of gap junction structure, distribution
and composition: a review. Tissue and Cell 15:645-571,

Larsson, L.-1., Fahrenkrug, J. and Schaffalitziky de Muckadell, 0. B. 1977,
Vasoactive intestinal polypeptide occurs in nerves of the female genito-urinary
tract. Science 197:1374-1375.



298

Liggins, G. C, 1973, Fetal influences on uterine contractuity. In Uterine
Contraction: Side Effects aof Steroidal Contraceptives. Josimpvich, J. B, editor.
John Wiley and Sons, New York. 205-218. -

Liggins, G. C. 1979. Initiation of parturition. Br. Med. Bull. 35:145-150.

Lodge, S. and Sproat, J. E. 1981. Resting membrane potentials of pacemaker and
Ronpacemaker areas in rat uterus. Life Sci. 28:2251-2256.

Loewenstein, W. R. 1981, Junctional intercellular communication in the cell-to-
cell membrane channel PhysioL Rev. 61:829-913.

MacKenzie, L. W. and Garfield, R. E. 1985. Hormonal control of gap junctions in
the myometrium. Am. J. Physiol. 248:0296-C308.

MacKenzie, L. W., Puri, C. P. and Garfield, R. E. 1983. Effect of estradio]- 78 and
prostaglandins on rat myometrial gap Junctions. Prostaglanding 26:925-941.

Marshall, J. M. 19s9. Effects of estrogen and progesterone on single uterine
muscle fibers in the rat. Am. J. Physiol. 197:938-942.

L Y
Marshall, J. M. 1962. Regulation of activity in uterine smooth auscle. Physiol.
Rev. 42 (Suppl. 5):213-227.

Marshall, J. M. 1970. Adrenergic innervation of the female reproductive tract:
anatomy, physiology and pharmacology. Rev, Physiol. Biochem. Pharmacol. 62:56-67.

Marshall, J. M. 1974. Effects of heurchypophysial hormones on the myometrium. In
Handbook of Physioclogy, Section %: Endocrinology, vel. IV: The pituitary gland,
Part 1. Greep, R. 0. and Astwood, E. B., editors. American ‘Physiological Society,
Washington, D. C. 489-4¢92.

Marshall, J. M, 1981, Effects of ovarian steroids and Pregnancy on adrenergic
nerves of uterus and oviduct. Am. J. Physicl. 240:C165-C174.

Melton, C, E. and Saldivar, J. T. 1964. Impulse velocity and conduction pathways
in rat ayometrium. Am. J. Physiol. 207:279-285.

Melton, C. E. and Saldivar, J. T. 19ss. Estrous cyele and electrical activity of
rat myometrium. Life Sci. 4:583-602.

Melton, C. E. and Saldivar, J. T. 1967. The linea uteri, a conduction pathway in
rat myometrium. Life Sci. 6:297-304. :



299

Melton, C. E. and Saldivar, J. T. 1970, Activity of the rat's uterine Ugament, Am.
J. Physiel. 219:122-125. ‘

Merk. F. B., Rwan, P. W. L. ‘and Leav, I. 1980, Gap- Junctions in the ayometriua of
hypophysectomized estrogen—treated rats. Cell Biol. Int. Rep. 4:287-294.

Michael, C. A. and Schofield, B. M. 1969. The inflgence of the ovarian hormones on
the actomyosin content and the developaent of tension in uterine muscle. J.
Endocrinel. 44:501-511. .

‘Mironneau, J. 1973, Exéitadon-conu'action coupling in voltage-clamped uterine
smooth muscle, J. Physiol. (Lond.) 233:127-141.

activity and contraction in .uterine smooth - nuscle. Pflugers Arch. 383:113-118.

Mironneau, J., Eugene, D. and Mironneau, c. 1982. Sodium action potentials induced
by calcium chelation in rat uterine smooth muscle. Pflugers Arch. 395:232-238.

Mironneau, C., Mironneau, J. and Savineay, J.-E;_ 1984a. Maintained contractions of
rat uterine smooth muscle incubated in a ca . ~free solution. Br. J. Pharmaco].
82:735-743.

Mironneau, J., Lalanne, ., Mironneau, C., Savineau, J.-P.and Lavie, J. L. 1984bh.
Comparison of pinaverium broaide, manganese chloride and Dsoo effects on
electrical and mechanical activitieg in rat uterine smooth muscle. Eur. J.

Mironneau, J., Savineau, J.-P. and Mironneay, C. 1981, Fast outward current

controlling electrical activity in rat uterine smooth muscle during gestation. J.
Physiol. (Paris) TT:851-859.

Mitchell, M. D. 1984, The mechanism(s) of human parturition. J, Develop. Physiol.
6:107-118. -

Mosler, K-H. 1983 The” dynamics of uterine muscle. Adv. Obstet. Gynecol. 335:1-88.
e

(%]



-

'Mossman, H. W, 1977, Comparative ana

. editor. Plenum Press, New York. 19-3a.

300

o

tomy. In Biology of the Uterus. Wynn, R. M.,

Nagai, T. and Prosser, C. L. 1963. Patterns of conduction in smooth muscle. Am. J.

Physiol. 204:910-914.

Nishikori, K., Weisbrodt, N. w., Sherwood, 0. D. and Sanborn, B,

alters rat uterine myosin light chain phespho

activities. Endocrinology 111:1743-1745.

Novy, J. and Liggins, G. C. 1980. Role of
Physiological control of the uterus and

513,

M. 1982. Relaxin

rylation and related enzyme

prostaglandins and thromboxanes in the
in parturition. Semin Perinatol. 4:45-66.

N\
O'Byrne, K. T, Ring, J. P. G. and Summerlee, A. J. S. 19

86. Plasma oxytocin and
oxytocin neurone activity during delivery in rabbits.

J. Physiol. (Lond.) 370:501-

Ogasawars, T., Kato, S. and Osa, T. 1980. Effects of estradiol-178 on the

menbrane response and R-contracture in'
ovariectomized rats studied in combinati

30:271-285.

Chkawa, H. 1975. Electrical and mec
of rat uterus and different sensiti
School 22:197-210.

Osa, T. 1974. An interaction between the electr
circular smooth muscles of pregnant mouse ute

hanical interaction betwee

the uterine longitudinal muscle of
on with the Mn action. Jpn. J. Physiol. .

n the muscle layers

vities to oxytocin. Bull. Yamaguchi Med.

ical activities of longitudinal ang
rus. Jpn. J. Physiol. 24:189-203.

Osa, T. and Fujino, T. 1978. Electrophysiological comparison between the

longitudinal and circular muscles of the

pregnancy. Jpn. J. Physiol. 28:197-2

Osa, T. and Katase, T, 1975'. Physiological compariscn of the

0.

circular muscles of the pregnant rat uterus. Jpn. J. Physiol.

Osa, T. and Kawarabayashi, T. 1977.

Effects of ions and drugs

potential in the circular muscle of pregnant rat myometrium.

27:111-121,

Osa, T. and Oéa.sawara. T. 1983. Erfects-of magn
and contraction of the circular muscle of rat

Jpn. J. Physiol. 33:485-495, )

rat uterus during the estrous cycle and

longitudinal and

25:153-164.

on the plateay
Jpn. J. Physiol.

esium on the membrane activity
myometrium during late pregnancy.

-Osa, T. and Ogasawara, T. 1984. Effects in vitro of progesterone and estradiol-17

34:427-441,

Oéa. T., Ogasawara, T. and Kato, S. 1983. Effects of magnesium, oxytocin and
prostaglandin F2 on the generation and propagation of excitation in the
longitudinal mus&e of rat myometrium during late pregnancy. Jpn. J. Physiol.

33:51-67.

“hT



30

-

Osa. T. and Watanabe, M. 1978. Effects of catechclamines on the circular muscle
of rat myometria at term during pregnancy. Jpn. J. Physiol. 28:647-658. o
Ottesen, B. i981. Vasoactive intestinal - polypeptide (VIP): effect on rabbit uterine
smooth muscle in vivo and in vitro. Acta Physiol. Scand. 113:193-199,

Ottesen, B Gram, B. R. and Fahrenkrug, J. 1983, Neuropeptides in the female
genital tract: effect on vascular and non vascular smooth muscle. Peptides
4:387-392,

Ottesen, B., Larsen, J.-J.. Pahrenkrug, J., Stjernquist, M. and Sundler, F. 1981.
Distribution and motor effect of VIP in female genital tract. Am. J. Physiol.
240:E32-E36.

Gynecol. 143:414-420.

Paiva, C. E. N. de and Csapo, A. 1. 1973. The effect of prostaglandin on the
electric activity of the pregnant uterus. Prostaglandins 4:177-188.

L
Papka, R. E, Cotton, J. P. ang Traurig, H. © 1985, Comparative distribution of
neuropeptide tyrosine—, vasoactive intestinal polypeptide-, substance P-
immunoreactive, acetylcholinesterase—positive and noradrenergic nerves in the
reproductive tract of the female rat. Cell Tissue Res. 242:475-450.

Parkington, H. C. 1985. Some properties af the circular myometrium of the sheep
throughout pPregnancy and during labour. J. Physiol. (Lond.) 359:1-15.

Paton, D. M. and Danjel, E. E. 1967. On the contractile response of the Isolated
rat uterus to prostaglandin E‘.I. Can. J. Physiol. Pharmacol. 45:795-804.

Phillips, €. A. and Poyser, N. L. 1981. Prostaglandins, thromboxanes and the
pregnant rat uterus at term. Br. J. Pharmacol. 73:75-80. -

Popescu, L. M., Nuto, 0. and Panowd, C. 1%8+5. Oxytocin contracts the human uterus

at term by inhibiting the myometrial Ca® -extrusion pump. Bioscience Rep. 5:21-
28.. .

Porter, D. G. 1979. The myometrium and the relaxin enigma. Anim. Reprod. Sci. '
2:77~-986, :

* Porter, D. G. 1982. Unsolved problems of relaxin's physiological role. Ann. N. Y.
Acad. Sci. 380:151-162. .

Porter, D. G., Downing, $. J. and Bradshaw, J. M. 1979, Relaxin inhibits

spontaneous and prostaglandin-driven myometrial activity in anaesthetized rats.
. J. Endocrinol. 83:183-192.



302

Prosser, C. L. 1962. Conduction in nonstriated muscles. Physiol. Rev. 42 (Suppl.
5):183-206. - : r

Prosser, C. L., Burnstock, G. and Kahn, J, 1960. Conduction in smooth muscle:
comparative structural properties. Am. J. Physiol. 199:545-522.

Prosser, C. L. and Mangel, A. W. 1982. Mechanisms of spike and slow wave
pacemaker activity in smooth muscle cells. In Cellular Pacemakers. Vol. 1.
Carpenter, D. 0., editor. John Wiley and Sons, New York. 273-300.

Puri, €. P and Garfield, R. E. 1982, Changes in hormone lévels and gap junctions
in the rat uterus. during pregnancy and parturition. Biol. Reprod. 27:9567-975.

Reddy, S. N., Miller, s. M., Daniel, E. E. and Garfield, R. E. 1984, Quantification of
the variability 91' biological oscillators. Proc. 10th Can. Med Biol. Eng. Conf.

Reiner, 0. and gMarshall, J. M. 197s. Action of D-600 on spontaneous and
electrically stimulated activity of. the parturient rat uterus. Naunyn-
Schmiedeberg's Arch. Pharmacol. 290:21-28.

Reiner, 0. and Marshall, J. M. 1976. Action of prostaglandin, PGF e On the
uterus of the Pregnant rat. Naunyn-Schiedeberg‘s Arch. Pharmacoﬁ. 292:243-250,

Revel, J.-P., Nicholson, B. J. and Yancey, S. B. 1985, Chemistry of gap junctions.
Ann. Rev. Physiol. 47:263-279,

Roche, P. J,, Parkington, # C. and Gibson, W. R. 1985, Pregnancy and parturition
in rats after sympathetic denervation of the ovary, oviduct and utero-tubal
Junction. J. Reprod. Fert. 75:653-661.

Saito, Y., Sakamoto, H., MacLusky, N. J. and Naftolin, P. 19a35S. Gap junctions and
myometrial steroid hormone receptors in pregnant and postpartum rats: a possible

cellular basis for the progesterone withdrawal hypothesis. Am. J. Obstet. Gyneco).
151:805-812. .

Sakai, K., Yamaguchi, T. and Uchida, M. 1981. Oxytocin-induced Ca-free
contraction of rat uterine smooth muscle: effects of divalent cations and drugs.
Arch. Int. Pharmacodyn. 250:40-54. :

Saldivar, J. T. and Melton, C. E. 1966. Effects in vive and in vitro of sex

— ———

steroids on rat myometrium. Am. J. Physiol. 211:835-843.

Sarna, S. K. 1975. Models of smooth npuscle electrical activity. In Methods of

Pharmacology, Vol. 3, Smooth Muscle. Daniel, E. E. and Paton, D. M., equrs. Plenum
Press, New York. 519-540.

Sarosi, P., Schmidt, C. L., Essig, M., Steinetz, B. G. and Welss, G. 1983. The effect

of relaxin and progesterone on rat uterine contractions. Am. J. Obstet. Gymecol.
145:402-405.

4



303

Schild, & 0. 1964. Calclum and the effect of drugs on depolarized smooth muscle.

In _lemacolow of Smooth Muscle. Bulbring, B., editor. Permagon Press, Oxford.
85-104. ’

Segal, J. S., Scher, W. and Koide, S. S. 1977, Estrogens, nucleic acids and protein
synthesis inuteripe metabolisa. In: Blology of the Uterus. Wynn, R. M., editor.
Plenum Press, New York. 139-201. ’ :

Sherwood, 0. D., Crnekovic, V. E,, Gordon, W. L. and Rutherford.' J. E. 1980.

Radioimmunocassay of relaxin throughout pregnancy and during parturition in the
rat. Endocrinology 107:691-898. ’

Shoenberg, C. F. 1977. The contractile eechanism and ultrastructure of the

ayometrium. In Biology of the Uterus. Wynn, R. M., editor. Plenum Press, New York.
497-544.

Sigger, J. N., Harding, R. and Summers, R. .J, 1988. Changes in the Innervation and
catecholamine concentrations in the myometrium of pregnant and nonpregnant
sheep. Acta. Anat. 125:101-107.

Silva, D. G. 1967. The ultrastructure of the myometrium of the rat with special
reference to the inpervation. Anat. Rec. 158:21-34.

Sims, S. M. Daniel, E. E. and Garfleld, R. G. 1982. Improved electrical coupling in
uterine smooth muscle is assoclated with increased gap Jjunctions at parturition,
J. Gen. Physiol. 80: 353-375. ) :

Singh, 1., Sankaranarayanan, A. and Bawa, S. R. 1985. Autonomic innervation of
pregnant and nonpregnant rat uterus. IRCS Med. Sci. 13:324?5.

Sjoberg, N.-0. 1968. The adrenergic transmitter of the female reproductive tract:
distribution and functional changes. Acta Physiol. Scand. Suppl. 305:1-32.

Soloff, M. S. 1985, Oxytocin receptors and mechanisms of oxytocin action. In:
Oxytocin: Clinical and Laboratory Studies, Amico, J. A. and Robinson, A. G.,
editors. Elsevier, Amsterdam. 259-276. :

Soloff, M. s., Alexandrova, M. and Fernstrom, M, J.‘ 1979. Oxytocin receptors:
triggers for parturition and lactation? Science 204:1313~1315. .

Soloff, M. S. and Sweet, P. 1982. Oxytocin inhibi_tion of (Ca2+ + M32+)—ATPase
activity in rat oyometrial plasma membranes. J. Biol. Chen. 257:10687-10693.

Specht, P. C. and Bortoff, A. 1972. Propagation and electrical entrainment of
intestinal slow waves. Am. J. Digest. Dis. 17:311-316. :

Sperelakis, N. 1969. Lack of coupling between contiguous myocardial cells in
vertebrate hearts. Experientia, Suppl. 15:135-16s. :



304

Sperelakis, N. 1979. Propagation mechanisas in heart. aAnn. Rev. Physiol. 41:441-
457: :

Sperelakis, N. and Mann, J. E. 1977. Evaluation of electric field changes in the
cleft between excitable cells. J. Theoret. Biol. 64:71-96. :

excitable cells by electric field interactions in the junctional cleft: effect of
variation in extracellular resistances, including a "sucrose £2p” simulation. IEEE
Trans. Biomed. Eng. 30:658-684.

Sperelakis, N. apd Picone, J. 1986. Cable analysis relevant to cell coupling in
cardiac muscle and smooth muscle bundles. IEEE Trans. Biomed. Eng., in press.

Spray, D. C. and Bennett, M. V. L. 1985, Physiology and pharmacology of gap
Junctions. Ann Rev. Physiol 47:281-303.

Stjernquist, M., Emson, P., Owman, Ch.,, Sjoberg, N.-0., Sundler, F. and Tatemoto, K
1983. Neuropeptide v in the female reproductive tract of the rat. Distribution of,
nerve fibres and motor effects. Neurosci. Lett. 39: 279-284.

Takeda, H. 1965. Generation and pPropagation of uteripe activity in situ. Fert.
Steril. 16:113-119.

Talo, A. and Csapo, A. 1. 1870, Conduction of electric’ activity in late pregnant
and parturient rabbit uteri, Physiol. Chen. Phys. 2:485-494.

Taverne, M. A. M., Naaktgeboren, C., Elsaesser, F., Forsling, M. L., van der Weyden,
G. C., Ellendorff, F. and Smidt, D. 1979a. Myometrial electrical activity and
plasma concentrations of progesterone, estrogens and oxytocin during late j
pregnancy and parturition in the miniature pig. Biol. Reprod. 21: 1125-1134.

Taverne, M. A. M, Naaktgeboren, €. and van der Weyden, G. C. 1979b. Myometrial
activity and expulsion of fetuses, Anim. Reprod. Sci. 2:117-131.

Thiersch, J. B, Landa, J. F. and West, T. C. 1959, Transmembrane potentials in the
rat myometrium during pregnancy. Am. J. Physiol. 186:901-904.

nerves in guinea-pig uterus during Pregnancy. Acta Obstet. Gynecol. Scand.
Suppl. 79:5-32. ‘



305

Thorburn, G. D. and Challis, J, R. G. 1979. Endocrine control of parturition.
Physiol. Rev. 59:883-918.

Thorburn, G. D., Harding, R., Jenkin, G., Parkington, H. and Sigger, J. N. 1984,
Contrel of uterine activity in the sheep. J. Develop. Physiol. 6:31-43.

Tomita, T. 1967. Spike propagation in the smooth muscle of the guinea-pig taenia
coli. J. Physiol.‘(Lond.) 191:517-527.

Tomita, T. 1970. Electrical properties of mammalian smooth muscle. In Smooth
Muscle. Bulbring, E., Brading, A. F., Jones, A. W. and Tomita, T., editors. Edward

"Arnold, London. 197-243.

Tomita, T. 1981. Electrical activity (spikes and siow waves) in g’astrointestinal.
sgooth muscles. In Smooth Muscle: an Assessment of Current Knowledge. Bulbring,

E., Brading, A. F., Jones, A. W. and Tomita, T., editors. Edward Arneld, London. 127-
156. :

Tomita, T. and Watanabe, H, 1973. Factors -controlling myogenic activity in smooth
muscle. Phil. Trans. R. Soc. Lond. B. 265:73-85.

Tomita, T., Takai, A. and Tokuno, H. 1985. Possibility of metabolic control of
membrane excitation. Experientia 41:963-970. ’

Vane, J. R. and Williams, K. I 1973. The contribution of prostaglandin production
to contractions of the 1solated uterus of the rat. Br. J. Pharmacol. 48:629-639.

Vasilenko, P., Adams, W. C. and Frieden, E. H. 1981. Uterine size and glycogen

content in cycling and pregnant rats: influence of relaxin. Biol. Reprod. 25:162-
169. ' .

Vassort, G. 1981. Ionic currents in longitudinal muséle of the uterus. in Smooth

* Muscle: an Assessment of Current Knowledge. Bulbring, E., Brading, A. F., Jones, A.

W. and Tomita, T., editors. Edward Arnold, London. 353-365.

Verhoeff, A., Garfield, R. E.. Ramondt, J. and Wallenburg, H. C. S. 1985. Electrical
and mechanical uterine activity and gap junctions in periparta]l sheep. am. J.
Obstet Gynecol. 153:447-454.

Villa}-. A., D'Ocon, M. P. and Anselmi, E. 1985. Calcium mquirement of uterine -

contraption Induced by PGE._,: importance of intracellular calecium stores.
Prostaglanding 30:491-496.



306

Wallace, B. G. 1981. Distribution of AchE in cholinergic and noncholinergic
heurons. Brain Res. 219:190-195, _

Wathes, D. C. and Porter, D. G. 1982. Effects of uterine distension and oestrogen

treatment on g2p Junction formation in the myometrium of the rat. J. Reprod.
Fert. 65:497-505. :

Weingart, R. 1977, ‘The action of oubain on Intercellular coupling and conduction
velocity in mammalian ventricular muscle. J. Physiol. (Lond.) 264:341-365.

Weingart, R. 198s. Electrical properties of the nexal membrane studied in rat
ventricular cell pairs. J. Physicl. (Lond.) 370:267~284.

Welss, G. 1984. Relaxin. Ann. Rev. Physiol. 46:43-52,

Wiest, W. G. 1970. Progesterone and 20 & ~hydroxy-pregn-4-en-3-one in plasma,
ovaries and uteri during pregnancy in the rat. Endocrinology 87:43-48.

Williams, L. 1983, Effects of estradiol and progesterone on uterine prostaglandin
levels in pregnant rat. Prostaglandins 26:47-54,

Williams, E. . and DeHaan, R. L. 1981. Electrical couplihg among heart cells in
the apsence of ultrast:_‘ucturally defined gap Junctions. J. Membrane Bicl. 60:237-
'248.

Williams, K. I. and Bl-Tahir, K, E. H. 1982, Relaxin inhibits prostacyclin release .
by the pregnant rat Ryometrium. Prostaglandins 24:129~136.

Williams, K. L, El-Tahir, K. E. K, and Marcinkiewicz, E. 1979, Dual actions of
prostacyclin (Pﬁlzl on the pregnant rat uterus. Prostaglandins 17:667-672.

Wolfs, G. M. J. A. and van Leeuwen, M. 1979. Electromyographic observations on the
human uterus during labour. Acta Obstet. Gynecol. Scand. Suppl. S0:1-61.

Ypey, D. L., Clapham, D. E. and DeHaan, R. L. 1979. Development of electrical
coupling and action potential synchrony between paired aggregates of embryonic
heart cell aggregates. J. Membrane Biol. 51:75-96.

Zelcer, E. and Daniel, E. E. 1979. Electrica] coupling in rat myometrium during
pregnancy. Can. J. Physiol. Pharmacol. 57:490-49s. :

Zervos, A. S., Hope, J. and Evans, W. H. 1985. Preparation of a gap junction
fraction from uteri of pregnant rats: the 28-kD polypeptides of uterus, liver and
heart gap junctions are homologous. J. Cell Biol. 101:1363-1370.



