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Abstract ’ ) ﬁ : R
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Membrane vesicles have been proposed as sites ?br vo]ume
A
control in rat uterine smooth muscle (Daniel and Rob1nson 197]c).

o
v

&

: . +
To test the vesicular hypothes1§, the ultrastructure and Na |, K+,

ATP and H,0 contents of rat uterine smmoth muscle were examined ' gﬁ

after various treatments with metabolism and transport inhibitors.

Metabo]ic inhibition with fodoacetate (IAA) plus d1n1trophen0] (DNP)
or IAA alone produced ATP depletion and reduced the number of hem-

\

Hgarh
P
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brane vesicles with associated changes in cations and water contents.
firy

Effects "of DNP alone and ethacrynic acid were e]so studieéﬁ Inhibi-
tion g@.Na+~K+¥ATPase with ouabain caused'KT loss unequal to Na® W
gain and water loss from tissues. Large 1ntrace11u1ar vesicles were

found after ouabain treatment. Tissues made Na+-rich in the cold

had approximately one-half as many vesicles as fresh‘t%ssues. 8e~ -

‘

warming of Na’-rich tissues, under conditions which Na+~K+—ATPasef:J
was inhibited, increased the number of vesicles and the tissues
lost Na+ and H,0. The changes observed on rewarm1ng of Na ~rich
tissues were Ca’ —dependent and were’ not spec1f1ca11y stimulated
_h} Na* (K but not Li ; would substitute for Na ) Thus, membrane
ves1c1es of rat myometrium have the fo!lowinq character1st1cs in
common with the volume pump: (1) Both are ATP dependent (2)
Both are re&uced in the cold and both increase upon rewarming
.,under cond1t1ons thought to inhlblt Na 'y -ATPase (3) Both are

.—dependent (4) Ne1ther is spec1f1c for Na This evidence
supports the hypothes1s that membrane vesicles are sites of. vo]—
‘ume control\in rat myometrium | - ‘;"h'h | R

| ‘: Pyroant1monate has been wideﬁy‘deedleg,a‘hiétoghemica1 >



tool for the localitation of tissue Na+. Because of its pessible
usefu]ness Jn localiXing Na* —transport sites in myometrium, the
pyroantimonate techn1que was evaluated. _Fresh, Na -rich and Na'-
poor rat uterine t]ssues were fixed in 0s0, with and without added
3{99antimonate then washed and dehydrated as for electron micro-
’scopy At each step both tissues and so]ut1ons were analyzed for
Na , K Ca H and Mg + which prec1p1tate with pyroantimonate
Tissues f1xed in the presence of potass1um pyroantimonate con-
tained very lTittle of their original Na® but retained increased
K* and much of their ca'’ and Mg +, which could account for much
of the precipitate observed in tissues. 22Na and 12“Sb pyroanti-
-monate were used to conf1rm that pyroantimonate does not quanti-
tat1ve1y precipitate tissue Na . Thus, the pyroantimonate tech-
nique is notAa valid toaql fori]oca]izing Na+—transport sites in
rhthe uterus and it should be ;bandonea for use iﬁ other tissues un-
less they can be shown to behave dlfferent]y '
In 1n1t1al stud1es af rat myometr1um fixed by 1nnmr51on
£ in qlutara7dehyde two popu]at1ons of cells were observed in the
: e]ectron microscope Ce]ls of the m1nor1ty populat1on were Tess.
dense]y stained and lacked membrane’ Ves1c]es (termed light ce]ls)
as cgmpared With the majority of ce11s (termed dark’ cel]s) A por-
tlon of this thesis was designed to def1ne the nature of these two
types of cells s1nce, according to the ves1cle hypotthis cells
w1thout ves1c]es shou]d be unable to ma1nta1nfmheir volume. It was
1'conc]uded after various: treatments that 11ght ce]]s were cells
1n3ured during or é?tensremoval of the tissues from the an1mals
'The absehce of ve51c1es and dens1ty of the llght ce11s cou]d be

"'related to tge loss of vo]ume centrol caused by the 1n3ury.
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CHAPTER 1

GENERAL INTRODUCT.ION

A. Introduction to Thesis Prqject

-4

|k
Studies on the distribution of sodlumAapd potassium ions in
-smooth muscle have indicated that theSe‘?onsnare not simplyﬂdistrib-
uted between cellular and extracellular reqiens;(see Goodfard, l965s
Daniel and Robinson, 1970; 1971a,b,c). Among the regions. in smoogn‘w
muscle tissue mhich could participate in ion compartmentalization‘are
fixed anionic sites on the outer surface of smaoth muscle cells iziid—
ford, 1968; l970); Goodford et al. (1968) postulated thatgthe m a
vesicLes of smooth muscle cells could serve as areas of Na* accumula-
tion and transport. Accbrding to this hypothesis, the flat negative~
1y charged plasma membrane invaginates to fcrm vesicles by an ATP-
dependent mechanism as shown in Figure 1. The formation of spheri-
cal vesicles brings the charges on tbe sur{ace closer- together and
thus increases the chargezdensity within the vesicle 'Thls‘highPCOn—
centrat1on of negative charqes attracts cytoplasmxc Na through the
selectlvely permeable vesicular membrane. Once formed according

1

to Goodford's calculatlons, the vesicles are capable of accumulat1ng,

up to 900 mM cytoplasmic Na' based on vesicle s1ze and charge dens1ty.

on the membrane when the negative‘charges w1th1n the vesicles are
balanced by Na® the ves1cles open to the extracellular space, the o
!‘charge denSIty decreases and Na escapes accompan1ed by water move—

‘ment," The neqat1ve charges on the flat membrane are balanced by d1~;

ne

-

«3

F
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Na' (Goodford et al, 1968).

~ cellular space (e). The curved vesicular membrane becomes

Figure 1. The vesicular model

Steps 1 and 2 represent the ATP-dependent formation of

a spherical vesicle (b and c) from the flat ne@ative]y
charged membrane (a) which separates the cytoplasm (ICS)

from the extracellular space (ECS) and at which the transport
ATPase (®) is located. Once formed (c), the vesicles fi]ﬁ
Qith Na® by:r 1) the ATP-dependent ATPase (Daniel and

Robinson, 1971c) and 2) their selective permeability to
[ /)

Steps 3 and 4 represent the discharge phase. Na* is bound
within the vesicles ét the negatively charged sjtes (d).
To maintain electroneutfa]ity C1~ .moves out or potassium
moves into the cell (d) after Na' is bound. Sbhé water

follows Na+ into the vesicles and some water moves out of

“the cell across the flat membrane after binding, The'vesicles

. qpen,(perhaps due to a Ca++—dependént contractile system

around the vesicles (M) Rangachari; 1972) and the bound ‘Na*

exchanges for monovalent and divalent cations in the extra-

part-of the flat membrane again (f).

%
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valent cations.

tvidence to support the concept of suberficia] anionic sites
on smooth muscle ce]]s has recently been presented by Goodford and
Wolowyk (1972). They found that electron dense, positively charged
urany1*ions bound to the external surfaée'of the plasma membrane of
glutaraldehyde-fixed tissues. The affinities of cations for the sites
were'tCaH = M9H‘<<:K+ < Na+, as determined by the ability of these

cations to decrease uranyl precipitate at the cell surface.

Daniel and Robinson (1971a,b,c ) extended the vesicular
hypothesis in studies of uterine smooth musclgi They found tw
exchangeable cellular fractions of %2 Na in efflux studies. One frac-
tion of ??Na efflux was found to be relatively fast, the other slow.

.ZzNa in the fast fraction was believed to be 2%Na emerging trom cells
via the membrane vesicles. The slow cytoplasmic fraction was thought
to be #Na leaking out aeross the flat portion of the plasma membrane.
They found that the efflux of %2Na from the fast fraction was reduced |
but not eliminated by the inhibition of transport ATPase with ouabain:
The component of 22Na extrusion which persisted in the preseqfe of
ouabain was diminished by ATP depletion. Daniel and Robinson‘(1971c)
~postulated that ATP was necessary for : (1) the formetioh of spher-

ical vesicles and (2) the selective accumulation and bindiﬁg*of Na®

within the vesicles as postulated by Goodfofd (Figure 1). Thus, accor- o

ding to Dan1e1 ‘and Rabinson there were two ATP- dependent mechan1sms
for Na extru51on both by way of ‘the ves1c1es (1) the extrus1on _
- of Nat by the ouaba1n 1nsensitive but ATP-dependent, formation of

ves1c1es and bind1nq of cyteplasmic Na at an1on1c s1tes w1th1n the



s

a

\
+ R N
vesicles and (2) the extrusion of Na . by a ouabain-sensitive trans-

port ATPase associated with the vesicles. Daniel and Robinson

h‘(]971c) considered that Na' bound within the vesicles exchanged

for extracellular cations when the vesicles opened to the exterior.
Evidence that a second (ATP-dependent but ouabain—thsensi—
tive) mechanism is involved in Na+transport comes from the quantita-
tive differences between the effects of metaholic inhibitors and&
effects of inhibitors of the transport ATPase (Daniel andﬁgobinson
1971a,b,c). Accordingly, if only one mechanism were 1nv§$bed both
ATP dpeletion and inhibition of the system with ouaba1n (or K * free
so]utions) should produce the same effects. However, inadequacies
in the concept oi a-single requlatory mechanish were noted as fo]iows
(Daniel and Robinson, 1970; 1971 a,b,c): (1) ATP depletion with met-
abolic inhibitors caused the expected downhill ionﬂnovements of Na'

and K and resulted in swelling of tissues. (2) The inhibition of
g

transport ATPaseguﬁth ouabain produced downhill ion mov

[ §

the tissues did not swell in fact, they decreased in wq%kr cantent.

a]ysfs of 22Na efflux from uterine tissues showed tmgre dt:i two

ATP- dependent systems 1nv01ved, on1y one of wh1ch was ouabain sens1t1ve

In addition to a transport ATPase a second Na -pquJhas been
proposed for other tissues such as red blood cel]s (Hoffman, 1966),
kidney (K]einze]]er and Knotkova 1964 Nhrttembury and Fishman, 1969)
and ske]eta] muscle (Leb]anc and Er11g, 1969) based. on the ability of

ouaba1n to 1nh1b1t only part of Na extrusion.‘ The ouabain-1nsensit1ve

'system in kidney was postulated to be an—e]ectrogenic Na-C] pump which

)

’contrOTS ce]] voiume (Whittembury, 1968 Nhittembury an3 Fishman, 1969) -



In red blood oells, more recent evidence indicates that the ouabain-
insensitive system jinvolves a Na+—Na+ exchange process (Smith et al.,
1972).
e
Ethacryn1c acid, which was originally thought to selectively
inhtbit the ouabain-insensitive system in other tissues (Hoffman, 1966;"
Whittembury, 1968; Leblanc and-Erlig, 1969), did not appear to pro-
duce volume changes by‘inhibiting the volume pump directly in smooth
muscle but instead énhibited it indirectly by interfering with meta-
bolism (Daniel et al., 1973d), Similar conclusions on the mechanism
of action of ethacrynic acid on kidney were reached by MacKnight (1969).
' Daniel and Robinson (1971c) showed that whole uterine tissues :
made Na' -rich by 1ncubation in a Na -rich k' -free medium in the cqu
and then rewarmed 1n the 'same solution Tost Na accompanied with water
by an energy dependent mechanism. Rangachari (1972) and Rangachari
et al. (1972) confirmed an&*extended Daniel and Robinsgn's work on Na+—
rich myohetridm. They found that the 1oss of weight from Na'-rich
tissues into K -free ‘solutions was accompan1ed by a contracture and
was inhipited by substenceg such as isopropy]noradrena]ihe, papaverine,
iodoacetamide (IAAmide) and Ca™*-free solutions which preyented contrac-
‘ tuhes of thehtissue. Rangachdﬁi (]9?2) proposed that‘Na+-r1th‘t;ssues |
_bound Na within the vesicles in the co]d Upon newarming, a -contrac-
-h‘tlle mechan1sm, located either around the ve51cles or between the ves—
,ic]es on the f]at portion of th;<ﬁ§ﬁbrane, shortened to epen and d1s-
charge the vesic1e contents (Fiqure 1) Agents. which 1nterfered with

“‘the contracture were thought to lnhibit the contractile process in

[

B ‘ff vesicle discharge
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:”re t0 the cold and to expel NaCl isotonically during re-
AN
warming (Kfe:nzelier and Knotkova, 1964). A contractile system assoc-

. iated wie?{ihe membrane of kidney was postulated (Rorive and gleinzeiler:
(1972)., |
.l The questions asked at the start of this project were:
(1) Ar?;the morpho]ogical changes which occur in smooth musc]e cells
in response to 1nhib1tors of metabolism or active sodium transport
consistent with the 1nvolvement of ve51cles in sodium or water trans-
port?  (2) If the membrane vesicles are involved in sodium transport
and ;pey contain a high sodium concentration, can sodiqm be demonstrated

histochemicaily with potassium pyroantimonate? - 2

= /

B. Li&erature‘Rexjew
X

1, Control of Cell Volume

PP e S

éells contain osmoticai]y active»materials which are imoermeab]e

Pl

to tne ce1i mambrane as we]] as existing in an environment of substan-

% ces which are permeable. This condition ieads to the threat of celi

s%jswelling and lysis: due to the hiqh permeability of water One mechan;‘
‘tism which uould keep the waSEr content within cel]s 1ow would be to '
,pump it out as fast as it enters However, evidence for thé active |

- *:‘transport‘of‘Water has been’ obtained on]y for insect cuticle (Beament,\

‘,‘;‘3964) whichtis not re]evant to mammaiian ceils. Other possibie mech~“

ou%d so]ve the prob]em are the evo]ution of (1) membranes

‘7Vs'efimpermeab1a tn sodium, the major extrace]]u]ar cation, (2) membranes f ‘;

“ \




wh1ch could withstand large pressure d1fferences (3) the aoility to.
bind sodium se]ect1ve1y in an osmotfca11y 1nact1ve form; (4) a pumping
mechanism to transport sodium out of cells as fast as it enters. Qlant
cells have adopted walls in their evolution which can resist large pres-
sure differences, but at the expense of limited mobility. In contrast,
animal cells have evolved mech%hisms for ion pumﬁing and/or binding

that keep the intracellular concentration of perﬂeab]e ions, and

v

hence water content, in a steady-state.
. ¢ )

Sodiwn éump concept. An early observation by Macallum'(1905)

was that potassiumﬁof living organisms was confined mafn]y to"the cells;
very little was present in the extraoe11u]ar phase,_whereas the oppos-
ite was true with respect to sodium. This rule for the distribution
of these two cations holds true foflnearly all Tiving cells.

“ The distribution of sodfum and potassium has been studied
most extensively in three types of tissues viz., muscle, nerve and
erythrocytes Permeability of muscle to potassium was demonstrated by
Meigs and Atwood 61916) who found that muscle bath 1n KC] solutions -
would swell and take up potassium. Boyle and C ﬁw y (1941) believed
‘ Vthat muscle fi?ers.were impermeabie to‘sodiom and very‘bermeabie to‘.
potassium and ch]or de. However, even at the tfme of 1ts conception
1there was mount1ng evidence against the unmod1fied Boyle-Conway
‘theory, i.e., Fenn (1938) showed that when potaspium was lost from
‘muscle due to fatigue, sod1um entered FurtherJore Heppel (1940)
was able to show that inJected 22Na would equi11brate with. musc]e

. fiber ‘sodium. - ‘? »J' . 'he""“,“;{'~“fw‘ “/ff",‘ Lo
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Dean (1941) modified the Boyle-Conway theory by introduc-
ing the concept of a continuous inward leak of sodium balanced by
extrusion of sodium by a,pumping mechanism in mosc]e fibers.

Wilbrandt (1937) referred to the process of ion pnmping
Acrégg celllmembranes as active transport. The term active transport
was later defined to mean the transfer of a substance across the mem-
brane against its electro-chemical gradient with the expenditure of
energy (Ussing, 1949). -

The concept that sodium and potassium movements ame mediated
by a single s§stem comes from several obse}vations: (1) The potassijum
influx is high in ce11s'which are expeliing sodium at a high rate
(Maizpls, 1951; Ponder, 1950). (2) Sodium'is required inside ce]is
and potassium outside for their resoective‘movement (Harris and Maizefs,\av
1952€\G1ynn, 1957; Whittam, 1962; Sen and Post, 1964). (3) The active
extrusion of sodium and uptake of potassium seem to depend on the
same metabolic factors (Maizels, 1951). S |

The steady-state distr1but1on of monovalent cations and water'

-depends upon the 1eakage and transport of ions into and out of ce]]s
 (1eak-pump hypothesis) Energetic considerat1ons show that any cat?@ﬁ‘
,'crossing the membrane must be accanpanied by an anion (usually thought

‘to be C17) or exchange for another cation to maintain e]ectro neutral-
'1ty A tranSport mechan1sm wh1ch exchanges equal numbers of Na for

Ff'g* is referred to as a neutral pump An e]ectrogenwc pump s a system

fg¥wh1ch extrudes more Na than K are absorbed

An example of the pump—]éak relationshlp was demonstrated

1n red blood ce]Ts from two strains of sheep by Tosteson and ‘Hoffman
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(1960). . They showed that ion and water balance were maintained by

high pumping activity in cells from one strain of sheep and high K

M

“ leakage in the other strain.

A neutral pump has been proposed for several tissues such

~

' as. Squ1d axons (Hodgkin’ and Keynes, ]955), ske]eta] muscle (Desmedt,

1953) and,Smooth muscle (Kao and N15h1qama, 1969) However, more

recent and complete evidence indicates that the pump is often and per-
. ) . 1
haps always e1ectroqenic in many tissues includinq all the above types

c.

(see review by Thomas 1972) Taylor e (1970) showed conclusively

~.that pumping of Na in Na ~r1ch myometr1uM‘qu e1ectroqenic

-

The search for the energy Source ‘for active transport led to

" circumstantial evidence,in support of adenosine triphOSphated(ATP),%'

a high energy phosphate compound. Sodium efflux in squid axons was
markedly inhibited by metabolic inhibitors such as 2,4-dinitrophencl

(DNP), cyanide, and azide (Hodgkin and Keynes, 1955). Caldwell (1960a)

“showed that cyanide treatﬁént resulted in a rapid but reversible de-

crease in arginine phosphate and ATP in squid axons, and the time 'L
course correlated well with decreased sod1uq.';f,tx* Changes in ATP
and sodium efflux were similar when DNP was ?sédfto inﬁibit-meéabo1ism.'
Ca1dwé1} (1960b) also injected several high egergy phosphate compounds
1nto metabolically inhibited axon} ahd he found that some of them, such
as ATP, wou]d increase sod1um extrus1on A study of squ1d axon in
which the axonp]asm was replaced by sa]t so]ut1ons indicated that 3 Na+
weré extruded for each mbfecu]e of ATP!hydrqﬂizeq-(Béker and Shaw,

1965).
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Whittaker (]94@) and Maizels (1951) proposed that ATP was the source

of energy for ggdiumrtransport by erythrocytes. An accumulation of K
occurred when ATP was introduced into erythrocyte dhosts (Gardos, ]954)Y
Hoffman (1960), using red cell ghost preparations loaded with differ-
ent high energy phosphate compounds, was able to demonstrate that ATP
was the primary source of energy for sodiup transport.

The dependence of the sodium pump on ATP raised the question
whether movements of sodium and potassiﬁm might lead to the. synthesis
of ATP’by reversal of the pump. Garrahan and Glynn (1967a) tested this
possibility in red cell ghosts. They found that radioactive'orthof
phosphate was incorporated into ATP when the pump was revefsed by the
ent}y of sodium and the exit of potassium. The 1abé]1ing:was preven-
ted if ouabain was present. - ;

Schatzman (1953; 1962) demonstrated that the sodium pump
was %nhibited by cardiac g]lycosides. The inhibitory effects of these
agent5fwe}e shown to be on the outsidé of the ce}]ﬂmembrane (Whittam,
1958; Caldwell and Keynes, 1959) and these effects could be decreased
b; increasing pothssium‘concéntgatipp extgrna11y (Glynn, 1957).

In search of a membrane tfahgporting system, Skou (1957)
?déntified an en?yme 16 Cfig nerve which had the,fol1dwing eséentia]
broperties:‘ The system (1) *was located on tﬁe cell membrane, (2)
had‘a hi;her affinity for sodium than for potassium inside the cell
membrane, v(3)jhad‘a higher affinity fpf potassium than for sodiﬁm
on the outside of the membrane, (4) contained an enzyme which con—

verted the energy of ATP into’ the movement of fons, (5) hydrolyzed

N
-

ATP at a rate dependent upon the sodium concentration inside and

e A Mk‘y"'\‘
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as found in cells in which a coupled

transporq oc ib1ted by{card1ac g]ycos1des, and (8)

The correlation betwéén the properties of this ATPase system de3cr1bed
by Skou (1957) and the active transport system for sodium (the sodium
pump) have been confirmed and extended (Dunham and Glynn, 1961; Post
ef af., 1960; Charnock and Post, 1963a; Charnock et af., 1963b;
Charnock and Opit, 1968). Foruexamp]e, both systems (1) reqpire'ATP;
(2) require sodium és well as potassium; (3) have vectorial proper-
ties (transport Na' out and K' in); and (4) are inhié%ted by low
concentrations of ouabain and other cardiac qlycosides. '

Skou iater (1960) postulated, and it has subsequently been
shown;(Charnoék ef al., 1963b), that a phosphorylated intermediate was
involved in the molecular events of the Na+AK+~dependent ATPase -in
which the hydro1}sis of ATP resulted 1n:the transport of sodium and
éotassium. The exact molecular Hechanisms o% the sodfum-potassium
;ranspgrt enz yme remain unknown; hOweQer, several diagrammatic %ode1s.

have been proposed (Opit and Charnock, 1965; Albers et al., 1968;

‘Hokin, 1969).

Other modes of‘sodium extrusion. Cellular swelling occurs
if the sodium pump is inh1b1ted in red blood cells (Tosteson and Hoff-
man 1960). However, inadequac1es in the coné;pt of only one mech-
anism contro]]inq ion movements were“revea]éd when‘inh%bitibn'éf Na+
pump1nq with cardiac q]ycos1des did not cémp]ete]y inhibit Na ex- \
trusion in red b]ood ce]]s (Hoffman'and Kregenow, 1966), k1dnev orl

| muscle (K]e1~nzeHer and Knotkova, 1‘~964;uwh1ttembury, 1968; Macnght,
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1968; Daniel and Robinson, 1971a).

Hoffman (1966) and Hoffman and Kregenow (19%6) posiu]ated
two sodium pumps for erythrocytes based on the inabi]ioy of cardiac
glycosides to completely inhibit sodium movements. Pump I was composed
of two parts both of which were inhibited by cardiac glycosides. Part
A was a Na'-k' exchange system. Part B was a sodium-sodium exchange
mechaqism in which the outflux of Sodium~requiréd sodium in the exter-
nal medium. Pump II was defined as g]yooside—insensitive but inhib- -
ited by ethacrynic acid. ATP was necessary for the operation of pump I.
The energy source for pump II was unknown. Garrahao and Glynn (1967a,b)
also demonstrated the existence of a second pump in erythrocytes which
was similar to pump II descrfped by Hoffman. They also provided evi-
dence for a sodium-sodium exchange mechanism which required AfP but
did not result in its hydro1yéis. This system was thought to corres-
pond to part B of pump I found by Hoffman.

Evidence for the existence of two sodium extrusion mechan-
isms has been reported for frog sartorius muscle (Mullins 'and Frumen-
to, 1963; Horowicz, 1965; Keynes, 1966). One fraction of sodium ex-
trusion was found to be strophanthidin-sensitive ohd pooassium—depen—
dent, whereas the second component was not affected by either. Lgb]anc
and Erlij (1969) found,that'éthacrynic acid inhibited the secood sodiuﬁ
" efflux component in frog muscles and thus they proposed that th1s mech-
an1s% was s1mi]ar to Hoffman's pump Il found in red cells.

More recent ev1dence indicates that ethacrynwc ac1d acts to

'1nh1b1t glyco]ys1s and oxidative phoiahory1at1on as we]] as transport
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ATPase in a npumber of tissues (Duggan and Noll, 1966; Jones and Landon,

-?‘X

1967 ; MacKn1ght, ]96§§ MacKnight, 1969; Daniel et al., 1971d). There-
fore, the inhibition of Na+ efflux is thought to be related to ATP

depletion by thé nohspecific effects of ethacrgnic acid. Further-
more, the ouabain-insensitive system in erythrocytes is thought to
be a Na+—Na+ exchange process independent of the sodium pump (Dunn,
1970; Whittam and Wheeler, 1970; Sﬁfth et ak., 1972). This exchange
system could not lead fo vo]ume éontro]éa There 1is also good evi-

dence that the sodium exchange in frog sartorius which persists in

the presence of ouabain is an exchange diffusion process (Sjodin

~and Beauge, 1968; Lubowitz and Whittam, 1969).

Two modes of sodium extrusion, both of which Tead to a net
sodium exchange are beljeved to be involved in kidney cel] vo]uée )
control (Kieinzeller and Knotkova, 1964; Whittembury, 1968; MacKnight,
1968; Willis, 1968; Whittembury and Fishman, 1969; Whittembury and
Proverbio, 1970). These investigatorsrhave found that kidney cells

can extrude sodium with chloride and water even in the presence of

ouabain which inhibits the exchange of sodium for potassium. Further-

more, when tissues were loaded with sod1um by 1mmersion in cold med1um

without potasslum and then rewarmed in a medium without potassium, a

-net sodium extrus1on from cells accompanied by eff]ux of chloride and
’by vo]ume loss but without potassium uptake was noted If potasSium

" was added to the rewarming so]ution, a gain of potass1um occurred rec1p-

rocal to the loss of sodfum. Th1s exchange was 1nhib1ted by ouaba1n
| - '

s
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but oudbain did not interfere with the extrusion of sodium with chlor-
ide'according to the above investigators. Ethacrynic acjd was obser-
ved to inhibit extrusion of sodium with chloride and water but it had
Tittle or no effect on the exchange of sodium for potassium(kwhittem—
bury, 1968; Whittembury and Proverbio, 1970). MacKnight (1968), how-
ever, showed ethacrynic acid to be a metabolic poison.

Cell volume in kidney cells could be maintained by (1) water
movement associated with sodium transport coupled either directly or

indirectly to potassium; (2) water movement associated with the trans-

port of sodium and chloride without any link to potassium entry. The
quantity of water the first system could transport would depend upon

the coupling stoichiometry and leak rates of the ions involved.  The

r
it

- second, ouabain-insensitive, system could move large quantitfies of

water and 1t has the following characteristics (Kleinzeller and Knot-
kova, 1964; Whittembury and Proverbio, 1970; Rorive et al., 1972;
Rorive and Kleinzeller, 1972): (1) The solution extruded from cells
consists of 140 mM NaCl (essentiaily isotonic)\_ (2) The extrusion
system is dependent upon m%tabolic energy. (3) Tha\mechanism is not

specific for sodfum, substances such as ]1th1um potassium, oho]1ne,

or Tris [tris(hydroxymethy])amlnomedgzie] can substitute
(4) The system does not require potassium in the external solution.
(5) The ouabain- 1nsens1t;ve mechanism is pH ﬂependent and it requires
calcium in the external so]ut1on.

W1111s (1968) proposed that a pump Iocated ﬁﬁlh1n 2 restrict- "
ed space between k1dney tubu]ar ceT]s or within folding of thé membrane B

(a crypt pump), 1naccessib1e to ouabain act1on cou]d account for a]]

Lro
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the properties of the ouabain-insensitive pump. The crypt pump hypo-
thesis is questioned on the grounds that it is difficult to see why
ouabain should not have access to the sites of the Ne+‘pump if oua-
bain clearly affects K+ transport (Whittembury and Proverbio, 1970).
Furthermore, many cells in which such a system ex{sts do not have
membrane crypts, £.e., red blodd cells, ascitei tumor cells or smooth
muscle cells.” Also this model does not explain the extrusion of
cho]ine‘+ and Tris+’which are not transported by membrane ATPase but
- which do substitute for Naf in the ouabain-insensitive pump (Rorive
~and Kleinzeller, 1972). d

Rorive and coworkers (1972) and Rorive and Kleinzeller
(1972) have proposed that fntrace]]u]ar water and electrolytes are
extruded by a ouabain-insensitive mechanochemical process 1n kidney
cells.” This mecnénochemica] system is proposed to:-operate by a
Ca++—activated ATPase which initiates a membrane confraetﬁge mech-
‘anisni to extrude isotoric solution from cells. The lack of substrate
specificity and ouabain insensitivity are consistent with a mech-.
anochemical system. 5 ' ' .

The mechanochemical hypothesi§ ferpvo]ume control involves
the existence of a contractile mechanisn. Contractile mechanisms
. responsible for water movement have.beepfde3cribed for a number of |
‘cells, e.g., the contractiie vacuole of‘protozoa (Organ et. eZ.,
1968 Perkins and Jahn, 1970) and tumor cells (Hoffman-Ber11ng, 1956).
cOntractile systems are dependent upon contracti1e proteins. Con-

tracti]e protewns associated with membranes have been reported in

eﬁythroqytes (Marches1 et. aZ 1969) 11ver ce]]s (Ne1fakh et aZ

' ,\ ] L i

o
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1965) and thrombocytes (Bettex—Go]}and and Luscher, 1965). The exist-
ence of actomyosin in mitochondrial membranes (Vignais et al., 1963;
Neifakh et al., 1965) and the demonstration that ion movements occur
duriné ATP synthesis by oxidative phosphorylation (Green, 197Q) sup-

port a»mechandchemica] system.
~ Daniel and coworkers (1962) were unable to show any signif-

icant effects of potassium remova] on the rate of ?2Na loss from rat
and rabbit uterine Smooth mu;c]e. Therefore, Daniel (1963b) proposed
that the Na+ and K+ pumps were net coupled and that the sodium pump
operated at a faster rate than that of the potassium pump, giving it
an eleetrogeniC'nature. Furth@r support for the electrogenic nature
of the sodium pump in smooth muscle has been presented (Burnstock,
1958; Casteels, 1969; Daniel et al., 1969; and Taylor et qi., 1970).

| Evidence for two mechanisms regulating ion distribution in
: ute}ine smooth muscle has been presented by Daniel and Robinson (1970,

1971a,b,c). They proposed, on the basis of ??Na efflux studies, that

sodium exits from four compartments in this tissue (termed A to D)..

They found cohpartment A was large and ‘contained quantitatively about
that amount of sodium predicted from the size of the extracellular
sbace. Sodium in compartments’B ande'was viewed as emerging from cells
via a metabélica]]y dependent transpgrt mecharism.  Compartment D was
described as a small bound fraction fch eXchanged only very slowly
with zzNa.‘ Metabollc inh1b1t1on which dep]eted uterine tissues of

. adenine nuc]eotides resu]ted in decreased 22Na efflux from both ce]l-
:,_ ular fractions (B and C) and resu]ted in t1ssue swe111ng | Pota551um—

.free so]utions and ouaba1n had only s]1ght effects pn sod1um~r1ch

L)
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tissues. Quabain decreased efflux of sodium from the fast cellular
fraction B.

Daniel and Robinson noted that in both ouabain and potassium-
free solutions the water content of tissues decreased and both inhib-
itors failed to interfere with the isotonic extrusion of water when
cold, sodium-rich tissues were rewarmed. A ouabain-insensitive, ATP-
dependent system was therefore postulated for control of cell volume
in addition to the classical ouabain-sensitive ATPase.

Daniel and Robinson proposed (]971cz that membrane vesicles
of smooth muscle cells might be sites of sodium transport (see intro-
duction pages 1 to 5). The properties of this vesicular mechanism,
which is thought to control cell volume (Daniel aﬁd Robinson, 1970;
1971a,b,c; Rangachari, 1972; Réngachari et al., 1972), are similar
to the mechanochemical syztem of kidney cells (Rorive et al., 1972;

Rorive and Kleinzeller, - 1972). Both systems (1) require metabolic

s energy; (2) lead to the isotonic extrusion of NaCl from Na'-rich
tissue; (3) are not specific for Na+; (4) do not require external
K* and are not inhibited by ouabain; and (5) may involve a mechano-
chemical process; '

;? _ Membrane‘ihvagination or‘vesicu]a;ion may be a required step
in the activation of some membranes or enzymes for the movement of mole-
cules écro§s them. - Green (1970) has discussed the conformational basis
of energy_traﬂsdﬂctionsvfn‘bio]ogica] systems. He sugge§ted that changes

;in mitochondrial membrane configuraéion provide the bond energy necessary
for‘ATP synfhesis and proddctiop'Qf-ion'gradients.. Conyerse]y, ATP h}—

dro]ysis;tou]d lead. to comformatioﬁﬁl changes in membrane with mdvements

A

LR
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released by the ATPase reaction, inhibits the activity of tissue phos-
phatases (Rosenthal el af., 1969). The same workers also demonstrated
that lead catalyzes the non-enzymatic hydrolysis of ATP used as the
substrate: for release of phosphate.

Membrane vesicles are a characteristic featurghf all ani-

mal cells and some plant cells (Rustad, 1959). The membrane vesicles

have been termed caveo{ae intracellulares in smooth muscle (Caesar
et at., 1957; Gabella, 1971) and plasmalemma vesicles (Bruns and
Palade, 1968a, b) or micropinocytotic vesicles in endothelial cells
(Bennett, 1956).

The term caveolae intracellulares may bé unsuitab1e‘51nce
the vesicles have never been shown to be intracellular. The term
pinocytotic ié also improper, because vesic]e§ in smooth musc[e have
nevef been shown to be involved 1n1ahy uptake process. The te;m
plasmalemma vesicles is not usually applied'to smooth muscle. Tﬁere~
fore, in ihi&,thesis,rthe vesicles observed in smooth muscle will

be referred to as membrane vesicles since their origin is believed

to be the plasma membrane and this term seems more appropriaté.

Aésociatiqn-induction hypothe;is. The usual approach to
‘ thevconcept of volume cdntro] in cells is based on the membrane theory.
Aétording tq this theory, the cell membrane is the 1imiting barrier |
to solutes between the cell intérior and the'eXtérné] envi;onhent. A
“sodium pump located on‘the‘membrane‘(as’describéd‘aSOVé).is responsi-
ble for ma{ntaining fhe stgadyFstate of fbns an"c‘i'\hater\< “Another agsum.
~ ption of ‘the membréné theory ts that.iohs and water are relatively free.
within t}ﬁegceﬂ." - o ( | |

Lo
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of water and ions. In search of support for a configurational model,
Penniston and Green (1968) found ouabain-insensitive conformation
changes in the form of pinocytotic vesicles in red cell ghosts in res-
ponse to ATP. From this, their general conclusion was that conforma-
tional changes such AZ pinocytosis could be necessary processes in the
movement of ions across membranes.

An interesting theory of ATP production by m1toch0ndr1al .mem-
brqnes has recently been submitted by Banks and Vernon (1970). They
postu1ate that the process may operate as follows: (1) The membrane
contains an ATPase but {t normally is held* in an inactive, extended
configurafion. A molecule of ADP and inorganic phosphate become attached
to theﬂenzyme. {(2) The membrane now takes up a folded configuration
thereby extruding water and generating a non-aqueous microenvironment.
(3) A metal cotion enters the folded configuration perhaps accompanied
by Qate} and activates the ATPase which in turn catalyzes the formation
of ATP. (4) The ach:;:ing cation passes out of the folded configura-
tion and the membrane takes up the original .extended configuration with
the release of ATP. Itiis not difficult to see how this mechanism could
result in fon transport if it operated in reverse order and if the pro- .
cess of folding and extension released an ion at a site different from
the origin of the ion.

Additional evidence suggesttng ves1culaq 1nvo]vement in so-
dium transport in smooth musc]e was the demonstrat1on of high ATPase
act1v1ty as‘demonstrated histochemicalTy in membrane vesicles (Rostgaard |
and Barrnett, 1964 Lane, 1967). However the validity of th1s hlsto- ‘
"‘chem1ca1 technique for loca11zation of ATPase act1v1ty has been QUESY

‘tlongd on the grounds that the lead qat1on}used to capture Phosphqte



IS

22

An alternative theory based on the‘jnperaction of electro-
lytes with selective bindipg properties of proteins was formulated by
Ling (1962) and termed the association—indocfion hypothesis. According
to this view, intracellular solutes exist inwkwo states:. (1) in solu-
tion in cell water, and (2) adsorbed onto cell proteins. ATP is thouoht
to energize cell proteins to maintain a particular cooperative state
necessary for selective fon binding. Thus, as ATP is adsorbed onto a
controlling site on a protein, it influences a fixed number of anionic
sites to selectively adsorb Kf. Without ATP, otoer cations such as Na'
may occupy the anionic sites. AOugbain is thought to shift the affinity
of thé syséem from K to Na' (Ling, 1969). Cell water is thought to
exist in a physical state different from that in the extracellolar
solution (Ling, 1966). It is pictured as existing in polarized multi-

layers about the protein. Ce]l volume equilibrium’ depends upon the re-

versxb]e forming and break1ng of sa1t linkages in the protein matrix

. , o 4
and the associatlon of free counter jons such as K o e

Certain evidence supports the assooiation-induction hypo-
thesis. Cope {(1967) suggested that approximateiy 70% of cell sodium
was in a complexed state and therefore Jid not qontributé'to tho‘nu-
clear magnetic resonapce (NMR) spectrum. a NMR étudies of water have
also 1nd1cated structur1ng of this component (Haze] 00d et al., 1969).
Hinke and McLoughlin (1967), prov:ded f rther support for the comp]exn

ing of Jntrace]1u1ar-sod1um»and pqtassium in barnacle muscle studied

with cation Sens1t1ve m1croe1ectrodes  Recent spin-echo studies sub¥

-.stanti;te the idea that ordered water exists in biolog1ca1 t1ssues

(Cope 1970)

Most ev1dence, however, s in favpr‘of the membrane theory " = .



23

as sunmarized below: (])’Living‘ceilé are apprg}%mgtegg isotonic
-with 0.9% NaCl solutions, which demands that the oghofac activity with-
in cells be equal to that of this solution. To achieve this, nearly
all the iohs within cells must be in a free state. (2) The cytoplas-

mic resistance is relatively low as compared with high membrane resis-

tance. The Jow cytoplasmic resistance is interpreted as indicating
nearly compiete di%sociation of intracellular ions. (3) The mobility
of K+ in cells is equal to that of free K+ in solution (Hodgkin and
Keynes, 1955). (4) The correct magnitude of the resting and action
potentials can bg predicted from the Nerns£'equation (Hodgkin and
Katz, 1949) which is based on complete djssocjation of intracellular
«*. (5) The ﬁrdnSport of fons across frog skin separating two iop
bathing so]utions‘(Ussing, 1954) could not be accounted for on the:-

i
basis of ion binding. (6) A linear relationship between potassium./~" "

Ve

content and ATP concentration does not exist in smooth muscle as
predicted by the association-induction hypofhesis_(Rangéchari et ak.,

1972).

2. Localization of Sodium with Potassium Pyrodntimonaté

: ’i* , .
Use of potassium pyroantimonate. Sodium transport sites in

‘smooth muscle cells éou]d be demonstrated‘histochemica]Ty if sodium
wére concentféteé at Fﬁ? tfanspprt sites;ang 1f a valid histoghemica]
tool were availab]e\for sodium localization " Potassium byroantimonate :
_has ‘been widely used as a too1 to loca11ze sites of high sodium con-
xcgntration in tlssues. - ﬂg _“ _ ‘

_ Komnick (1962) and Komn1ck and Komnick (1963) proposed that

. potassium pyroantimonate cou]d be used to 1oca11ze sodium in tissue

.y\“..‘ et ‘ , c ot
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-

prepared for the electron microscope. This claim has been recently
reaffirmed (Komnick anq Bierther, 1969; Lennep and Komnick, 1971).
Potassium pyroantimonate (K,H,Sb.0,.4H,0) is added to the fixative and
the pyroantimonate aﬁion is thought torfonn insoluble, electron dense
precipitatés with sodium at sites of high sodium concentration in tissue.
Kidney tissue has been studied by this method An an :&Tort
to localize areas of high sodium content or sites of sodium transport.
Amakawa and Mizuhira (1968) and Nolte (1966) found precipitates local-
ized in the brush border of proximal tubule cells of rat kidney. Pre-
cipitates have also been observed along the basement membrane in distal
tubules and in glomeruli (Tandler and Kierszenbaum, 1971). Nuclear
precipitates found in kidney preparations were thought tp represent
bound sodium, while precipitates found associated with the membrane were

a

thought to demonstrate sodium transported by the membrane (Tisher et af.,

-3

‘ ’ , < )
1969). Based on precipitate location, an osmoregulatory function for

chloride cells of the kidney of the stickleback has been proposed

(Komnick and Bierther, 1969).

Brain and nervous tissue have been {nvestigated and pyro-
antimonate precipitates were thought to demonsgréte mainiy bound ;odium

(Hartmann, 1966; Villigas, 1968; Siegesmund and Edelhauser, 1968). An-

9,

creqéed precipitates were found in vesiculér structures of astrocytes

following‘intracisterna1 injection of sodium chloride solutions (Tor-
ack, 1971)

‘ Pyroantimonate prec1pitat1on on the external surface of the

roa

8 stratum cornea cells of frog epidermis was, 1nterpreted as support for
' n'a stand1ng gradtent osmot1c f]ow process for this tlssue (Henﬁikson,

,J;:1970 Lennep and Komnick 1971) Sod1um was thought to be'mobilized
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from f}oq epithelial nuclei and rat kidney nuclei during stlmuTat1on

of actlve transport by vasopressin. These observatjons were based on

pyroantimonate location and ?’Na ‘movement in fresh isolated nuclei

I3
-

" (Zadunaisky et al. 1968) .
Other tiséues have been investigated using pyroantimonate
to localize sodjum, These tissues include the spiral organ of the |
ear (Vinnikow and Koichev, 1969), plant cet]s §uch(as mafze roots,
beanhembryo and spinach chloroplasts (Nobel and Murakami, 1967; Tan-
dler et al., 1970), sweat glands (Ochi, 1968), salt excreting glands
(Lennep, 1968), testis (Kierézenbaum et aZAl 1971), vas deferens
(Lane and Martin, 1969), liver (Tandler et al., 1970), bone marrow and
blood cells (Spicer ot ai., 1968; Hardin et al., 1969; Spicer et al.,
- 1969; Hardin and Spicer, 1970; Clark and Ackerman, 1971a,b).
| Heart muscle has been studied after fixation with pyroanx
timonate (Shinna et al., 1969, 1970; Legato and Lanqer, 1969; K]ewn \
et al., 1970; Thureston- K1e1n and K]e1n 1972)  as has skeletal mus-~
cle-(Zadunaisky, 1966; Shiina and Mizuhira, 1970), No comparable

studies have been reported for smooth muscle. P
I | (4 A
Validity of pyroantimonate method. Evidence that pyroanti-

monate precipitates contain sodium in tissue f1xed for e]ectron micro-
scopy comes from var1ous source; , The presence of sodium in tissue
' prec1p1tates has been demonstrated by electron probe ana1ys1s (Lane
iind ‘Martin, 1969 Tandler et al., ]970 Tandler andhK1erszenbaum
¥971). Selected area diffraction pattern studies have shown that pre-
c1p1tates contained sod1um (Hartmann 1966). Studies of. %pe comb1ned

use of pyroant1monate and 22Na autorad1ography have shown an association

I3
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between the developed grains of Na+ and precipitates (Amakawa et a«l.,
1968; Shiina et al., 1969; Tisher et al., 1969). Others have reported

that tissue precipitates were decreased or increased under conditions

which lower or raise the tissue ,sodium content or increase or decrease
sodium extrusion (Kaye and Donn, 1965; Hartmann, 1966; Zadunaisky et
al., 1968; Tani et al.,1969; Torack, 1969; Shiina and Mizuhdra, 1970;
Satir and Gilula, 1970). A study on the efflux of 22Nq from ?*Na-~loaded
tissue during fixation indicated that slightly more ZZNQ remained in

tissue when pyroantimonate was present: (Zadunaisky, 1966).

. There are, however, several reasons for doubting the valid-
ity of this technique: (1) Pyroantimonate solutions precipitate in
vitro with solutions of other cations and cellular substances such as.
calcium, @agnesium, zinc and biogenic amines (Bulger, 1969; Lane and
Martin, 1969; Shiina et al., 1970) and evidence has been presented to
~show that pyroantimonate prec1p1tates with glycogen and histones 1in
tissues (Clark and Ackerman, 1971b). (2) Tissue precipitates were
found to contain Ca1cium,FM§gnesium and potassium as well as sodium and
antimony aé demonstrated by electron pro%e ana1ysis'(Tand1er et al.,
1970; Kierszenbaum é¢ al., 1971; Tisher et al., 1972).  (3) Potassiumir
pyroantimonate has been shown to be insoluble in dehydfatiﬁg so1utionsn
used to prepafe specimens for study (Tice; personal communication;
Shiina et qi., 1970; Tisher et éz., 1972). (4) Precipitates were often
not found in some cells when g]utaré]dehyde was used as the fixative
and the pattern of pFecipitate Varied with the fixative used (Lge et
aZ.5.1957; Bulger, 1969; Clark and Ackerﬁan‘ 1971a; Sumi, 193{- Symi
and Swanson, 1971).- In addition, there is the poss1b1]1ty of d1ffu—

" . sion artifadts durlng fixation and dehydration. ol
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Klein and Thureston-Klein (1972) used flame photometry to

analyze precipitates formed 4n vitno with sodium and pyroantimonate

5

solutions. They found a linear relationship between sodium-added and

precipitate formed. However, isolated nuclei, spleen and sodium im-

.pregnated gels analyzed by a similar flame photometric method and nuc-

lear activation analysis after pyroantimonate-osmium tetroxide fixation
showed that the gels and tissues contained little sodium and increased

contents of potassium (Spicer et af., 1972).
3. Light and bark Cells

Significance of this study. During initial examination of
uterine smooth muscle in the electron microscope, two populations of
cells were found in the same tissue preparation. Cells of the minor-
ity population were less e1éctron dense and randomly distributed among
the more dense cells. Other distinguishing characteristics, such as

lack of membrane vesicles and swollen endoplasmic reticulum and nuclear

envelope, were noted ‘between the-two types of cells. Similar observa-

tions with 1ight‘and electron mib;oscopy of smooth muscle and other
tissugs have imp]icated'contraction—re]axation or the method of fixa-
tion as the factors responsible for density differeﬁces (see Aita et
al., 1968a; Dohrman, 1970). Since cells without vegic]es should be
unable to maintain their vo]umé (Chapter 2), a portion of this progeét
was designed. to study the differéhces between‘the twoltypes of smooth;
o - )

muscle cells and to try to account for them.

Light and dapk smooth muscle cells. Two types of smooth
{! .

\
!

muscle cells differing ‘in staining densities were first distinguished

~in 1844 by KolTiker (Quoted by Conti et al., 1964). Later Henneberg
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in 1901 studied carotid artery smooth muscle of pig, beef and humans

in contracted and relaxed states. He found two types of cells which

\he termed clear and dark cells. Clear cells had a round or élliptical
cross-sectional shape, a clear cytoplasm and a thick nucleus. The clear
cells were thought to. characterize contracted muscle. Dark cells had

a prismatic shape and an intensely colored cytoplasm and were seen in
relaxed smooth muscle (quoted by McGill, 1909; and Aita et aZ., 1968a).
This Qiew was 1mmediate]y opposed by Heidrich in 1902. He studied
smooth muscle of the intestine, urogenital system and blood vessels

from a number of animals and concluded that dark cells were contracted

cells (quotedkby McGill, 1909). The structure of the same smooth

muscle from different animals was reviewed by McGill (19 ;i:i}'
cribed the synéytia] nature pf smooth muscle and studied the structure
of con;racteqvand relaxed cells. She found contracted cells to be
shorter, wider and more densely colored than relaxed cells.
| The concept that dark smooth muscle cells as viewed through
ther11qht m1croscope were cells contracted at the time of fixation
was genera]]y adcepted The only opposing report was that made ear1iér
by Henneberg in 1901 However, Hirséh (1955) be]ie?edlliké Henneberg
that vasculér smogth muscle light cells were relaxed. o |
Guinea ﬁdg, rat and.human intesti@g} énd rag uterine smooth
muscle were studied‘dn the phase contrast and" electron mfcroscope'py
- Gansler (1961). = She lescribed dark‘cé11s as'having q‘pri;k]y appe#r—
ance due to the,harrow,pointed cytoplasmic pfojections in.contrast to
the rounded structure 0 11ght cells with wide, blunt extens1ons

L1ght ce]]s were found t have a ]1ght ground substance wlth d1sorgan—
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ized filament structure, whereas dark cells had a very dense cytopiasm
with thin filaments of no consistent pattern. Light cell nuclei were
less dense than those of dark cells. The dark cell membranes were
difficu]t‘%o see against the dense myoplasms but contained numerous
membrane vesicles. Membrane vesic]es were often absént from the
Tight cells, The difference in den51ty of the two types of cells was
thought to be dependent upon contract1on as dark cells were be]1ejed
to be more numg!jus in tissue contracted at the time of fixation. Con-
traction was thought to lead to cell shrinking by loss of intracellu-
lar water. The result of water loss was thought to produce a condensa-
tion of the myofilaments making the cells more dense‘yhen viewed under
the microscope. ' - .
Laguens and Lagrutta (1964) reported finding 1ight and dark
smooth muscle cells in hyman uterine tissues during pregnancy. Jaeger
(1964) referred to two types of smooth muscle cells found in the human
pregnant and nonpregnant myometrium as "resting”" and "active". The
resting cells were less densevthan those termed active. He concluded
that the cells were in various stétes of contraction at the time of‘
examination. | |
Histological and histochemical studies indicated that light
and dark cells of vascu]ar smooth muscle were not due to contract1on
or re]axation (Conti et al., ]964, Aita et al., ]968b) L1qht and dark
cels were believed to be two different types of cells from- 2 morpho]~

oglcal and functional point of view. These authors have referred to

these cells.as round or oval for light ce]1s*and‘tkiangu1ar or star-
P 8

shapéd for dark cells, after théir_cfoss~séctibna1 appearqnce. However,

Loy
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more recently they have discarded their original claims and returned
to the contraCtioh—re]axation hypothesis (Conti et al., 1972). They
found 1;,arteries retaxed prior to fixation some light cells which they
believed were contracted cells. In contracted arteries, they found
some aark cells which were described as retaxed cells. They concluded
that the density of a Ce11‘was dependent upoﬁ the contracted or relaxed
state of the cell at the moment of fixation. However, they viewed the
contracted cells as the 1light ceils which is opposite to the conclusions
of Gansler (1961). | y

The nature of density differences observed in stretchediﬁamma—
lian and turtle oviduct smooth muscle has recently been claimed to re-
flect dn unusual osmotic response of occasional cells to the glutaralde-
hyde-buffer combination (Somlyo et al., 1971a,b). - They proposed that
the: electron density éf smooth muscle cells was due to the degree of

hydrdtion at the time of fixation, since prior incubation of tissues

in hypertonic solutions increased the density of cells.

Light and dark cells of other tissues. An abundance of 1it-
erature has accumulated over the past 80 years on ihe nature of 1iver
F

and brain cells which vary in density when viewed with the ]ight and

e]ectron microscope. Early reports characterized dark"liver cells as

| thosg‘fnvo1ved in bile production and much work was devoted to-their

s
[

behavior toward specific dyes. Unequal staininq of brafn and spinal

‘ganglion ce]]s were seen and dark cells were be]1eved to be sympathetic

cells (see review Scharrer, 1938)

The appearance of 11ght and dark liver and bra1n ce]]s could

- N

H
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be avoided by intravascular perfusion fixation. Therefore, Scharrer
(1938) thought that dark and 1ight cells might be brought about arti-
ficially by pressing or tearing of fresh tissues when they were remdved
for immersion fixation. He proposed that, as a consequence of mechan-
ical injury, a breakdown in the colloidal system‘df the cell occurred
wjth instantaneous loss or inhibition of water, resulting in dark stained
shrunken cells or Tight swollen cells.

More recent studies indicated that dark cells increased in
number after various toxic treatments_to rats (Herdson ef\aZ,, 1964 ;
La Fonfeine and Allard, 1964; Wood, 1965; Allen and Carstens, 1966),
mice (Papadimitriou, 1965), monkeys (Ghidonj,.]967) and rabbits (Witz-
leben, 1966). However, dark cells were regarded as a reaction due to
1njﬁry after removal of tissues; when it was obserred that dark cells
also increased in number in control fissues not subjected to poisonous
substances but alse fixed by immersion (Steiner and Bablio, 1963; Theroﬂ,‘
1965). - )

Ganote and Moses (1968) noted that conditions wh1ch tended
to result in 1nadequate f1xat1on of liver t1ssue 1ncreased the frequency
of both light and dark cells and 1ntermed1ate dens1ty cells on the sur-
~ face of t1ssue blocks. Dark ce]]s were found more frequently in the
centra] port1on of tissue b10cks After zn sztu fixation, intermediate
den51ty ‘cells were observed and therefore 11ght and dark cells were
thought to be art1facts of f1xation.- This conc]us1on was s1m11ar to’
that made earlier by Scharrer (1938) who considered 1ight and dark ce11s
as artifacts due to mechan1ca] 1nJury prior to f1xation. | -

Lrght and dark epithe]ia] ce]Is of choro1d p]exus of the
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brain from dog, mouse and humans were considered to be due to varying
states of cell hydration at the time of fixation (Dohrmann, 1970).
They were not believed to be artifacts, since they could be demonstrated

in.tissue fixed either by immersion or perfusion.
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OF MEMBRANE VESICULATION AS A MECHANISM
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CHAPTER 2

AN ULTRASTRUCTURAL STUDY OF VESICULAR

| TRANSPORT IN RAT MYOMETRIUM

A. Objectives

If membrane vesicles of smooth muscle are involved in Na'
and water transport in tﬁe way postulated (see intuoduction), several
changes should occur in vesicular structure and electrolyte content
following treatment of tissues with metabo]ism or trausport inhibit-
ing substances.

1. If ATP 1s necessary for membrane vesicle formation and
maintenance, depletion of ATP with metabolic inhibitors
should eliminate vesicle formation and lead to their des-
truction. 7
2. fo méhbrane vesiéles are sifes of -sodium transport, [ATP]
reduction with metabolic inhibitors should precede;or accom-
pany vesicular changes, Na -gain K -loss and volume changes.
3. If the ouabain-insensitive volume pump is the only mech-
anism associated with the vesicles, inhibition of trapsport
ATPase with ouabain should not directly affect vesicular
structure. | B
’_4. If vesicle formation and discharge involve a catt-
dependent mechanochemical system as proposed by Rangachar1
(1972), rewarmed Na -r1ch tissues shou]d have a]tered

ves1c1e structure or number than those noted in co]d Na -
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tissues. This alteration in vesicle size or in number

‘ ++
could be prevented by substances such as Ca -free solu-
tions and iodoacetamide which interfere with contractility.

43

The objective of this study was to teé% the vesicular hypo-
thesis by evaluating the above predictions. Somé pieces of myomet-
rium were analyzed for cation contents a VATP and other pieces of
tissue were prepared and examined in the%%iectron mic?oscope after
incubation in Krebs-Ringer solution with and without metabolism (IAA
+ DNP) and transport (ouabain, 5°C) inhibitors.

8

A
BN,
AR

B. Materials and Methods

1. Tissue Preparation

Female Wistar rats weighing approximately 100 grams were 1n;
jecfed subcutaneously with 50 micrograms of diethy]sti]bestero] daily
for six days. Each rat was killed by a blow to the head. The abdom-
inal cavityrwag cut open and the uterus rapidly removed. The two ut-
érine horns were separated at the bifur;ation an& each horn wés‘spread
out on filter papef dampeg’dawith Krebs-Ringer solution. In all |
tissues used in this stud§; the endometrium was separated from the
myometrium by stripping the two layers apartﬁ‘ The endometfia] por-
tibn, which also contained much of the‘circu}gr muscle," was diséarded.
| A1l myometrial poréions were suspended on stainless steel
‘hooks.‘”The tissues were ql?owea'to recover from handliﬁg for one

)

hour in Krebs-Ringer mediuﬁ at‘25°C aerated with 95% Oz-é%‘coz.

J
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’

Recovered tissue ﬁaﬁ designated as fresh tissue. Fresh tissues

| : '
were weighed and transferred to separate tubes for their respective
treatments. Tissues were made soddium-nich by incubating them over-

o

night at 5°C in nonaerated potassium-free Krebs-Ringer solution.
After treatment, a piece of tissue approximately 5 x 5 x *
0.5 mm was removed from the Certer of each uterine horn for electron
microscopy. The two remaining pieces were placed together for ATP
or cation‘ana]ysis, ,
'In measurements of fresh tissue, tissue from one uterine
horn was used as the control and compared with its paired, treated
horn. In measurements of sodium-rich tissue, comparisons were made
between tissues removed from the same uterine segment before and

A '
after rewarm1ng

2, Solutiong

The composition of Krebs-Ringer solutions used in this study
N ,

is shown in Table 1.
Unless otherwise specified; chemicals and drugs used in this

o

study were added directly to the Krebs-Ringer incubation solution.
The soufces for the chemicals used are@%iven in the appendik}

S 2"

3. ATP Deter’mination\

L
-

The ATP contents of t1ssues were est1mated by the firefly
method (Kahlen and Koch 1967 Wirth et az 1970)

t
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“.open .channel was used in this study o e

'oroduced'fn the enzyme ATP reactfon

38

ATP was extracted by_p]ac@yg the 2i§sues for 10 minutes in
beakers containing 10 m1 of boiling glycine buffer (2.0 mM; pH 9.5-10).
Thereafter the solutions were transférred to graduated test tubes and
the volumes readjuéted to 10 m1. The test tubes were p]aced on ice
until ready for estimation.

Soluble extract (luciferin-luciferase) from 50 mg of dried
firefly lanterns (Sigma) were ground with a mortar and pestlie and
dissolved in 400 ml of cold 0.1 M arsenate bufter (pH 7.4). MgSO,

(to make 0.02 M) wos'added to the enzyme solution prior to use. 5

ml of the enzyme solution nas placed in scintillation vials and stored
in the cold until used.

‘ ATP standards (0.05 - 1.0 ug/ml) were prepared from frozen
stock solutions (} mg ATP/m1 glycine ouffer) at tne same time that.
the ATP was extracted from tissues.

0.5 ml of the standards or tissue extracts was added to
5 ml of the 1uc1fer1n luciferase solution and mixed by swirling the
vial. 30 seconds after mixing the two %o]utlons eachalla] was coun- ’
ted three consecutive times for 0.1 mfnﬁte A 11qu1d sc1n llation

counter, (Nuc]ear-Ch1cago) set ‘up for integral counting on e

| The amount of ATPsin the tissue extracts was estimated byg&
comparison with a standard curve (drawn on log—log paper) of the ATP

concentrations in the standard so]utions aga1nst the averaqe counts
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4. Determinations of lon Contents of Tissues
[ 4

’ Tissues were placed in dried, weighed test tubes and the
wet weighty obtained. The tissues were dried to a constant weight
(dry weight) at 105°C.  The total tissue water content was calculated
as the difference between wet and dry weights (g H,0/q solids). Con-

r

centrated nitric acid and 30% hydrogen peroxide (0.1 ml each) were

-added-to each dried sample and then the samples were digested on a hot

~

sand bath. BJank test tubes were treated An a similar manner. The
resulting residues were dissolved in de-ionized distilled water and
the volumes made up to 25 ml. Sodiumrand potassium contents were de-

termined usinq an EEL flame photometer. A standard c‘sve for each ex-

periment was constructed from standard so]ut1ons of sodium or potass1um

chloride. Ionic contents of tissues were estimated by comparison of
sample readings with the standard curves after!subtractfng the blank
reedings.‘

, 'll | o | , ﬁ],

" ,6. Electron Microscopy

b

ZTeparation Tissues were f1xedrby j 1on in about 5 ml

- of. 5% glutara]dehyde buffered w1th Millonig's" phosphate buffer (pH,

7.4; 960 mOsm) athS.Cs The pieces of fixed tissue were stored in
the co]d until ready for postfixation and dehydration. The t1ssues

were then washed three or four t1mes in phosphate buffer and post-

‘ fixed in 1% osmium teéroxide w1th M1]1on1g S buffer for one hour.

After r1n51ng tw1ce in d1st111ed water, samples’ were dehydrated in a

ser1es of graded concentratlons of alcohols followed by propylene oxide.
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A1l tissues were embedded in Epon 812 in flat molds oriented
so the outer longitudinal muscle layers would be cut in cross-section.
Pyramids with face dimensions ]éss than 0.5 x 0.5 mm were cut with a
razor blade on the serosal surface of the tissue over the 1onqil d-
inal muscle layer. Silver to grey sections were cut Usinq a diamond
knife with a Porter-Blum ultramicrotome (MT2). A1l sections were
placed on bare 300 mesh copper grids and examined in a JEM-7A elec:
tron microscope after double staining with uranyl acetate (Gibbons

and Gristone, 1960), and lead citrate (Reynolds, 1963).

Quantitative measurements. The following procedure 'was

followed to assure random samb]inq in quantitating the membrane ves-

icles in smooth muscle cells.

A total of 16 photographs were taken at each time after the

various treatments (Tables 2 - 12; 4 photos/tiss&e x A tissues/time).

- g One photograph (x 8,000 magnification) was taken®f sections
. o )

overlying the center square {(or closest square cortaining a section)

:from each quadrant of each grid (? photographsiper grid). The areas.

o

photographed (ca. 1/16 of the yrid square; ca. 1/300 of the section

area) had to contain at least 50% cells which were cut in cross sec-

tion. If this criterion was not met in thé Tower right area of the

grid square, the'1ower left, the upper 1eft and then the upper riqht

areas were cons1dered for photography until a su1tab1e area was found

“

If sect1ons conta1ned sectioning or sta1n1ng art1facts, they were re-
Jected and the t1ssues resect1oned and stained.

. Negat1ves were eh]arged 3 t1mes‘?x 24,000 maqn1f1cation) and

I , .
A - i
A

¥
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printed on 8" x 11" paper. A map tracing compass was used to measure
distanees along smooth mﬁscle cell membranes in the photographs. A7l
surface vesicles (within 3 mm of the surface) of the cells in the pho -
tographs (ca. 10 ce]Ts/ﬁhoto) were counted. From the measurements
taken from photographs, the number of vesicles ber millimeter of mem-
brane for each mi;éde was estimated.
The center portion of each negative was enlarged 10 times
(x 80,000 magnification) (if the center .was unsuitable, the left cen-
ter then right center areas were considered). A compass and millimeter
scale were used to determine the average size®of each vesicle in the
enlarged fie]d Two measurements (one parallel and one perpendicular
to the field) were made of each vesicle at the maximum d1ameter ~ From
the aeove data, the average size of the vesicles in the field (ca. 20
vesic1es{fie]d), the vesicular volume and vesicular surface area were
ca]cu]ated.;~The total volume and total surface area per unit length
of membrape were obtained by mu1£1p1ying the average number of vesicles/
mm membrane for each, photograph by their'average volume or surfece area.
-The average vesicular number per unit length and dimensions

N

of each tissue were determined from the 4 photographs taken of each

tissue. These data were compared with correspond1ng dimensions deter-

mined for the paired horn. . o -

6. Statistics

"The palred student's t-test was used to test for statistical
sign1f1cance between va]ues obtained from paired tissues. A “p*

value of < 0.05 was chosen as the level of 51gn1f1cant dlfferences

?etween t1ssues ' T
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C. Results

1. Appearance of Control Tissues

Figure 2 shows a cross-sectional view of the longitudinal
layer of the rat myometrium. The smooth muscle cells of the myome-
trium are irreqular in shape with occasional projections. Membrane
bound vesicles appear intermittently along the plasma meﬁbrane o% the
cells. A vesicle at high magnification is seen in Figure 3.  Both
the flat membrane and vesicular membrane are well defined, énd have
a typical tripartite layered structure appro*imate]y 80 R ghiCk-
Many vesicles appear open to the extracellular space as shéwn in
Figure§ 2 and 3.. However, some membrane:vesic1es can be seen which
have no apparent communication to the exterior of the cell (Figure
2). This could be because the connections were ﬁutside the plane
of section or'because the vesicles were free within the cef?.
To test whether there were any c]osed vesicles, tissues were
fixed in 5% glutaraldehyde bufferéd %3%h 0.T M'cacodylate buffer (pH 7.4,
Revel and Karnovsky, 1967) and containing colloidal 1% lanthanum ni-
trate. Postfigation was in ]%rosmium tetroxide solution with the same
buffer. 'These tissues were examined unstained in the electron microscope.
Figure 4 shows that the co]ioida] suspension of ]anthénum ni-
trate penétrated between cells. Lanthanum was preserit in vesicles open
7 to‘the extracellular space and a]so,in‘vesfc]es with no apparent open-
ing to the outside. - | |
| ,ﬁartic]es (;IQO R),ﬁ;;ociated with fhe inner surfake of the
vesicular membrane wergqufiinedvby the dense 1aﬁthanﬁm,depo$if (Fig-

“‘Ql ’

-
-

.
-~



Figure 2.  Smooth muscle cells of the longitudinal muscle layer

of the rat uterus. Membrane vesicles appear along the surface of

the cells. Single arrows indicate vesicles open to the extracell-

’

ular spate. Vesicles with no apparent openings are shown with dou- z
A

N o

ble arrows. Magnification x24,000.

2\\Fjgure 3. A high magnification of a membrane.vesicle. Note the

~

triple Tayered membrane, the opening in the extracellular space,

Magnification x213,000.
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Gha
&

‘ﬁiﬁﬂﬁggﬂf Smooth muscle cells fixed in 5% glutaraldehyde with
1% coTToida] lanthanum nitrate. The extracellular space in
some areas as shown here was completely filled with electron

"dense lanthanum. Lanthanum also was present in vesicles open
to the exterior (v) and vesicles with no apparent opening (v').
Note the presence of particles or repeating units associated

with the inner vesicular membrane (arrows). X 40,000 magnif-

ication.

Fiqure 5. Higher magnification of tissues shown in Figure 4 .
Particles were associated with the vesicular membrane {(arrows)

but were absent from the flat membfane. X 70,000 magﬂification.






ures 4 and 5). There were no partig?es on the flat portion of the

membrane.

2. Effect of Metabolic Inhibition -

-\

Daniel and Robinson (1971c) based their vesicular hypothesis
on studies of cations in whole uterine tissues which consisted of both
myometrium (smooth muscle cells) and endometrium (epithelial cells).
This study was designed to test their conclusions using only myometrium

and to correlate the results with the ultrastructure of the cells.
&

TAA + DNP, Iodoacetate (IAA, a glycolytic pathway inhibi-
tor) and 2,4-dinitrophenol (DNP, an inhibitor of oxidative phosphoryla-
tion) in concentrations of 1 mM each were useq together in the incuba-

“tion solution to rapidly deplete the tissues of ATP as shown by Daniel

and Robinson (1971b),
7 Table 2 shows the effects of metabolic inhibition with iodo-

acetate (1 mM IAA) plus dinitrophenol (1 mM DNP) from feur different

exoerimeﬁts. There'waslan immediate decrease in ATP content of tissues f%‘j

incubateq inKrebe-Ringér solution with both inhibitors. At 5 minutes -

the ATP content was down-to 10% of the control va]he}énd it continued

to decline thereafter By 40 minutes, no ATP could be deteeted in in-

hibited tissues (<0. 0:; of control ae judged by sensitivity of the ATP
- determination method). There was little change in the ATP content of

contro] tissﬁes incﬁbated in Krebs—Ringer over the same time intervals

(ca. 1 wnole ATP/g tissue). " |

The sod1um content of..inhibited tissues 1ncreased by 20 min-



'& .
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utes with a simultaneous decrease 16 potassium content (Table 2). At
approximately 30 minutes the water content of the treated tissues in-
creased signif%cant]y. These results (ATP, Na+, k' and water contents)
are similar to results obtained by Daniel and Robinson (1971a,b,c) for
whole uterine tissues.

The diameter of the memb?ane vesicles of tissues incubated
only in Krebs-Ringer solution was slightly greater than 1000 K (Table 2).
There were approximately 1000 vesicles per millimeter of mémbrane (from
cells cut in crogs-section). Neither the diameter nor the number of
vesicles chanéed consistently when incubated only in Krebs-Ringer sol-
ution. ,

Incubation of tissues in IAA p1u§ DONP resulted in an increase
~in diameter and reduction in number of membrane vesicles by 10 minutes.
The total vesicular volume/mm of membrane (average vo]ume/vésic?e x
number/mm of membrane) was 6ot significantly different from the con-
trol at ]O;minutes because the size of the vesicles increased although
the number decreased. .

To determine if all cells react simultaneously to the effects
of IAA + DNP, counts were made of cells with normal vesicles, with
swollen vesicles ( 1000 to 1100 R)‘and with no vesicles (1ight cells
as defined.in Chapter 4). Table.3 lists the number of each type of
ce]]‘(% total counted) at different times éfter incubation with and
without the inhibitors. Approximately 94% of the cells from coptrol
tissues had membrane vesicles of normal size. In tissues which were
metabo1ica1}y inhibited, there was a progressive shift from cells with
normal vésicleslthfough cells with swollen vesicles to cells with nd'

- , . *,

-
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Figure 6. Effect of IAA + DNP (1 mM each) on the ultrastruc-
ture of uterine smooth muscie. (a) Cells from tissues after

10 minute 1ncubatioﬁ‘in Krebs-Ringer with the inhibitors. Note
the increased size of the vesiélgs {arrows) as compared with
those in Figure 1. Double arrows iﬁdicate two vesicles which
have coalesCed together. (b) Cells after 20 minutes of incuba-
tion. Note the reduced number but increased size of the vesi-
cles (arrows) compared with those at 10 minutes. (c) Cells af-
ter 40 minutes treatment. Note that the vesicular number is
decreased from those shown at 10 and 20 minutes. (d) Cells af-
ter complete ATP depletion (80 minutes). The membrane vesic{es

are completely absenf. Magnification x 24,000.
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vesicles. At 20 minutes, on]y']O% of the cells contained normal ves-
icles; 50% of the cells had swollen vesic]esrend 40% of the cells had
no vesicles. (After 60 minutes treatment, only ]O% of the Ced]s had
vesicles and'these were 'swollen. -

Fjdure 6a-d shows the progressive changes which occurred in
smooth muscle cells incubated in Krebs-Ringer with IAA + DNP. The
membrane vesicles nere swe1]en at 10 and 20 minutes (Figures 6a and b
compared to Fiqure 2). At 40 minutes, there wére fewer vesicles and
those present were still swollen (Figure 6c) '*There were few vesicles

present after 80 m)nutes of treatmengy(r1quhﬁrﬂd)

o
T

TAA. Iodoacefate used alone has been shown to decrease the
ATP content of who1e uterine t{ssues more slowly than when dinitro-
phenol was present (Daniel and Robinson, 1971b ‘$f IAA alone decreases
the ATP contents of myometrial tissues more slowly than when DNP is
present and if ATP is resoonsible for the changes in cell ;tructure
(Table 23, then the structurei changes shouTq also occur more slowly
with IAA. |

The effects of IAA alone (1 mM) are shown in Table 4, Many
effectszwere in general; iﬂni]ar to results obtained when bNP was pre-
sent (Table 2), a]tﬁouthIAA alone tqok longer to produce the‘gpbnges
as predicted ‘f:{

The ATP&;ontent of IAA inhibited tissues was reduced to 10%
of\tne control at 20 minutes and no measurab1e ATP could be detected
after’TBO‘ninutes. Significant'cﬁhnges in sé‘ium and potassium con:n
tent occurred by 40 minutes and water content of the treated t1ssues
1ncreased by approx1mate]y 100 m1nutes ‘ - ) |

X

The number of vesicles in cells of inhibited tissues was

. i .
. . : . s
. -—
~ . ! . t :
¥ L] ! ’
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significantly lower than the controls after 20 minutes. Unlike meta-
bolic inhibition with 1AA + DNP, inhibition with IAA alone did not in-
Crease the size of the vesicles srmu]taneously w1t§ reduction in their
number . ‘ |

The number of cells with and without vésicles is indicated
in Table 5. For 120 minutes there was only a qradual ?hanqe in the
number of cells with vesicles (which were of normal 5(17‘ but reduced
in numbers) to cells with no vesicles. At 120.minutes when vesicle
swelling was observed, there was a marked shift from cells with normal
vesicles to cells with no vesicles.

Figures 7a and b show smooth muscle cells after 40 and 80
‘minutes in IAA. There were fewer vesicles th;n the controls but re-
latively no change in vesicufar size as indicated in Table 4. Con-

trol tissues were similar td’that shown 1in F%gure 2.

pyvp, Danie) and Robinson (1971b) found that'dinitrophenq1
reduced but 'did not deplete uterine tissues of ATP, If ATP {s res- %
pons1b1e for ves1c1e main enance then tissues’ treated w1th DNP might |
have reduced number of vesicles but ONP might not destroy the vesicles
as found when IAA was useé £

The effect of fnhibition of oxidative phosphory]at1on w1th
dinitrophenol (1 mM) 15/shown in Table 6.

In tissues 1n§ubaced in DNP, ATP was decreased to only 65%
' o? that of the control after 6 hours tréatment, There was' a s]ight
increase in sod1um content and decrease in potassium content at. 2 4
" and 6 hQﬁYs However there were no s1qn1f1cant chanqes in water con—
-xent. )

The vesicles in cells of the 6-hour :DNP treated tissues were

2? .
i
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TABLE 5
Effect of IAA on the number of ‘smooth muscle cells with
ana ‘without membrane vesicles
. Cells
Time Total Cells with Without » ATP
{min) ~ Treatment  Cells  Vesicles % Vesicles % % Control
‘ Krebs 162 98 2 100
20 -
IAA 136 94 0N 6 83
3y . _ ) _
Kreb$ - - - 100
A0
IAA 204 84 16 10.5
— _ _ Y S
Krebs 128 98 - 2 100
60 . ) :
IAA 149 93 7 2.0
. Keebs 102 99 9 0
80
TAA 175 82 18 0.8
 Krebs 160 100 o 100
100 -
‘ IAA 128 81 19 . 0
. Krebs 131 98 . 2 100
120 ) : ; ;
1AM 146 44 56 | 0
Krebs 154 97 | | 3 100.
150 -
IAA 164 5 95 0
‘Results as indicated in Table 3.
\

A
b



Figure 7. Effect of IAA on the ultrastructure of myometrial
cells. (a) After 40 minutes inhibition. (b) After 80 minutes
treatment. Note that the vesicle (arrows) population has de-

creased as compared with Figure 1 but the size of the vesicles

remained about the same. Magnification x 24,000,
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smaller than the controls. There was also a sighificant reduction in
the riumber of vesicles after 6 hours DNP treatment. The diminished
size and number of vesicles resulted in a significant decrease in to-
tal vesicular volume and surface area.

Figure 8 shows the u]frastructure of cells from tissues in-
hibited for 6 hours with DNP. The structure is similar to control

I

tissues as shown in Fiqure 2.

- Ethacrynic acid. Ethacrynic acid in high concentrations

(1 mM) has been shown to inhibit glycolysis and oxidative phosphoryl-
ation in Qterine smooth muscle and result in ATP depletion after pro-
Tonged treatment (Daniel et az., 1971d). :The destructidn of vesicles
in tissues treated with ethacrynic acid should follow ATP reduction.

In the presence of 1 mM of ethacrynic acid (Table 7), the
tissue ATP content was reduced to 62i of the control at 2 hours and
was almost nil at 6 hours. T1§suesrga1ned:sodium and Tost potassium
after 2 hours treatment. The water content ofﬁtissues was significantly
increased only at 6 hours.

The membrane vesicles of cells from tissues inhibited with
~ ethacrynic acid were increased in s%ﬁé combared with controls and
greatly decreased in number at 4 and 6 hpurs. Both total vesicular vol-
ume and surface‘area were significantly lower than the controls.

The structure of smooth musc]e cells from tissues 1ncubated

0

:‘for 6 hours in ethacrynfc -acid (F1gure 9) was identical to the strue-

ture of. IAA # DNP (Fiqure 3d) and IAA (not shown) treated t1ssues after

ATP depletion. 7 SR X . -
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Figure 8. Ultrastructure of smooth muscle cells after treat-
ment with DNP (1 mM) for 6 hours, The vesicles (arrows) appear

similar to those indicated in Figure 1. Magnificltion x 24,000,

-

Figure 9. Effect of ethacrynic acid (1 mM) on uterine smooth
muscle cells. The cells contain no vesicles and they are sim-
ilar to cells depleted of ATP shown in Figure 3d. Magnifica-

tion x 24,000.‘
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5. Effect of Ouabain ‘
\
Quabain, which inhibits transport ATPase, caused Na* gain
+ L . .
and K loss in uterine tissues but it did not decrease ATP levels
or produce water gain;(Danie] and Robinson, 1971a). Thus, a second
ouabain-insensitive volume pump was oostulated. If this pump is

associated with the vesicles, then ouabain should have no effect,

on the vesicles.

Ouabain had little effect on the ATP content of tissues mea-

sured at 2, 4 and 6 hours (Table 8). Ouabain on]y s11ghtyy 1ncreased

_ the sodium content of tissues in relation to dry weight (ca. 25% ﬁn— !

crease), whereas less than one-fourth of the initial potassium remained.
Water contents of ouabain-inhibited tissues were reduced, possibTy
accounting for the failure of sodium gain to equal potassium loss.

i Treatmeft with ouabain for 2 hours did increase the number

of vesicles of smooth myscle: cells; however, there was noﬁgggnyggcant

increase at 6 hours (Table 8). The average s1ze of the VQsic]es was
increased significantly at 6 hours. The reason for the-increased ves-
1cu]ar size was ggsnd to be doe to two populations of ves1c1es after g
ouaba1n inhibition; the normal s1zed vesicles (ca. 1000 A d1ameter)

and vesicles of increased size ( ca. 1800 A diameter). The 1arger

: Qesi}\es were found both on the surface and intracellularly as shown

in Figure 10. .The 1arger vesicles had no visible connections td the

extracellular space :

Slnce ouaba1n causes contracture of uter1ne smooth muscle,
t1ssues were 1ncubated with ouabain 1n the presence of 1- adrena11ne
(2 ug/ml 10 uM). Adrena11ne has been shown to inhibit 0uaba1n pro-

»y o N
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Fiqure 50. Uterine smooth muscle cells after 6 hours treat-
ment with ouabain (1 mM). Note the presence of two types of
vesicles. Smaller vesicles like those found 1in congro] tissues
(arrows) and larger surfafe and intrace]]u];r’vesic]es (double

®

arrows). Magnification x 24,000.

"

Figuré 11.  Smooth muscle cells from tissuﬁ@made Na+~rjchvby '
overnight incqbation in k*-free Krebs-Ringer at 5°Q. The mem-
brane vesicles (arrows) were reduced in number but otherwise .
the cells appeared normal compared with f%:sues incubated in

Krebs-Ringer at 25°C. Magnification x 24,b00,

L3

&y‘
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duced contraction but adfena]ine does no inhibit'the effect of oua-
bain on sodium iransport in the myometrium (Daniel, 1964). 1In the
presence of adrenaline, the effects of ouabain on catiéns, water
content and ultrastructure Qere‘sim%]ar to thosglobtained in the
absence of adrenaline at t&Q hours (Table 8). \ .

\

4. Sodiwn-rich Tissue " 3

/
Sy

Previéus stgdies iﬁ&WGated that when tissues were made sO-
ditm-rich at 5°C they gained Na' and lost K+ but they, did not always
.5wmﬂ] (Daniel and Robinson, 1970¢; Rangachari, 1972; Rangachari et af.,

1972). When sodium-rich tissues were rewarmed in K+—free Krebs~
Ringer at;37OC they 1o§t Na+, €1~ and water and the tissues contract-
ed. Rangachari (1972) further noted that ‘iodoacetamide and: Ca’"-

free solutions, which had no effect on ATP jeve1s, inhibited the

loss of sodium; water and contragtion which occurred during rewarming.
Rangacharivzi afl. (19%2) suggested: that a mechanochemical system
'as§ociated?with the membrane mightﬁbé involved in the aodi;m aéd

“water Joss. If the membrane vesicles of smooth muscle tells are

o \ : , ‘ . A
Vsites of a mechanochemical System, then rewarmed Na -rich tissues
shou]d have a1tered vesicle structqre or number than those found
" A,
. in cold Na'-rich t1ssues This alteﬁat1on in ves1c1e size or number

~could be preveqﬁed by 1odoaéetam1de or/Ca \—free so1utions The .

| obJect of study1ng Na —rach tISSues was to test the abbve hypothes1s kaﬂ %
Pieces of sod1um rich tissues for electron mlcroi/;by were
taken from the same uter1ne honn (cerv1cal end) after 24 hodrs 1ncuba-
tion at.5% and after rewarm1ng tﬁe t1ssue for 20 minutes at 37° Coui

! .

_A’t(Groups A & B, Tables 9i 12, 13). Afterlrewarm1ng, the remaining
“‘ . ’,A Lo <. . ‘

et N
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| g

’ ”
piece of t1s§ue was used to measure cation and water contents. The
paired horn Mas handled in a s1m1]ar manner but treated before and
during the rewarming period (Groups C & D, Tables 9, 12, 13).

i i . + .
Tissues made Na+~rich by incubation in K -~free solution

at 5°C, gained water (Group A, Tables 9, 12, 13). The same tissues

lost water upon rewarming in the same sb]utions (Group B, Tables 9,
12, 13).\ These results are similar to those obtained by Daniel and
Robinson (1970) and Rangachari (1972).

| The ATP content of sodium-rich tissues was reduced to 12%
that of the controls (freéh tissue). The ATP content of rewarm%d
tissues was not measured; howéyer, Rangéchari;(]972) found that the
levels wéne not significantly different from those measured béforé re-
'warminq.ﬁ ; 7

, - , ot o
L The vesicular diameter of Na ~rich tissues fixed for elec-
9

tron m1croscopy before rewarm1nq was somet1mes s1gn1f1cant1y larger

7

than that of the rewarmed tissues (Group B vs.A, Tables 9, 125 13).

» - The number of ves1c1es along the cell membrane of sodium-

rich t1ssu§s was a1ways approx1mate1y -one-half that found in contro]

fresh tissues (Group A, Tables 9, 12, 13 vs. Tab]e 2). Rewarm?ng

caused a significant increase (30 to 50%) in the number of ves1c1es'

‘Ayhen compared w1th cp]d sod1um—r1ch t1ssues bui the resu]tant number

of ves1cles was usually less than that found in contro] fresh tissues

4,

(Group B Tables 9, 13 vs. Table 2)

Thus, in the co1d there was - 11tt1e change in ve51cle size

L2

but the number of ves1c]es per unit 1enqth of membrane was 1ess Re-

warming, under cond1t1ons in which the Na K ATPase was 1nh1b1ted
L]

. (K -free so]utlons), causéd a slgn1f1qant'1ncrease in vesicle number

N . .
!
i o \
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Induacgtande. There was significantly more Na' in tissues
rewarmed with iodoacetamide {Group D vs. B, TabTe 9). lodoacetamide
also inhibited the water lost during rewarming.

Rewarming of tfssuésékith JAAmide caused a significant in-
crease in size, number ané volume of the vesicles from measurements
of vesicles in tissues taken at 5°C with IAAmide,.but the vesicle
size was not different from tissues rewarmed without IAAmide:

Figure 11 shows the structure of cells from sodium-rich

tissue, There wés no aﬁbarent damage to cells after 24 hours incuba-

tiop at 5°C. The mitochondria were all in the condgnsed:state as des-
cribed by Hackenbrock (1966) and neither the endoplasmic noé nuclear
membranes were swollen. The structure of rewarmed tissues was similar
to that of contro] fresh t1ssues incubated at 25°C (Fiqure 2). The
presence of IAAmide did not change the structure of either the cold or
ﬁéwaﬁﬁed @}ssues. ‘
\

'**~jree ‘When tissues were incubated overniqht in Ca+*ﬁ

W

free solutions, the tissues :gained water compared to fréshrweights
F ﬂ . N

(Table 10). The presence of Ca't was necessary for the loss of Nd+

and water when the tissues were rewarmed.

The ves1c1es 1ncreased s1gn1f1cant1y 1n number;1n t1ssues
. rewarmed 1n so]ut1ons conta1n1ng Ca + (Group C vs. D) Nithout ca*’
. in the rewarm1nq so1utron the ves1c1es were greater in s1ze (Group
A vs. B) as when- IAAm;de was present 1n the rewarming solution (Téb]ﬁ
,s9;4Group Civs.;D)."Thps, Ca *was necessary for the-Na —K —ATﬁqse—
independenf‘Naf'aﬁd Watér 1oss‘as‘we11 as thé fﬁé}easé 1nvvesic1e.nuh—‘

R e ,
ber upon .rewarming of Na <rich tissues.
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Quabain. Rangachari et al. (1972) found that Na -rich
tissues rewarmed under conditions of Na' -k’ -ATPase activity ( i.e.,
in normal Krebs-Ringer solution which contained K*) also lost water
but the tissues did not confractA Ouabain did not affect the water
loss. Rangachari proposed that the loss of water'was due to a mechano-
chemical event in the membrane unrelated to either activity of Na*~
K':ATPase or contraotion of che entire tissue,

[f the above hypothesis is true dnd if the vesicles are
the 10@1 of the mechanochemical system Na'-rich tissues rewarmed
+ 0uaba1n in norma1 Krebs-Ringer solution should be jdentical to

tissues rewarmed in k' -free solutions. 4 o

~

, There was no difference between sodium-nich tissues rewarmed

in normal Krebs-Ringer with ouabain and tissues gewarmed without

ouabain (table 11), Theqe’?gg%gﬂgﬁanincant inhibition in the uptake

of pota551um in tissues rewarmed w1th ouaba1n Water contents of both

qroups of rewarmed tissues were decreased compared with t1ssues in

the co]d However, when ouabain was present during rewarm1nq (Group

D), the water contents of tissues were even 1ess than those tissues

i

7rewarmed without ouabain (Group 8)

The vesicular diameter was greater 1n sodium-rich tissues

rewarmed in normal Krebs- Riaser (K conta1n1nq) than vesicles of Na-

‘ r1ch tissues which’ were not rewarmed ; bug the number was 1e$s, resu]»

an

.‘$1ng in ]1tt]e change in tota] vesicular vo]ume or: surface area (Group.

a A ve. B, " Table 11) The presence of ouaba1n in the rewarm1ng solut1on’

caused an 1ncrease’hn size- nd an increasée in number of ves1c]es. Ln

[

factA ouaba1n 1ncreased the number of ves1c1es to more than twice as’

'many as present in > t1ssues rewarmed w1tbout ohabaln (Group B vs D)

. LW
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The total vesicular volume and surface area were also twice as great

when ouabain was present. The vesicle size may have already increased

»

with ouabain in the cold (Group C vs. A). The values obtained when
ouabain was present in the rewarming solution (Table T3, Group C vs. D)
were similar to values obtq]ned when tissues were rewarmed in K -free
solutions (Table 9, Group A va. B). Thus, inhibition of Na'-K™ATPase
during rewarming with,either ouabain or K+»free solutions Caused in¢
crease in vesicle number relative. to contro1.Na+~rich tissues at 5°C.

. o ' L + ¢ . .

:%gwarmrng of “tissues under conditions of Na -K -ATPase activity did .,
L Y s 7 ( .

not produce the  expected increase in vesicle number.

s

The structure of rewarmed\tissuas treated with ouabain was
si%i1ar to fresh iissues treated with ouabain (Fiqure 10). There;wére
1argerﬁﬁtrace11u1ar ;esic1es as nptéd when fresh tissue was treated

| with oyabain, o , F’ﬁ

ty # , . ¢ - -

5. Substitution of other cations
. , . . . g

To see if other cat1ons wou?d subst#tute for Nat, t1ssues

”

F
: ?

were incubated at 50 C for 24 hours 1n@so]ut1ons enr1ched in eTther K
£

* or L1~. These tissues were then rewarmed at 37 C for 20 minutes in

@the same solut1ons S ' . 3
oo B ' 1 -\‘ a

L1ke tissues made Na -rich 1n the cold’ and rewarmed 1n K -

free solut1ons t1ssues made K -r1ch 1n the RD1d and rewarmed in K S

enr1che42%o1utlon also lost water and Ihe vesicular numbe#!!%d vo]ymg
K3 .

‘ 1ncreased (Group A vs. B C v by Tab1e ]2)
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P . St
% As compared to Na -rich tissues, Li »r1ch)g{;sues did not

4Ibi§ water when rewarmed, the vesicular size increased significantly

R )
«and the vesicular number decreased significantly (Table 13).

s , )

L Effects of Various Other Treatients
: ‘Tissues were also examinedlqya]1tat1ve]y after various

,‘&er treatments (Table 14). ,

: To determine if the movements ef Na and K+ alone without
ATP dep]etion were responsible for ves1c1e destruction, t1ssues were
made K -riEh in a K*eKrebs~R1nger solution (K ~-substituted for Na s

. G, JGroup A) The vesicles in tissues made K+-riCh were similar to
N
" “tissues incubated jn normal Krebs-Ringer so1ut10n The addition of
}AA (1 mM) to the'§o1ution for 2 hours depleted thertissues o% ATP, i\
~.caused ; gain 1in nater and destrOyed the vesicles. ) -
Tiesues inhfbited with TAA (1 mM) for 30 minutes and then \ '
1ncubated in pyru&ate for 2 hours were studied to see if pyruvate |
cnnﬁd overcome the glycolytic blockade produced wf}h IAA (Group B).

Pyruvate, but not glucose, was able to maintain the ATP content of

t1ssues 1nh1b1ted with IAA at appr0x1mate1y the same level

" of ATP the t1ssues coqta1ned after 30 mlnutes 1nh1b1t1on w1th IAA a1one “; 4

K(see Table 4) There were ves1c1es present in the t1ssues incubated

w1th pyruvate but none present 1n the t1ssues 1ncubated in g]ucose -
-fnssues were 1ncubated in Kreps R1nger without g]ucose but
- w1th DNP- {1 mM) ‘or bubb}ed w1th n1trngen (95% N, = 5% C0;) to see the
-re]a%ﬁonshipAbetween ATP tevels and tne presence of,yes1cles i the
tissue. (Greup C & D) The ATP content of DNP treated ti%sues was re- ‘_A

T a
. .
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duced to 20% thag of the control after 4 hours. Nitrogen reduced the
ATP content to 32% of £he control level after 8 hours, Neither sub-
strate depletion with DNP nor with nitrogen asphyxia produced any

changes 1in vesicular structure.
”

Tissues incubated in Krebs-Ringer with IAA + DNP (1 mM each)
+ ATP (‘] mM) were studied to see if exogenous ATP cqy1d support the
membrane vesicles (Group E). The presence of ATP with {the inhibitors

3id not alter the electrolyte or vesicular changes.
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Abstract ’ ) ﬁ : R

;.‘ ' *»)
il

Membrane vesicles have been proposed as sites ?br vo]ume
A
control in rat uterine smooth muscle (Daniel and Rob1nson 197]c).

o
v

&

: . +
To test the vesicular hypothes1§, the ultrastructure and Na |, K+,

ATP and H,0 contents of rat uterine smmoth muscle were examined ' gﬁ

after various treatments with metabolism and transport inhibitors.

Metabo]ic inhibition with fodoacetate (IAA) plus d1n1trophen0] (DNP)
or IAA alone produced ATP depletion and reduced the number of hem-

\

Hgarh
P
‘?'%\’\,1

brane vesicles with associated changes in cations and water contents.
firy

Effects "of DNP alone and ethacrynic acid were e]so studieéﬁ Inhibi-
tion g@.Na+~K+¥ATPase with ouabain caused'KT loss unequal to Na® W
gain and water loss from tissues. Large 1ntrace11u1ar vesicles were

found after ouabain treatment. Tissues made Na+-rich in the cold

had approximately one-half as many vesicles as fresh‘t%ssues. 8e~ -

‘

warming of Na’-rich tissues, under conditions which Na+~K+—ATPasef:J
was inhibited, increased the number of vesicles and the tissues
lost Na+ and H,0. The changes observed on rewarm1ng of Na ~rich
tissues were Ca’ —dependent and were’ not spec1f1ca11y stimulated
_h} Na* (K but not Li ; would substitute for Na ) Thus, membrane
ves1c1es of rat myometrium have the fo!lowinq character1st1cs in
common with the volume pump: (1) Both are ATP dependent (2)
Both are re&uced in the cold and both increase upon rewarming
.,under cond1t1ons thought to inhlblt Na 'y -ATPase (3) Both are

.—dependent (4) Ne1ther is spec1f1c for Na This evidence
supports the hypothes1s that membrane vesicles are sites of. vo]—
‘ume control\in rat myometrium | - ‘;"h'h | R

| ‘: Pyroant1monate has been wideﬁy‘deedleg,a‘hiétoghemica1 >



tool for the localitation of tissue Na+. Because of its possibte
usefu]ness Jn localiXing Na* —transport sites in myometrium, the
pyroantimonate techn1que was evaluated. Fresh, Na@ -rich and Na®-
poor rat uterine tissues were fixed in 0s0, with and without added
3{99antimonate then washed and dehydrated as for electron micro-
’scopy At each step both tissues and so]ut1ons were analyzed for
Na , K Ca H and Mg + which prec1p1tate with pyroantimonate
Tissues f1xed in the presence of potass1um pyroantimonate con-
tained very lTittle of their original Na® but retained increased

K+ and much of their ca’’t and Mg +, which could account for much

22 12y
of the precipitate observed in tissues, Na and Sb-pyroanti-

-monate were used to conf1rm that pyroantimonate does not quanti-

tat1ve1y precipitate tissye Na . Thus, the pyroantimonate tech-

l L L
nique is not a valid toal for, localizing Na+—transport sites in

rthe uterus and it should be abandonea for use in other tissues un-

less they can be shown to behave dlfferent]y

In 1n1t1al stud1es af rat myometr1um fixed by 1nnmr51on

£ in qlutara7dehyde two popu]at1ons of cells were observed in the

' e]ectron microscope Ce]ls of. the m1nor1ty populat1on were 1ess

dense]y stained and lacked membrane’ Ves1c]es (termed light ce]ls)

as compared with the majority of ce11s (termed dark’ cel]s) A por-
o

tlon of this thesis was designed to def1ne the nature of these two

,types of cells since, according to the ves1c1e hypotthis cells

3

“w1thout ves1c]es shou]d be unable to ma1nta1nfmheir volume. It was .
1'conc]uded after various: treatments that 11ght ce]]s were cells
',1n3ured during or é?ten‘removal of the tissues from the an1mals
'The absehce of ve51c1es and dens1ty of the ]1ght cel]s cou]d be;

"'related to tge loss of vo]ume centrol caused by the 1n3ury.
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A. Introduction to Thesis Prqject
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Studies on the distribution of sodlumAapd potassium ions in

-smooth muscle have indicated that theSe‘?onstare eot simplyﬂdistrib-

utedgbetween‘cellular and extracellular reqieﬁs;(see Goodfard, l965;7 \

Daniel and Robiﬁson, 1970; 1971a,b,c). Among the regions. in smoogt"

muscle tissue qhich could participate in ion comparteentalization‘are

fixed anionic sites on the outer surface of smaoth muscle cells iziid— r

ford, 1968; l970)l Goodford et al. (1968) postulated thatgthe m ane *

vesicLes of smooth muscle cells could serve as areas of Na* accumula-

tion and transport. Aceerding to this hypothesis, the flat negative~

1y charged plasma membrane invaginates to ferm vesicles by an ATP-

dependent mechanism as shown in Figure 1. The formation of spheri-

cal vesicles brings the charges on tﬁe surface closer: together and

thus increases the chargezdensity within the vesicle 'Thls‘highPCOn—

centrat1on of negative charqes attracts cytoplasmxc Na through the

selectlvely permeable vesicular membrane. Once formed according

to Goodford's calculatlons, the vesicles are capable of accumulat1ng,

up to 900 mM cytoplasmic Na based on vesicle s1ze and charge dens1ty. R

on the membrane when the negative‘charges w1th1n the vesicles are

balanced by Na® . the ves1cles open to the extracellular space, the o

!‘charge denSIty decreases and Na escapes accompan1ed by water move—

‘ment," The peqat1ve charges on the flat membrane are balanced by d1~;



Na' (Goodford et al, 1968).

~ cellular space (e). The curved vesicular membrane becomes

Figure 1. The vesicular model

Steps 1 and 2 represent the ATP-dependent formation of

a spherical vesicle (b and c) from the flat ne@ative]y
charged membrane (a) which separates the cytoplasm (ICS)

from the extracellular space (ECS) and at which the transport
ATPase (®) is located. Once formed (c), the vesicles fi]ﬁ
Qith Na® by:r 1) the ATP-dependent ATPase (Daniel and

Robinson, 1971c) and 2) their selective permeability to
[ /)

Steps 3 and 4 represent the discharge phase. Na* is bound
within the vesicles ét the negatively charged sjtes (d).
To maintain electroneutfa]ity C1~ .moves out or potassium
moves into the cell (d) after Na' is bound. Sbhé water

follows Na+ into the vesicles and some water moves out of

“the cell across the flat membrane after binding, The'vesicles

. qpen,(perhaps due to a Ca++—dependént contractile system

around the vesicles (M) Rangachari; 1972) and the bound ‘Na*

exchanges for monovalent and divalent cations in the extra-

part-of the flat membrane again (f).

Ay
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valent cations.

tvidence to support the concept of suberficia] anionic sites
on smooth muscle ce]]s has recently been presented by Goodford and
Wolowyk (1972). They found that electron dense, positively charged
urany]hions bouna to the external surfaée'of the plasma membrane of
glutaraldehyde-fixed tissues. The affinities of cations for the sites
were'tCaH = M9H‘<<:K+ < Na+, as determined by the ability of these
cations to decrease uranyl precipitéte at the cell surface.

Daniel and Robinson (1971a,b,c ) extended the vesicular
hypothesis in studies of uterine smooth musclgi They found tw ¥
exchangeable cellular fractions of %2 Na in efflux studies. One frac-
tion of ??Na efflux was found to be relatively fast, the other slow.

.ZzNa in the fast fraction was believed to be 2%Na emerging from cells
via the membrane vesicles. The slow cytoplasmic fraction was thought
to be #Na leaking out a;ross the flat portion of the plasma membrane.
They found that the efflux of *?Na from the fast fraction was reduced |
but not eliminated by the inhibition of transport ATPase with ouabain:
The component of 22Na extrusion which persisted in the preseqfe of
ouabain was diminished by ATP depletion. Daniel and Robinson‘(1971c)

-postulated that ATP was necessary for : (1) the formatioh of spher-
ical vesicles and (2) the selective atcuﬁulatjon and bindiﬁg*of Na®
within tﬁé vesicles as postulated by Goodford (Figure 1). Thus, accor- -

:dinq to Dan1e1 ‘and Rabinson there were two ATP- dependent mechan1sms
for Na extru51on both by way of ‘the ves1c1es (1) the extrus1on_

- of Nat by the ouaba1n 1nsensitive but ATP-dependent, formation. of

ves1c1es and bina1nq of cyteplasmic Na at an1on1c s1tes w1th1n the
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vesicles and (2) the extrusion of Na . by a ouabain-sensitive trans-

port ATPase associated with the vesicles. Daniel and Robinson

h‘(]971c) considered that Na' bound within the vesicles exchanged

for extracellular cations when the vesicles opened to the exterior.
Evidence that a second (ATP-dependent but ouabain—thsensi—
tive) mechanism is involved in Na+transport comes from the quantita-
tive differences between the effects of metaholic inhibitors and&
effects of inhibitors of the transport ATPase (Daniel andﬁgobinson
1971a,b,c). Accordingly, if only one mechanism were 1nv§$bed both
ATP dpeletion and inhibition of the system with ouaba1n (or K * free
so]utions) should produce the same effects. However, inadequacies
in the concept oi a-single requlatory mechanish were noted as fo]iows
(Daniel and Robinson, 1970; 1971 a,b,c): (1) ATP depletion with met-
abolic inhibitors caused the expected downhill ionﬂnovements of Na'

and K and resulted in swelling of tissues. (2) The inhibition of
g

transport ATPaseguﬁth ouabain produced downhill ion mov

[ §

the tissues did not swell in fact, they decreased in wq%kr cantent.

a]ysfs of 22Na efflux from uterine tissues showed tmgre dt:i two

ATP- dependent systems 1nv01ved, on1y one of wh1ch was ouabain sens1t1ve

In addition to a transport ATPase a second Na -pquJhas been
proposed for other tissues such as red blood cel]s (Hoffman, 1966),
kidney (K]einze]]er and Knotkova 1964 Nhrttembury and Fishman, 1969)
and ske]eta] muscle (Leb]anc and Er11g, 1969) based. on the ability of

ouaba1n to 1nh1b1t only part of Na extrusion.‘ The ouabain-1nsensit1ve

'system in kidney was postulated to be an—e]ectrogenic Na-C] pump which

)

’contrOTS ce]] voiume (Whittembury, 1968 Nhittembury an3 Fishman, 1969) -



In red blood oells, more recent evidence indicates that the ouabain-
insensitive system jinvolves a Na+—Na+ exchange process (Smith et al.,
1972).
e
Ethacryn1c acid, which was originally thought to selectively
inhtbit the ouabain-insensitive system in other tissues (Hoffman, 1966;"
Whittembury, 1968; Leblanc and-Erlig, 1969), did not appear to pro-
duce volume changes by‘inhibiting the volume pump directly in smooth
muscle but instead énhibited it indirectly by interfering with meta-
bolism (Daniel et al., 1973d), Similar conclusions on the mechanism
of action of ethacrynic acid on kidney were reached by MacKnight (1969).
' Daniel and Robinson (1971c) showed that whole uterine tissues
made Na' -rich by 1ncubation in a Na -rich k' -free medium in the cqu
and then rewarmed 1n the 'same solution Tost Na accompanied with water
by an energy dependent mechanism. Rangachari (1972) and Rangachari
et al. (1972) confirmed an&*extended Daniel and Robinsgn's work on Na+—
rich myohetridm. They found that the 1oss of weight from Na'-rich
tissues into K -free ‘solutions was accompan1ed by a contracture and
was inhipited by substenceg such as isopropy]noradrena]ihe, papaverine,
iodoacetamide (IAAmide) and Ca™*-free solutions which preyented contrac-
‘ tuhes of thehtissue. Rangachdﬁi (]9?2) proposed that‘Na+-r1th‘t;ssues |
_bound Na within the vesicles in the co]d Upon newarming, a -contrac-
-h‘tlle mechan1sm, located either around the ve51cles or between the ves—
,ic]es on the f]at portion of th;<ﬁ§ﬁbrane, shortened to epen and d1s-
charge the vesic1e contents (Fiqure 1) Agents. which 1nterfered with

“‘the contracture were thought to lnhibit the contractile process in

[

h; vesicle discharge
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:”re t0 the cold and to expel NaCl isotonically during re-
AN
warming (Kfe:nzelier and Knotkova, 1964). A contractile system assoc-

. iated wie?{ihe membrane of kidney was postulated (Rorive and gleinzeiler:
(1972)., |
.l The questions asked at the start of this project were:
(1) Ar?;the morpho]ogical changes which occur in smooth musc]e cells
in response to 1nhib1tors of metabolism or active sodium transport
consistent with the 1nvolvement of ve51cles in sodium or water trans-
port?  (2) If the membrane vesicles are involved in sodium transport
and ;pey contain a high sodium concentration, can sodiqm be demonstrated

histochemicaily with potassium pyroantimonate? - 2

= /

B. Li&erature‘Rexjew
X

1, Control of Cell Volume

PP e S

éells contain osmoticai]y active»materials which are imoermeab]e

Pl

to tne ce1i mambrane as we]] as existing in an environment of substan-

% ces which are permeable. This condition ieads to the threat of celi

s%jswelling and lysis: due to the hiqh permeability of water One mechan;‘
‘tism which uould keep the waSEr content within cel]s 1ow would be to '
,pump it out as fast as it enters However, evidence for thé active |

- *:‘transport‘of‘Water has been’ obtained on]y for insect cuticle (Beament,\

‘,‘;‘3964) whichtis not re]evant to mammaiian ceils. Other possibie mech~“

ou%d so]ve the prob]em are the evo]ution of (1) membranes

‘7Vs'efimpermeab1a tn sodium, the major extrace]]u]ar cation, (2) membranes f ‘;

“ \




wh1ch could withstand large pressure d1fferences (3) the aoility to.
bind sodium se]ect1ve1y in an osmotfca11y 1nact1ve form; (4) a pumping
mechanism to transport sodium out of cells as fast as it enters. Qlant
cells have adopted walls in their evolution which can resist large pres-
sure differences, but at the expense of limited mobility. In contrast,
animal cells have evolved mech%hisms for ion pumﬁing and/or binding

that keep the intracellular concentration of perﬂeab]e ions, and

v

hence water content, in a steady-state.
. ¢ )

Sodiwn éump concept. An early observation by Macallum'(1905)

was that potassiumﬁof living organisms was confined mafn]y to"the cells;
very little was present in the extraoe11u]ar phase,_whereas the oppos-
ite was true with respect to sodium. This rule for the distribution
of these two cations holds true foflnearly all Tiving cells.

“ The distribution of sodfum and potassium has been studied
most extensively in three types of tissues viz., muscle, nerve and
erythrocytes Permeability of muscle to potassium was demonstrated by
Meigs and Atwood 61916) who found that muscle bath 1n KC] solutions -
would swell and take up potassium. Boyle and C ﬁw y (1941) believed
‘ Vthat muscle fi?ers.were impermeabie to‘sodiom and very‘bermeabie to‘.
potassium and ch]or de. However, even at the tfme of 1ts conception
1there was mount1ng evidence against the unmod1fied Boyle-Conway
‘theory, i.e., Fenn (1938) showed that when potaspium was lost from
‘muscle due to fatigue, sod1um entered FurtherJore Heppel (1940)
was able to show that inJected 22Na would equi11brate with. musc]e

. fiber ‘sodium. - ‘? »J' . 'he""“,“;{'~“fw‘ “/ff",‘ Lo
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Dean (1941) modified the Boyle-Conway theory by introduc-
ing the concept of a continuous inward leak of sodium balanced by
extrusion of sodium by a,pumping mechanism in mosc]e fibers.

Wilbrandt (1937) referred to the process of ion pnmping
Acrégg celllmembranes as active transport. The term active transport
was later defined to mean the transfer of a substance across the mem-
brane against its electro-chemical gradient with the expenditure of
energy (Ussing, 1949). -

The concept that sodium and potassium movements ame mediated
by a single s§stem comes from several obse}vations: (1) The potassijum
influx is high in ce11s'which are expeliing sodium at a high rate
(Maizpls, 1951; Ponder, 1950). (2) Sodium'is required inside ce]is
and potassium outside for their resoective‘movement (Harris and Maizefs,\av
1952€\G1ynn, 1957; Whittam, 1962; Sen and Post, 1964). (3) The active
extrusion of sodium and uptake of potassium seem to depend on the
same metabolic factors (Maizels, 1951). S |

The steady-state distr1but1on of monovalent cations and water'

-depends upon the 1eakage and transport of ions into and out of ce]]s
 (1eak-pump hypothesis) Energetic considerat1ons show that any cat?@ﬁ‘
,'crossing the membrane must be accanpanied by an anion (usually thought

‘to be C17) or exchange for another cation to maintain e]ectro neutral-
'1ty A tranSport mechan1sm wh1ch exchanges equal numbers of Na for

Ff'g* is referred to as a neutral pump An e]ectrogenwc pump s a system

fg¥wh1ch extrudes more Na than K are absorbed

An example of the pump—]éak relationshlp was demonstrated

1n red blood ce]Ts from two strains of sheep by Tosteson and ‘Hoffman
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(1960). . They showed that ion and water balance were maintained by

high pumping activity in cells from one strain of sheep and high K

M

“ leakage in the other strain.

A neutral pump has been proposed for several tissues such

~

' as. Squ1d axons (Hodgkin’ and Keynes, ]955), ske]eta] muscle (Desmedt,

1953) and,Smooth muscle (Kao and N15h1qama, 1969) However, more

recent and complete evidence indicates that the pump is often and per-
. ) . 1
haps always e1ectroqenic in many tissues includinq all the above types

c.

(see review by Thomas 1972) Taylor e (1970) showed conclusively

~.that pumping of Na in Na ~r1ch myometr1uM‘qu e1ectroqenic

-

The search for the energy Source ‘for active transport led to

" circumstantial evidence,in support of adenosine triphOSphated(ATP),%'

a high energy phosphate compound. Sodium efflux in squid axons was
markedly inhibited by metabolic inhibitors such as 2,4-dinitrophencl

(DNP), cyanide, and azide (Hodgkin and Keynes, 1955). Caldwell (1960a)

“showed that cyanide treatﬁént resulted in a rapid but reversible de-

crease in arginine phosphate and ATP in squid axons, and the time 'L
course correlated well with decreased sod1uq.';f,tx* Changes in ATP
and sodium efflux were similar when DNP was ?sédfto inﬁibit-meéabo1ism.'
Ca1dwé1} (1960b) also injected several high egergy phosphate compounds
1nto metabolically inhibited axon} ahd he found that some of them, such
as ATP, wou]d increase sod1um extrus1on A study of squ1d axon in
which the axonp]asm was replaced by sa]t so]ut1ons indicated that 3 Na+
weré extruded for each mbfecu]e of ATP!hydrqﬂizeq-(Béker and Shaw,

1965).
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Whittaker (]94@) and Maizels (1951) proposed that ATP was the source

of energy for ggdiumrtransport by erythrocytes. An accumulation of K
occurred when ATP was introduced into erythrocyte dhosts (Gardos, ]954)Y
Hoffman (1960), using red cell ghost preparations loaded with differ-
ent high energy phosphate compounds, was able to demonstrate that ATP
was the primary source of energy for sodiup transport.

The dependence of the sodium pump on ATP raised the question
whether movements of sodium and potassiﬁm might lead to the. synthesis
of ATP’by reversal of the pump. Garrahan and Glynn (1967a) tested this
possibility in red cell ghosts. They found that radioactive'orthof
phosphate was incorporated into ATP when the pump was revefsed by the
ent}y of sodium and the exit of potassium. The 1abé]1ing:was preven-
ted if ouabain was present. - ;

Schatzman (1953; 1962) demonstrated that the sodium pump
was %nhibited by cardiac g]lycosides. The inhibitory effects of these
agent5fwe}e shown to be on the outsidé of the ce}]ﬂmembrane (Whittam,
1958; Caldwell and Keynes, 1959) and these effects could be decreased
b; increasing pothssium‘concéntgatipp extgrna11y (Glynn, 1957).

In search of a membrane tfahgporting system, Skou (1957)
?déntified an en?yme 16 Cfig nerve which had the,fol1dwing eséentia]
broperties:‘ The system (1) *was located on tﬁe cell membrane, (2)
had‘a hi;her affinity for sodium than for potassium inside the cell
membrane, v(3)jhad‘a higher affinity fpf potassium than for sodiﬁm
on the outside of the membrane, (4) contained an enzyme which con—

verted the energy of ATP into’ the movement of fons, (5) hydrolyzed

N
-

ATP at a rate dependent upon the sodium concentration inside and

e A Mk‘y"'\‘
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as found in cells in which a coupled

transporq oc ib1ted by{card1ac g]ycos1des, and (8)

The correlation betwéén the properties of this ATPase system de3cr1bed
by Skou (1957) and the active transport system for sodium (the sodium
pump) have been confirmed and extended (Dunham and Glynn, 1961; Post
ef af., 1960; Charnock and Post, 1963a; Charnock et af., 1963b;
Charnock and Opit, 1968). Foruexamp]e, both systems (1) reqpire'ATP;
(2) require sodium és well as potassium; (3) have vectorial proper-
ties (transport Na' out and K' in); and (4) are inhié%ted by low
concentrations of ouabain and other cardiac qlycosides. '

Skou iater (1960) postulated, and it has subsequently been
shown;(Charnoék ef al., 1963b), that a phosphorylated intermediate was
involved in the molecular events of the Na+AK+~dependent ATPase -in
which the hydro1}sis of ATP resulted 1n:the transport of sodium and
éotassium. The exact molecular Hechanisms o% the sodfum-potassium
;ranspgrt enz yme remain unknown; hOweQer, several diagrammatic %ode1s.

have been proposed (Opit and Charnock, 1965; Albers et al., 1968;

‘Hokin, 1969).

Other modes of‘sodium extrusion. Cellular swelling occurs
if the sodium pump is inh1b1ted in red blood cells (Tosteson and Hoff-
man 1960). However, inadequac1es in the coné;pt of only one mech-
anism contro]]inq ion movements were“revea]éd when‘inh%bitibn'éf Na+
pump1nq with cardiac q]ycos1des did not cémp]ete]y inhibit Na ex- \
trusion in red b]ood ce]]s (Hoffman'and Kregenow, 1966), k1dnev orl

| muscle (K]e1~nzeHer and Knotkova, 1‘~964;uwh1ttembury, 1968; Macnght,
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1968; Daniel and Robinson, 1971a).

Hoffman (1966) and Hoffman and Kregenow (19%6) posiu]ated
two sodium pumps for erythrocytes based on the inabi]ioy of cardiac
glycosides to completely inhibit sodium movements. Pump I was composed
of two parts both of which were inhibited by cardiac glycosides. Part
A was a Na'-k' exchange system. Part B was a sodium-sodium exchange
mechaqism in which the outflux of Sodium~requiréd sodium in the exter-
nal medium. Pump II was defined as g]yooside—insensitive but inhib- -
ited by ethacrynic acid. ATP was necessary for the operation of pump I.
The energy source for pump II was unknown. Garrahao and Glynn (1967a,b)
also demonstrated the existence of a second pump in erythrocytes which
was similar to pump II descrfped by Hoffman. They also provided evi-
dence for a sodium-sodium exchange mechanism which required AfP but
did not result in its hydro1yéis. This system was thought to corres-
pond to part B of pump I found by Hoffman.

Evidence for the existence of two sodium extrusion mechan-
isms has been reported for frog sartorius muscle (Mullins 'and Frumen-
to, 1963; Horowicz, 1965; Keynes, 1966). One fraction of sodium ex-
trusion was found to be strophanthidin-sensitive ohd pooassium—depen—
dent, whereas the second component was not affected by either. Lgb]anc
and Erlij (1969) found,that'éthacrynic acid inhibited the secood sodiuﬁ
" efflux component in frog muscles and thus they proposed that th1s mech-
an1s% was s1mi]ar to Hoffman's pump Il found in red cells.

More recent ev1dence indicates that ethacrynwc ac1d acts to

'1nh1b1t glyco]ys1s and oxidative phoiahory1at1on as we]] as transport




ATPase in a numggr of tissues (Duggan and Noll, 1966; Jones and Landon,
1967 ; MacKn1ght, ]96%} MacKnight, 1969; Daniel et al., 1971d). There-
fore, the inhibition of Na+ efflux js thought to be related to ATP
depletion by thé nohspecific effects of ethacrgnic acid. Further-
more, the ouabain-insensitive system in erythrocytes is thought to

be a Na+—Na+ exchange process independent of the sodium pump (Dunn,
1970; Whittam and Wheeler, 1970; Sﬁfth et ak., 1972). This exchange
system could not lead fo vo]ume éontro]éa There 1is also good evi-

dence that the sodium exchange in frog sartorius which persists in

the presence of ouabain is an exchange diffusion process (Sjodin

~and Beauge, 1968; Lubowitz and Whittam, 1969).

Two modes of sodium extrusion, both of which Tead to a net
sodium exchange are beljeved to be involved in kidney cel] vo]uée )
control (Kieinzeller and Knotkova, 1964; Whittembury, 1968; MacKnight,
1968; Willis, 1968; Whittembury and Fishman, 1969; Whittembury and
Proverbio, 1970). These investigatorsrhave found that kidney cells

can extrude sodium with chloride and water even in the presence of

ouabain which inhibits the exchange of sodium for potassium. Further-

more, when tissues were loaded with sod1um by 1mmersion in cold med1um

without potasslum and then rewarmed in a medium without potassium, a

-net sodium extrus1on from cells accompanied by eff]ux of chloride and
’by vo]ume loss but without potassium uptake was noted If potasSium

" was added to the rewarming so]ution, a gain of potass1um occurred rec1p-

rocal to the loss of sodfum. Th1s exchange was 1nhib1ted by ouaba1n
| - '




16
but oudbain did not interfere with the extrusion of sodium with chlor-
ide'according to the above investigators. Ethacrynic acjd was obser-
ved to inhibit extrusion of sodium with chloride and water but it had
Tittle or no effect on the exchange of sodium for potassium(kwhittem—
bury, 1968; Whittembury and Proverbio, 1970). MacKnight (1968), how-
ever, showed ethacrynic acid to be a metabolic poison.

Cell volume in kidney cells could be maintained by (1) water
movement associated with sodium transport coupled either directly or

indirectly to potassium; (2) water movement associated with the trans-

port of sodium and chloride without any link to potassium entry. The
quantity of water the first system could transport would depend upon

the coupling stoichiometry and leak rates of the ions involved.  The

r
it

- second, ouabain-insensitive, system could move large quantitfies of

water and 1t has the following characteristics (Kleinzeller and Knot-
kova, 1964; Whittembury and Proverbio, 1970; Rorive et al., 1972;
Rorive and Kleinzeller, 1972): (1) The solution extruded from cells
consists of 140 mM NaCl (essentiaily isotonic)\_ (2) The extrusion
system is dependent upon m%tabolic energy. (3) Tha\mechanism is not

specific for sodfum, substances such as ]1th1um potassium, oho]1ne,

or Tris [tris(hydroxymethy])amlnomedgzie] can substitute
(4) The system does not require potassium in the external solution.
(5) The ouabain- 1nsens1t;ve mechanism is pH ﬂependent and it requires
calcium in the external so]ut1on.

W1111s (1968) proposed that a pump Iocated ﬁﬁlh1n 2 restrict- "
ed space between k1dney tubu]ar ceT]s or within folding of thé membrane B

(a crypt pump), 1naccessib1e to ouabain act1on cou]d account for a]]

Lro
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the properties of the ouabain-insensitive pump. The crypt pump hypo-
thesis is questioned on the grounds that it is difficult to see why
ouabain should not have access to the sites of the Ne+‘pump if oua-
bain clearly affects K+ transport (Whittembury and Proverbio, 1970).
Furthermore, many cells in which such a system ex{sts do not have
membrane crypts, £.e., red blodd cells, ascitei tumor cells or smooth
muscle cells.” Also this model does not explain the extrusion of
cho]ine‘+ and Tris+’which are not transported by membrane ATPase but
- which do substitute for Naf in the ouabain-insensitive pump (Rorive
~and Kleinzeller, 1972). d

Rorive and coworkers (1972) and Rorive and Kleinzeller
(1972) have proposed that fntrace]]u]ar water and electrolytes are
extruded by a ouabain-insensitive mechanochemical process 1n kidney
cells.” This mecnénochemica] system is proposed to:-operate by a
Ca++—activated ATPase which initiates a membrane confraetﬁge mech-
‘anisni to extrude isotoric solution from cells. The lack of substrate
specificity and ouabain insensitivity are consistent with a mech-.
anochemical system. 5 ' ' .

The mechanochemical hypothesi§ ferpvo]ume control involves
the existence of a contractile mechanisn. Contractile mechanisms
. responsible for water movement have.beepfde3cribed for a number of |
‘cells, e.g., the contractiie vacuole of‘protozoa (Organ et. eZ.,
1968 Perkins and Jahn, 1970) and tumor cells (Hoffman-Ber11ng, 1956).
cOntractile systems are dependent upon contracti1e proteins. Con-

tracti]e protewns associated with membranes have been reported in

eﬁythroqytes (Marches1 et. aZ 1969) 11ver ce]]s (Ne1fakh et aZ

' ,\ ] L i

o
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1965) and thrombocytes (Bettex—Go]}and and Luscher, 1965). The exist-
ence of actomyosin in mitochondrial membranes (Vignais et al., 1963;
Neifakh et al., 1965) and the demonstration that ion movements occur
duriné ATP synthesis by oxidative phosphorylation (Green, 197Q) sup-

port a»mechanbchemica] system.
~ Daniel and coworkers (1962) were unable to show any signif-

icant effects of potassium remova] on the rate of ?2Na loss from rat
and rabbit uterine Smooth mu;c]e. Therefore, Daniel (1963b) proposed
that the Na+ and K+ pumps were net coupled and that the sodium pump
operated at a faster rate than that of the potassium pump, giving it
an eleetrogeniC'nature. Furth@r support for the electrogenic nature
of the sodium pump in smooth muscle has been presented (Burnstock,
1958; Casteels, 1969; Daniel et al., 1969; and Taylor et qi., 1970).

| Evidence for two mechanisms regulating ion distribution in
: ute}ine smooth muscle has been presented by Daniel and Robinson (1970,

1971a,b,c). They proposed, on the basis of ??Na efflux studies, that

sodium exits from four compartments in this tissue (termed A to D)..

They found cohpartment A was large and ‘contained quantitatively about
that amount of sodium predicted from the size of the extracellular
sbace. Sodium in compartments’B ande'was viewed as emerging from cells
via a metabélica]]y dependent transpgrt mecharism.  Compartment D was
described as a small bound fraction fch eXchanged only very slowly
with zzNa.‘ Metabollc inh1b1t1on which dep]eted uterine tissues of

. adenine nuc]eotides resu]ted in decreased 22Na efflux from both ce]l-
:,_ ular fractions (B and C) and resu]ted in t1ssue swe111ng | Pota551um7

.free so]utions and ouaba1n had only s]1ght effects pn sod1um~r1ch
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tissues. Quabain decreased efflux of sodium from the fast cellular
fraction B.

Daniel and Robinson noted that in both ouabain and potassium-
free solutions the water content of tissues decreased and both inhib-
itors failed to interfere with the isotonic extrusion of water when
cold, sodium-rich tissues were rewarmed. A ouabain-insensitive, ATP-
dependent system was therefore postulated for control of cell volume
in addition to the classical ouabain-sensitive ATPase.

Daniel and Robinson proposed (]971cz that membrane vesicles
of smooth muscle cells might be sites of sodium transport (see intro-
duction pages 1 to 5). The properties of this vesicular mechanism,
which is thought to control cell volume (Daniel aﬁd Robinson, 1970;
1971a,b,c; Rangachari, 1972; Réngachari et al., 1972), are similar
to the mechanochemical syztem of kidney cells (Rorive et al., 1972;
Rorive and K]einie]]er,:1972). Both systems (1) require metabolic

- energy; (2) lead to the isotonic extrusion of NaCl from Na'-rich

tissue; (3) are not specific for Na+; (4) do not require external
K* and are not inhibited by ouabain; and (5) may involve a mechano-
chemical process; '

;? _ Membrane‘ihvagination or‘vesicu]a;ion may be a required step
in the activation of some membranes or enzymes for the movement of mole-
cules écro§s them. - Green (1970) has discussed the conformational basis
of energy_traﬂsdﬂctionsvfn‘bio]ogica] systems. He sugge§ted that changes

;in mitochondrial membrane configuraéion provide the bond energy necessary
for‘ATP synfhesis and proddctiop'Qf-ion'gradients.. Conyerse]y, ATP h}—

dro]ysis;tou]d lead. to comformatioﬁﬁl changes in membrane with mdvements

A

LR

) k*:y
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released by the ATPase reaction, inhibits the activity of tissue phos-
phatases (Rosenthal el af., 1969). The same workers also demonstrated
that lead catalyzes the non-enzymatic hydrolysis of ATP used as the
substrate: for release of phosphate.

Membrane vesicles are a characteristic featurghf all ani-

mal cells and some plant cells (Rustad, 1959). The membrane vesicles

have been termed caveo{ae intracellulares in smooth muscle (Caesar
et at., 1957; Gabella, 1971) and plasmalemma vesicles (Bruns and
Palade, 1968a, b) or micropinocytotic vesicles in endothelial cells
(Bennett, 1956).

The term caveolae intracellulares may bé unsuitab1e‘51nce
the vesicles have never been shown to be intracellular. The term
pinocytotic ié also improper, because vesic]e§ in smooth musc[e have
nevef been shown to be involved 1n1ahy uptake process. The te;m
plasmalemma vesicles is not usually applied'to smooth muscle. Tﬁere~
fore, in ihi&,thesis,rthe vesicles observed in smooth muscle will

be referred to as membrane vesicles since their origin is believed

to be the plasma membrane and this term seems more appropriaté.

Aésociatiqn-induction hypothe;is. The usual approach to
‘ thevconcept of volume cdntro] in cells is based on the membrane theory.
Aétording tq this theory, the cell membrane is the 1imiting barrier |
to solutes between the cell intérior and the'eXtérné] envi;onhent. A
“sodium pump located on‘the‘membrane‘(as’describéd‘aSOVé).is responsi-
ble for ma{ntaining fhe stgadyFstate of fbns an"c‘i'\hater\< “Another agsum.
~ ption of ‘the membréné theory ts that.iohs and water are relatively free.
m’.;hi'n t}ﬁegceﬂ." - o ( |

R
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of water and ions. In search of support for a configurational model,
Penniston and Green (1968) found ouabain-insensitive conformation
changes in the form of pinocytotic vesicles in red cell ghosts in res-
ponse to ATP. From this, their general conclusion was that conforma-
tional changes such AZ pinocytosis could be necessary processes in the
movement of ions across membranes.

An interesting theory of ATP production by m1toch0ndr1al .mem-
brqnes has recently been submitted by Banks and Vernon (1970). They
postu1ate that the process may operate as follows: (1) The membrane
contains an ATPase but {t normally is held* in an inactive, extended
configurafion. A molecule of ADP and inorganic phosphate become attached
to theﬂenzyme. {(2) The membrane now takes up a folded configuration
thereby extruding water and generating a non-aqueous microenvironment.
(3) A metal cotion enters the folded configuration perhaps accompanied
by Qate} and activates the ATPase which in turn catalyzes the formation
of ATP. (4) The ach:;:ing cation passes out of the folded configura-
tion and the membrane takes up the original .extended configuration with
the release of ATP. Itiis not difficult to see how this mechanism could
result in fon transport if it operated in reverse order and if the pro- .
cess of folding and extension released an ion at a site different from
the origin of the ion.

Additional evidence suggesttng ves1culaq 1nvo]vement in so-
dium transport in smooth musc]e was the demonstrat1on of high ATPase
act1v1ty as‘demonstrated histochemicalTy in membrane vesicles (Rostgaard |
and Barrnett, 1964 Lane, 1967). However the validity of th1s hlsto- ‘
"‘chem1ca1 technique for loca11zation of ATPase act1v1ty has been QUESY

‘tlongd on the grounds that the lead qat1on}used to capture Phosphqte
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An alternative theory based on the‘jnperaction of electro-
lytes with selective bindipg properties of proteins was formulated by
Ling (1962) and termed the association—indocfion hypothesis. According
to this view, intracellular solutes exist inwkwo states:. (1) in solu-
tion in cell water, and (2) adsorbed onto cell proteins. ATP is thouoht
to energize cell proteins to maintain a particular cooperative state
necessary for selective fon binding. Thus, as ATP is adsorbed onto a
controlling site on a protein, it influences a fixed number of anionic
sites to selectively adsorb Kf. Without ATP, otoer cations such as Na'
may occupy the anionic sites. AOugbain is thought to shift the affinity
of thé syséem from K to Na' (Ling, 1969). Cell water is thought to
exist in a physical state different from that in the extracellolar
solution (Ling, 1966). It is pictured as existing in polarized multi-

layers about the protein. Ce]l volume equilibrium’ depends upon the re-

versxb]e forming and break1ng of sa1t linkages in the protein matrix

. , o 4
and the associatlon of free counter jons such as K o e

Certain evidence supports the assooiation-induction hypo-
thesis. Cope {(1967) suggested that approximateiy 70% of cell sodium
was in a complexed state and therefore Jid not qontributé'to tho‘nu-
clear magnetic resonapce (NMR) spectrum. a NMR étudies of water have
also 1nd1cated structur1ng of this component (Haze] 00d et al., 1969).
Hinke and McLoughlin (1967), prov:ded f rther support for the comp]exn

ing of Jntrace]1u1ar-sod1um»and pqtassium in barnacle muscle studied

with cation Sens1t1ve m1croe1ectrodes  Recent spin-echo studies sub¥

-.stanti;te the idea that ordered water exists in biolog1ca1 t1ssues

(Cope 1970)

Most ev1dence, however, s in favpr‘of the membrane theory " = .
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as sunmarized below: (])’Living‘ceilé are apprg}%mgtegg isotonic
-with 0.9% NaCl solutions, which demands that the oghofac activity with-
in cells be equal to that of this solution. To achieve this, nearly
all the iohs within cells must be in a free state. (2) The cytoplas-

mic resistance is relatively low as compared with high membrane resis-

tance. The Jow cytoplasmic resistance is interpreted as indicating
nearly compiete di%sociation of intracellular ions. (3) The mobility
of K+ in cells is equal to that of free K+ in solution (Hodgkin and
Keynes, 1955). (4) The correct magnitude of the resting and action
potentials can bg predicted from the Nerns£'equation (Hodgkin and
Katz, 1949) which is based on complete djssocjation of intracellular
«*. (5) The ﬁrdnSport of fons across frog skin separating two iop
bathing so]utions‘(Ussing, 1954) could not be accounted for on the:-

i
basis of ion binding. (6) A linear relationship between potassium./~" "

Ve

content and ATP concentration does not exist in smooth muscle as
predicted by the association-induction hypofhesis_(Rangéchari et ak.,

1972).

2. Localization of Sodium with Potassium Pyrodntimonaté

: ’i* , .
Use of potassium pyroantimonate. Sodium transport sites in

‘smooth muscle cells éou]d be demonstrated‘histochemica]Ty if sodium
wére concentféteé at Fﬁ? tfanspprt sites;ang 1f a valid histoghemica]
tool were availab]e\for sodium localization " Potassium byroantimonate :
_has ‘been widely used as a too1 to loca11ze sites of high sodium con-

xcgntration in tlssues. - ﬂg _“ _ ‘

Komnick (1962) and Komn1ck and Komnick (1963) proposed that

. potassium pyroantimonate cou]d be used to 1oca11ze sodium in tissue

.y\“..‘ et ‘ , c ot
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-

prepared for the electron microscope. This claim has been recently
reaffirmed (Komnick anq Bierther, 1969; Lennep and Komnick, 1971).
Potassium pyroantimonate (K,H,Sb.0,.4H,0) is added to the fixative and
the pyroantimonate aﬁion is thought torfonn insoluble, electron dense
precipitatés with sodium at sites of high sodium concentration in tissue.
Kidney tissue has been studied by this method An an :&Tort
to localize areas of high sodium content or sites of sodium transport.
Amakawa and Mizuhira (1968) and Nolte (1966) found precipitates local-
ized in the brush border of proximal tubule cells of rat kidney. Pre-
cipitates have also been observed along the basement membrane in distal
tubules and in glomeruli (Tandler and Kierszenbaum, 1971). Nuclear
precipitates found in kidney preparations were thought tp represent
bound sodium, while precipitates found associated with the membrane were

a

thought to demonstrate sodium transported by the membrane (Tisher et af.,

-3

f . ‘ .
1969). Based on precipitate location, an osmoregulatory function for
chloride cells of the kidney of the stickleback has been proposed

(Komnick and Bierther, 1969).

Brain and nervous tissue have been {nvestigated and pyro-
antimonate precipitates were thought to demonsgréte mainiy bound ;odium

(Hartmann, 1966; Villigas, 1968; Siegesmund and Edelhauser, 1968). An-

9,

creqéed precipitates were found in vesiculér structures of astrocytes

»

following‘intracisterna1 injection of sodium chloride solutions (Tor-
ack, 1971)
‘ Pyroantimonate prec1pitat1on on the external surface of the

roa

8 stratum cornea cells of frog epidermis was, 1nterpreted as support for

' n'a stand1ng gradtent osmot1c f]ow process for this tlssue (Henﬁikson,

,J;:1970 Lennep and Komnick 1971) Sod1um was thought to be'mobilized
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from f}oq epithelial nuclei and rat kidney nuclei during stlmuTat1on

of actlve transport by vasopressin. These observatjons were based on

pyroantimonate location and ?’Na ‘movement in fresh isolated nuclei

I3
-

" (Zadunaisky et al. 1968) .
Other tiséues have been investigated using pyroantimonate
to localize sodjum, These tissues include the spiral organ of the |
ear (Vinnikow and Koichev, 1969), plant cet]s §uch(as mafze roots,
beanhembryo and spinach chloroplasts (Nobel and Murakami, 1967; Tan-
dler et al., 1970), sweat glands (Ochi, 1968), salt excreting glands
(Lennep, 1968), testis (Kierézenbaum et aZAl 1971), vas deferens
(Lane and Martin, 1969), liver (Tandler et al., 1970), bone marrow and
blood cells (Spicer ot ai., 1968; Hardin et al., 1969; Spicer et al.,
- 1969; Hardin and Spicer, 1970; Clark and Ackerman, 1971a,b).
| Heart muscle has been studied after fixation with pyroanx
timonate (Shinna et al., 1969, 1970; Legato and Lanqer, 1969; K]ewn \
et al., 1970; Thureston- K1e1n and K]e1n 1972)  as has skeletal mus-~
cle-(Zadunaisky, 1966; Shiina and Mizuhira, 1970), No comparable

studies have been reported for smooth muscle. P
I | (4 A
Validity of pyroantimonate method. Evidence that pyroanti-

monate precipitates contain sodium in tissue f1xed for e]ectron micro-
scopy comes from var1ous source; , The presence of sodium in tissue
' prec1p1tates has been demonstrated by electron probe ana1ys1s (Lane
iind ‘Martin, 1969 Tandler et al., ]970 Tandler andhK1erszenbaum
¥971). Selected area diffraction pattern studies have shown that pre-
c1p1tates contained sod1um (Hartmann 1966). Studies of. %pe comb1ned

use of pyroant1monate and 22Na autorad1ography have shown an association

I3
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between the developed grains of Na+ and precipitates (Amakawa et a«l.,
1968; Shiina et al., 1969; Tisher et al., 1969). Others have reported

that t}ssue precipitates were decreased or increased under conditions
which lower or raise the tissue ,sodium content or increase or decrease
sodium extrusion (Kaye and Donn, 1965; Hartmann, 1966; Zadunaisky et
al., 1968; Tani et al.,1969; Torack, 1969; Shiina and Mizuhdra, 1970;
Satir and Gilula, 1970). A study on the efflux of 22Nq from ?*Na-~loaded
tissue during fixation indicated that slightly more ZZNQ remained in
t{ssue when pyroantimonate was presenll(Zadunaisky, 1966) .

-

. There are, however, several reasons for doubting the valid-
ity of this technique: (1) Pyroantimonate solutions precipitate in
vitro with solutions of other cations and cellular substances such as.
calcium, @agnesium, zinc and biogenic amines (Bulger, 1969; Lane and
Martin, 1969; Shiina et al., 1970) and evidence has been presented to
~show that pyroantimonate prec1p1tates with glycogen and histones 1in
tissues (Clark and Ackerman, 1971b). (2) Tissue precipitates were
found to contain Ca1cium,FM§gnesium and potassium as well as sodium and
antimony aé demonstrated by electron pro%e ana1ysis'(Tand1er et al.,
1970; Kierszenbaum é¢ al., 1971; Tisher et al., 1972).  (3) Potassiumir
pyroantimonate has been shown to be insoluble in dehydfatiﬁg so1utionsn
used to prepafe specimens for study (Tice; personal communication;
Shiina et qi., 1970; Tisher et éz., 1972). (4) Precipitates were often
not found in some cells when g]utaré]dehyde was used as the fixative
and the pattern of pFecipitate Varied with the fixative used (Lge et
aZ.5.1957; Bulger, 1969; Clark and Ackerﬁan‘ 1971a; Sumi, 193{- Symi
and Swanson, 1971).- In addition, there is the poss1b1]1ty of d1ffu—

" . sion artifadts durlng fixation and dehydration. ol
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Klein and Thureston-Klein (1972) used flame photometry to

analyze precipitates formed 4n vitno with sodium and pyroantimonate

5

solutions. They found a linear relationship between sodium-added and

precipitate formed. However, isolated nuclei, spleen and sodium im-

.pregnated gels analyzed by a similar flame photometric method and nuc-

lear activation analysis after pyroantimonate-osmium tetroxide fixation
showed that the gels and tissues contained little sodium and increased

contents of potassium (Spicer et af., 1972).
3. Light and bark Cells

Significance of this study. During initial examination of
uterine smooth muscle in the electron microscope, two populations of
cells were found in the same tissue preparation. Cells of the minor-
ity population were less e1éctron dense and randomly distributed among
the more dense cells. Other distinguishing characteristics, such as

lack of membrane vesicles and swollen endoplasmic reticulum and nuclear

envelope, were noted ‘between the-two types of cells. Similar observa-

tions with 1ight‘and electron mib;oscopy of smooth muscle and other
tissugs have imp]icated'contraction—re]axation or the method of fixa-
tion as the factors responsible for density differeﬁces (see Aita et
al., 1968a; Dohrman, 1970). Since cells without vegic]es should be
unable to maintain their vo]umé (Chapter 2), a portion of this progeét
was designed. to study the differéhces between‘the twoltypes of smooth;
o - )

muscle cells and to try to account for them.

J '

\ Light and dark smooth muscle cells. Two types of smooth
' : i .

muscle cells differing ‘in staining densities were first distinguished

~in 1844 by KolTiker (Quoted by Conti et al., 1964). Later Henneberg
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in 1901 studied carotid artery smooth muscle of pig, beef and humans

in contracted and relaxed states. He found two types of cells which

\he termed clear and dark cells. Clear cells had a round or élliptical
cross-sectional shape, a clear cytoplasm and a thick nucleus. The clear
cells were thought to. characterize contracted muscle. Dark cells had

a prismatic shape and an intensely colored cytoplasm and were seen in
relaxed smooth muscle (quoted by McGill, 1909; and Aita et aZ., 1968a).
This Qiew was 1mmediate]y opposed by Heidrich in 1902. He studied
smooth muscle of the intestine, urogenital system and blood vessels

from a number of animals and concluded that dark cells were contracted

cells (quotedkby McGill, 1909). The structure of the same smooth

muscle from different animals was reviewed by McGill (19 ;i:i}'
cribed the synéytia] nature pf smooth muscle and studied the structure
of con;racteqvand relaxed cells. She found contracted cells to be
shorter, wider and more densely colored than relaxed cells.
| The concept that dark smooth muscle cells as viewed through
ther11qht m1croscope were cells contracted at the time of fixation
was genera]]y adcepted The only opposing report was that made ear1iér
by Henneberg in 1901 However, Hirséh (1955) be]ie?edlliké Henneberg
that vasculér smogth muscle light cells were relaxed. o |
Guinea ﬁdg, rat and.human intesti@g} énd rag uterine smooth
muscle were studied‘dn the phase contrast and" electron mfcroscope'py
- Gansler (1961). = She lescribed dark‘cé11s as'having q‘pri;k]y appe#r—
ance due to the,harrow,pointed cytoplasmic pfojections in.contrast to
the rounded structure 0 11ght cells with wide, blunt extens1ons

L1ght ce]]s were found t have a ]1ght ground substance wlth d1sorgan—
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ized filament structure, whereas dark cells had a very dense cytopiasm
with thin filaments of no consistent pattern. Light cell nuclei were
less dense than those of dark cells. The dark cell membranes were
difficu]t‘%o see against the dense myoplasms but contained numerous
membrane vesicles. Membrane vesic]es were often absént from the
Tight cells, The difference in den51ty of the two types of cells was
thought to be dependent upon contract1on as dark cells were be]1ejed
to be more numg!jus in tissue contracted at the time of fixation. Con-
traction was thought to lead to cell shrinking by loss of intracellu-
lar water. The result of water loss was thought to produce a condensa-
tion of the myofilaments making the cells more dense‘yhen viewed under
the microscope. ' - .
Laguens and Lagrutta (1964) reported finding 1ight and dark
smooth muscle cells in hyman uterine tissues during pregnancy. Jaeger
(1964) referred to two types of smooth muscle cells found in the human
pregnant and nonpregnant myometrium as "resting”" and "active". The
resting cells were less densevthan those termed active. He concluded
that the cells were in various stétes of contraction at the time of‘
examination. | |
Histological and histochemical studies indicated that light
and dark cells of vascu]ar smooth muscle were not due to contract1on
or re]axation (Conti et al., ]964, Aita et al., ]968b) L1qht and dark
cels were believed to be two different types of cells from- 2 morpho]~

oglcal and functional point of view. These authors have referred to

these cells.as round or oval for light ce]1s*and‘tkiangu1ar or star-
P 8

shapéd for dark cells, after théir_cfoss~séctibna1 appearqnce. However,

Loy
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more recently they have discarded their original claims and returned
to the contraCtioh—re]axation hypothesis (Conti et al., 1972). They
found 1;,arteries retaxed prior to fixation some light cells which they
believed were contracted cells. In contracted arteries, they found
some aark cells which were described as retaxed cells. They concluded
that the density of a Ce11‘was dependent upoﬁ the contracted or relaxed
state of the cell at the moment of fixation. However, they viewed the
contracted cells as the 1light ceils which is opposite to the conclusions
of Gansler (1961). | y

The nature of density differences observed in stretchediﬁamma—
lian and turtle oviduct smooth muscle has recently been claimed to re-
flect dn unusual osmotic response of occasional cells to the glutaralde-
hyde-buffer combination (Somlyo et al., 1971a,b). - They proposed that
the: electron density éf smooth muscle cells was due to the degree of

hydrdtion at the time of fixation, since prior incubation of tissues

in hypertonic solutions increased the density of cells.

Light and dark cells of other tissues. An abundance of 1it-
erature has accumulated over the past 80 years on ihe nature of 1iver
F

and brain cells which vary in density when viewed with the ]ight and

e]ectron microscope. Early reports characterized dark"liver cells as

| thosg‘fnvo1ved in bile production and much work was devoted to-their

s
[

behavior toward specific dyes. Unequal staininq of brafn and spinal

‘ganglion ce]]s were seen and dark cells were be]1eved to be sympathetic

cells (see review Scharrer, 1938)

The appearance of 11ght and dark liver and bra1n ce]]s could

- N

H
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be avoided by intravascular perfusion fixation. Therefore, Scharrer
(1938) thought that dark and 1ight cells might be brought about arti-
ficially by pressing or tearing of fresh tissues when they were remdved
for immersion fixation. He proposed that, as a consequence of mechan-
ical injury, a breakdown in the colloidal system‘df the cell occurred
wjth instantaneous loss or inhibition of water, resulting in dark stained
shrunken cells or Tight swollen cells.

More recent studies indicated that dark cells increased in
number after various toxic treatments_to rats (Herdson ef\aZ,, 1964 ;
La Fonfeine and Allard, 1964; Wood, 1965; Allen and Carstens, 1966),
mice (Papadimitriou, 1965), monkeys (Ghidonj,.]967) and rabbits (Witz-
leben, 1966). However, dark cells were regarded as a reaction due to
1njﬁry after removal of tissues; when it was obserred that dark cells
also increased in number in control fissues not subjected to poisonous
substances but alse fixed by immersion (Steiner and Bablio, 1963; Theroﬂ,‘
1965). - )

Ganote and Moses (1968) noted that conditions wh1ch tended
to result in 1nadequate f1xat1on of liver t1ssue 1ncreased the frequency
of both light and dark cells and 1ntermed1ate dens1ty cells on the sur-
~ face of t1ssue blocks. Dark ce]]s were found more frequently in the
centra] port1on of tissue b10cks After zn sztu fixation, intermediate
den51ty ‘cells were observed and therefore 11ght and dark cells were
thought to be art1facts of f1xation.- This conc]us1on was s1m11ar to’
that made earlier by Scharrer (1938) who considered 1ight and dark ce11s
as artifacts due to mechan1ca] 1nJury prior to f1xation. | -

Lrght and dark epithe]ia] ce]Is of choro1d p]exus of the
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brain from dog, mouse and humans were considered to be due to varying
states of cell hydration at the time of fixation (Dohrmann, 1970).
They were not believed to be artifacts, since they could be demonstrated

in.tissue fixed either by immersion or perfusion.
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CHAPTER 2

AN ULTRASTRUCTURAL STUDY OF VESICULAR

| TRANSPORT IN RAT MYOMETRIUM

A. Objectives

If membrane vesicles of smooth muscle are involved in Na'
and water transport in tﬁe way postulated (see intuoduction), several
changes should occur in vesicular structure and electrolyte content
following treatment of tissues with metabo]ism or trausport inhibit-
ing substances.

1. If ATP 1s necessary for membrane vesicle formation and
maintenance, depletion of ATP with metabolic inhibitors
should eliminate vesicle formation and lead to their des-
truction. 7
2. fo méhbrane vesitles are sifes of -sodium transport, [ATP]
reduction with metabolic inhibitors should precede;or accom-
pany vesicular changes, Na -gain K -loss and volume changes.
3. If the ouabain-insensitive volume pump is the only mech-
anism associated with the vesicles, inhibition of trapsport
ATPase with ouabain should not directly affect vesicular
structure. | B
’_4. If vesicle formation and discharge involve a catt-
dependent mechanochemical system as proposed by Rangachar1
(1972), rewarmed Na -r1ch tissues shou]d have a]tered

ves1c1e structure or number than those noted in co]d Na -



35

tissues. This alteration in vesicle size or in number
‘ ++
could be prevented by substances such as Ca -free solu-

tions and iodoacetamide which interfere with contractility.

The objective of this study was to teé% the vesicular hypo-
thesis by evaluating the above predictions. Somé pieces of myomet-
rium were analyzed for cation contents a VATP and other pieces of
tissue were prepared and examined in the%%iectron mic?oscope after
incubation in Krebs-Ringer solution with and without metabolism (IAA
+ DNP) and transport (ouabain, 5°C) inhibitors.

8

A

B. Materials and Methods

1. Tissue Preparation

Female Wistar rats weighing approximately 100 grams were 1n;
jecfed subcutaneously with 50 micrograms of diethy]sti]bestero] daily
for six days. Each rat was killed by a blow to the head. The abdom-
inal cavityrwag cut open and the uterus rapidly removed. The two ut-
érine horns were separated at the bifur;ation an& each horn wés‘spread
out on filter papef dampeg’dawith Krebs-Ringer solution. In all |
tissues used in this stud§; the endometrium was separated from the
myometrium by stripping the two layers apartﬁ‘ The endometfia] por-
tibn, which also contained much of the‘circu}gr muscle," was diséarded.
| A1l myometrial poréions were suspended on stainless steel
‘hooks.‘”The tissues were ql?owea'to recover from handliﬁg for one

hour in Krebs-Ringer mediuﬁ at‘25°C aerated with 95% Oz-é%‘coz.

J
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’

Recovered tissue ﬁaﬁ designated as fresh tissue. Fresh tissues

| : '
were weighed and transferred to separate tubes for their respective
treatments. Tissues were made soddium-nich by incubating them over-

o

night at 5°C in nonaerated potassium-free Krebs-Ringer solution.
After treatment, a piece of tissue approximately 5 x 5 x *
0.5 mm was removed from the Certer of each uterine horn for electron
microscopy. The two remaining pieces were placed together for ATP
or cation‘ana]ysis, ,
'In measurements of fresh tissue, tissue from one uterine
horn was used as the control and compared with its paired, treated
horn. In measurements of sodium-rich tissue, comparisons were made
between tissues removed from the same uterine segment before and

A '
after rewarm1ng

2, Solutiong

The composition of Krebs-Ringer solutions used in this study
N ,

is shown in Table 1.

Unless otherwise specified; chemicals and drugs used in this

o

study were added directly to the Krebs-Ringer incubation solution.
The soufces for the chemicals used are@%iven in the appendik}

S 2"

3. ATP Deter’mination\

The ATP contents of t1ssues were est1mated by the firefly
method (Kahlen and Koch 1967 Wirth et az 1970)

t
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“.open .channel was used in this study o e

'oroduced'fn the enzyme ATP reactfon

38

ATP was extracted by_p]ac@yg the 2i§sues for 10 minutes in
beakers containing 10 m1 of boiling glycine buffer (2.0 mM; pH 9.5-10).
Thereafter the solutions were transférred to graduated test tubes and
the volumes readjuéted to 10 m1. The test tubes were p]aced on ice
until ready for estimation.

Soluble extract (luciferin-luciferase) from 50 mg of dried
firefly lanterns (Sigma) were ground with a mortar and pestlie and
dissolved in 400 ml of cold 0.1 M arsenate bufter (pH 7.4). MgSO,

(to make 0.02 M) wos'added to the enzyme solution prior to use. 5

ml of the enzyme solution nas placed in scintillation vials and stored
in the cold until used.

‘ ATP standards (0.05 - 1.0 ug/ml) were prepared from frozen
stock solutions (} mg ATP/m1 glycine ouffer) at tne same time that.
the ATP was extracted from tissues.

0.5 ml of the standards or tissue extracts was added to
5 ml of the 1uc1fer1n luciferase solution and mixed by swirling the
vial. 30 seconds after mixing the two %o]utlons eachalla] was coun- ’
ted three consecutive times for 0.1 mfnﬁte A 11qu1d sc1n llation

counter, (Nuc]ear-Ch1cago) set ‘up for integral counting on o

| The amount of ATPsin the tissue extracts was estimated byg&
comparison with a standard curve (drawn on log—log paper) of the ATP

concentrations in the standard so]utions aga1nst the averaqe counts
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4. Determinations of lon Contents of Tissues
[ 4

’ Tissues were placed in dried, weighed test tubes and the
wet weights obtained. The tissues were dried to a constant weight
(dry weight) at 105°C.  The total tissue water content was calculated
as the difference between wet and dry weights (g H,0/q solids). Con-

r

centrated nitric acid and 30% hydrogen peroxide (0.1 ml each) were

-added-to each dried sample and then the samples were digested on a hot

>
sand bath. BJank test tubes were treated An a similar manner. The

resulting residues were dissolved in de-ionized distilled water and
the volumes made up to 25 ml. Sodiumrand potassium contents were de-

termined usinq an EEL flame photometer. A standard c‘sve for each ex-

periment was constructed from standard so]ut1ons of sodium or potass1um

chloride. Ionic contents of tissues were estimated by comparison of
sample readings with the standard curves after!subtractfng the blank

reedings.‘

" ,6. Electron Microscopy

ZTeparation Tissues were f1xedrby j 1on in about 5 ml

- of. 5% glutara]dehyde buffered w1th Millonig's" phosphate buffer (pH,

7.4; 960 mOsm) athS.Cs The pieces of fixed tissue were stored in
the co]d until readg for postfixation and dehydration. The t1ssues

were then washed three or four t1mes in phosphate buffer and post-

‘ fixed in 1% osmium teéroxide w1th M1]1on1g S buffer for one hour.

After r1n51ng tw1ce in d1st111ed water, samples’ were dehydrated in a

ser1es of graded concentratlons of alcohols followed by propylene oxide.
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A1l tissues were embedded in Epon 812 in flat molds oriented
so the outer longitudinal muscle layers would be cut in cross-section.
Pyramids with face dimensions ]éss than 0.5 x 0.5 mm were cut with a
razor blade on the serosal surface of the tissue over the 1onqil d-
inal muscle layer. Silver to grey sections were cut Usinq a diamond
knife with a Porter-Blum ultramicrotome (MT2). A1l sections were
placed on bare 300 mesh copper grids and examined in a JEM-7A elec:
tron microscope after double staining with uranyl acetate (Gibbons

and Gristone, 1960), and lead citrate (Reynolds, 1963).

Quantitative measurements. The following procedure 'was

followed to assure random samb]inq in quantitating the membrane ves-

icles in smooth muscle cells.

A total of 16 photographs were taken at each time after the

various treatments (Tables 2 - 12; 4 photos/tiss&e x A tissues/time).

- g One photograph (x 8,000 magnification) was taken®f sections
. o )

overlying the center square {(or closest square cortaining a section)

:from each quadrant of each grid (? photographsiper grid). The areas.

o

photographed (ca. 1/16 of the yrid square; ca. 1/300 of the section

area) had to contain at least 50% cells which were cut in cross sec-

tion. If this criterion was not met in thé Tower right area of the

grid square, the'1ower left, the upper 1eft and then the upper riqht

areas were cons1dered for photography until a su1tab1e area was found

“

If sect1ons conta1ned sectioning or sta1n1ng art1facts, they were re-
Jected and the t1ssues resect1oned and stained.

. Negat1ves were eh]arged 3 t1mes‘?x 24,000 maqn1f1cation) and

I , .
A - i
A

¥
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printed on 8" x 11" paper. A map tracing compass was used to measure
distanees along smooth mﬁscle cell membranes in the photographs. A7l
surface vesicles (within 3 mm of the surface) of the cells in the pho -
tographs (ca. 10 ce]Ts/ﬁhoto) were counted. From the measurements
taken from photographs, the number of vesicles ber millimeter of mem-
brane for each mi;éde was estimated.
The center portion of each negative was enlarged 10 times
(x 80,000 magnification) (if the center .was unsuitable, the left cen-
ter then right center areas were considered). A compass and millimeter
scale were used to determine the average size®of each vesicle in the
enlarged fie]d Two measurements (one parallel and one perpendicular
to the field) were made of each vesicle at the maximum d1ameter ~ From
the aeove data, the average size of the vesicles in the field (ca. 20
vesic1es{fie]d), the vesicular volume and vesicular surface area were
ca]cu]ated.;~The total volume and total surface area per unit length
of membrape were obtained by mu1£1p1ying the average number of vesicles/
mm membrane for each, photograph by their'average volume or surfece area.
-The average vesicular number per unit length and dimensions

N

of each tissue were determined from the 4 photographs taken of each

tissue. These data were compared with correspond1ng dimensions deter-

mined for the paired horn. . o -

6. Statistics

"The palred student's t-test was used to test for statistical
sign1f1cance between va]ues obtained from paired tissues. A “p*

value of < 0.05 was chosen as the level of 51gn1f1cant dlfferences

?etween t1ssues ' T
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C. Results

1. Appearance of Control Tissues

Figure 2 shows a cross-sectional view of the longitudinal
layer of the rat myometrium. The smooth muscle cells of the myome-
trium are irreqular in shape with occasional projections. Membrane
bound vesicles appear intermittently along the plasma meﬁbrane o% the
cells. A vesicle at high magnification is seen in Figure 3.  Both
the flat membrane and vesicular membrane are well defined, énd have
a typical tripartite layered structure appro*imate]y 80 R ghiCk-
Many vesicles appear open to the extracellular space as shéwn in
Figure§ 2 and 3.. However, some membrane:vesic1es can be seen which
have no apparent communication to the exterior of the cell (Figure
2). This could be because the connections were ﬁutside the plane
of section or'because the vesicles were free within the cef?.
To test whether there were any c]osed vesicles, tissues were
fixed in 5% glutaraldehyde bufferéd %3%h 0.T M'cacodylate buffer (pH 7.4,
Revel and Karnovsky, 1967) and containing colloidal 1% lanthanum ni-
trate. Postfigation was in ]%rosmium tetroxide solution with the same
buffer. 'These tissues were examined unstained in the electron microscope.
Figure 4 shows that the co]ioida] suspension of ]anthénum ni-
trate penétrated between cells. Lanthanum was preserit in vesicles open
7 to‘the extracellular space and a]so,in‘vesfc]es with no apparent open-
ing to the outside. - | |
| ,ﬁartic]es (;IQO R),ﬁ;;ociated with fhe inner surfake of the
vesicular membrane wergqufiinedvby the dense 1aﬁthanﬁm,depo$if (Fig-

“‘Ql ’

-
-

.
-~



Figure 2.  Smooth muscle cells of the longitudinal muscle layer

of the rat uterus. Membrane vesicles appear along the surface of

the cells. Single arrows indicate vesicles open to the extracell-

’

ular spate. Vesicles with no apparent openings are shown with dou- z
A

N o

ble arrows. Magnification x24,000.

2\\Fjgure 3. A high magnification of a membrane.vesicle. Note the

~

triple Tayered membrane, the opening in the extracellular space,

Magnification x213,000.
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‘ﬁiﬁﬂﬁggﬂf Smooth muscle cells fixed in 5% glutaraldehyde with
1% coTToida] lanthanum nitrate. The extracellular space in
some areas as shown here was completely filled with electron

"dense lanthanum. Lanthanum also was present in vesicles open
to the exterior (v) and vesicles with no apparent opening (v').
Note the presence of particles or repeating units associated
with the inner vesicular membrane (arrows). X 40,000 magnif-

ication.

Fiqure 5. Higher magnification of tissues shown in Figure 4 .
Particles were associated with the vesicular membrane {(arrows)

but were absent from the flat membfane. X 70,000 magﬂification.






ures 4 and 5). There were no partig?es on the flat portion of the

membrane.

2. Effect of Metabolic Inhibition -

-\

Daniel and Robinson (1971c) based their vesicular hypothesis
on studies of cations in whole uterine tissues which consisted of both
myometrium (smooth muscle cells) and endometrium (epithelial cells).
This study was designed to test their conclusions using only myometrium

and to correlate the results with the ultrastructure of the cells.
&

TAA + DNP, Iodoacetate (IAA, a glycolytic pathway inhibi-
tor) and 2,4-dinitrophenol (DNP, an inhibitor of oxidative phosphoryla-
tion) in cencentrations of 1 mM each were useq’together in the incuba-
“tion solution to rapidly deplete the tissues of ATP as shown by Daniel
and Robinson (1971b),
7 Table 2 shows the effects of metabolic inhibition with iodo-
acetate (1 mM IAA) plus dinitrophenol (1 mM DNP) from feur different
exoerimeﬁts. There'waslan immediate decrease in ATP content of tissues f%‘j
incubateq inKrebe-Ringér solution with both inhibitors. At 5 minutes -
the ATP content was down-to 10% of the control va]he}énd it continued
to decline thereafter By 40 minutes, no ATP could be deteeted in in-
hibited tissues (<0. 0:; of control ae judged by sensitivity of the ATP
- determination method). There was little change in the ATP content of
contro] tissﬁes incubated in Krebs—Ringer over the same time intervals
(ca. 1 wnole ATP/g tissue). " |

The sod1um content of..inhibited tissues 1ncreased by 20 min-



'& .
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utes with a simultaneous decrease 16 potassium content (Table 2). At
approximately 30 minutes the water content of the treated tissues in-
creased signif%cant]y. These results (ATP, Na+, k' and water contents)
are similar to results obtained by Daniel and Robinson (1971a,b,c) for
whole uterine tissues.

The diameter of the memb?ane vesicles of tissues incubated
only in Krebs-Ringer solution was slightly greater than 1000 K (Table 2).
There were approximately 1000 vesicles per millimeter of mémbrane (from
cells cut in crogs-section). Neither the diameter nor the number of
vesicles chanéed consistently when incubated only in Krebs-Ringer sol-
ution. ,

Incubation of tissues in IAA p1u§ DONP resulted in an increase
in diameter and reduction in number of membrane vesicles by 10 minutes.
The total vesicular volume/mm of membrane (average vo]ume/vésic?e x
number/mm of membrane) was 6ot significantly different from the con-
trol at ]O;minutes because the size of the vesicles increased although
the number decreased. .

To determine if all cells react simultaneously to the effects
of IAA + DNP, counts were made of cells with normal vesicles, with
swollen vesicles ( 1000 to 1100 R)‘and with no vesicles (1ight cells
as defined.in Chapter 4). Table.3 lists the number of each type of
ce]]‘(% total counted) at different times éfter incubation with and
without the inhibitors. Approximately 94% of the cells from coptrol
tissues had membrane vesicles of normal size. In tissues which were
metabo1ica1}y inhibited, there was a progressive shift from cells with
normal vésicleslthfough cells with swollen vesicles to cells with nd'

- , . *,

-
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Figure 6. Effect of IAA + DNP (1 mM each) on the ultrastruc-
ture of uterine smooth muscie. (a) Cells from tissues after

10 minute 1ncubatioﬁ‘in Krebs-Ringer with the inhibitors. Note
the increased size of the vesiélgs {arrows) as compared with
those in Figure 1. Double arrows iﬁdicate two vesicles which
have coalesCed together. (b) Cells after 20 minutes of incuba-
tion. Note the reduced number but increased size of the vesi-
cles (arrows) compared with those at 10 minutes. (c) Cells af-
ter 40 minutes treatment. Note that the vesicular number is
decreased from those shown at 10 and 20 minutes. (d) Cells af-
ter complete ATP depletion (80 minutes). The membrane vesic{es

are completely absenf. Magnification x 24,000.
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vesicles. At 20 minutes, oﬁ]y']O% of the cells contained normal ves-
icles; 50% of the cells had swollen vesic]esrénd 40% of the cells had
no vesicles. (After 60 minutes treatment, only ]O% of the Ced]s had
vesicles and'these were 'swollen. -

Fjdure 6a-d shows the progressive changes which occurred in
smooth musclg cells incubated in Krebs-Ringer with IAA + DNP. The
membrane vesicles Qere swg1]en at 10 and 20 minutes (Figures 6a and b
compared to Figure 2). At 40 minutes, there wére fewer vesicles and
those present were still swollen (Figere 6c)1i?There wére few vesicles

present:after 80 minutes of treétmengﬁfgﬁguéé ;a).

.,
¥
TA

. TAA. Iodoacefate used alone has been shown to decredse the
ATP content of who1e uterine t{;sués more slowly than when dinitro-
phenol was present (Daniel and Robinson, 1971b ‘$f IAA alone decreases
the ATP contents of myometrial tissues more slowly than when DNP is
present and if ATP is resoonsible for the changes in cell ;tructure
(Table 23, then the structuréi changes shouTq also occur more slowly
with IAA. 7 |

The effects of IAA alone (1 mM) are shown in Table 4, Many
efféctszwere in general; iﬂni]ar to results obtained when bNP was pre-

sent (Table 2), a]tﬁouqh‘IAA alone took longer to produce the‘gpbnges

-as predicted ‘f“f

The ATP&;ontent of IAA inhibited tissues was reduced to 10%

of\tﬁe control at 20 miqutes and no m;asurab1e ATP could be detected
after’TBO‘ﬁinutes. Significant'cﬁhnges in sé‘ium and potassium con-’
tent occurred by 40 minutes and water coqtent of the treated t1ssues
1ncreased by approx1mate]y 100 m1nutes - ) |

X

The number of vesicles in cells of inhibited tissues was

. i .
. . : . s
. -—
~ . ! . t :
¥ L] ! ’
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significantly lower than the controls after 20 minutes. Unlike meta-
bolic inhibition with 1AA + DNP, inhibition with IAA alone did not in-
Crease the size of the vesicles srmu]taneously w1t§ reduction in their
number . ‘ |

The number of cells with and without vésicles is indicated
in Table 5. For 120 minutes’ there was only a qradual(?hanqe in the
number of cells with vesicles (which were of normal 5(17‘ but reduced
in numbers) to cells with no vesicles. At 120.minutes when vesicle
swelling was observed, there was a marked shift from cells with normal
vesicles to cells with no vesicles.

Figures 7a and b show smooth muscle cells after 40 and 80
‘minutes in IAA. There were fewer vesicles th;n the controls but re-
latively no change in vesicufar size as indicated in Table 4. Con-
trol tissues were similar tojthat shown 1in F%gure 2.

pbvp, Daniel and Robinson (1971b) found that'dinitrophenq1
reduced but 'did not deplete uterine tissues of ATP, If ATP {s res- %
pons1b1e for ves1c1e main enance then tissues’ treated w1th DNP might .
have reduced number of vesicles but ONP might not destroy the vesicles
as found when IAA was useé P

The effect of fnhibition of oxidative phosphory]at1on w1th
dinitrophenol (1 mM) 15/shown in Table 6.

In tissues 1n§ubaced in DNP, ATP was decreased to only 65%
' o? that of the control after 6 hours tréatment, There was' a s]ight
increase in sod1um content and decrease in potassium content at. 2 4
" and 6 hQﬁYs However there were no s1qn1f1cant chanqes in water con—
-xent. )

The vesicles in cells of the 6-hour :DNP treated tissues were

2? .
i
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TABLE 5
Effect of IAA on the number of ‘smooth muscle cells with
ana ‘without membrane vesicles
. Cells
Time Total Cells with Without » ATP
{min) ~ Treatment  Cells  Vesicles % Vesicles % % Control
‘ Krebs 162 98 2 100
20 -
IAA 136 94 0N 6 83
3y . _ ) _
Kreb$ - - - 100
A0
IAA 204 84 16 10.5
— _ _ Y S
Krebs 128 98 - 2 100
60 . ) :
IAA 149 93 7 2.0
. Keebs 102 99 9 0
80
TAA 175 82 18 0.8
 Krebs 160 100 o 100
100 -
‘ IAA 128 81 19 . 0
. Krebs 131 98 . 2 100
120 ) : ; ;
1AM 146 44 56 | 0
Krebs 154 97 | | 3 100.
150 -
IAA 164 5 95 0
‘Results as indicated in Table 3.
\

A
b



Figure 7. Effect of IAA on the ultrastructure of myometrial
cells. (a) After 40 minutes inhibition. (b) After 80 minutes
treatment. Note that the vesicle (arrows) population has de-

creased as compared with Figure 1 but the size of the vesicles

remained about the same. Magnification x 24,000,
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smaller than the controls. There was also a sighificant reduction in
the riumber of vesicles after 6 hours DNP treatment. The diminished
size and number of vesicles resulted in a significant decrease in to-
tal vesicular volume and surface area.

Figure 8 shows the u]frastructure of cells from tissues in-
hibited for 6 hours with DNP. The structure is similar to control

I

tissues as shown in Fiqure 2.

- Ethacrynic acid. Ethacrynic acid in high concentrations

(1 mM) has been shown to inhibit glycolysis and oxidative phosphoryl-
ation in Qterine smooth muscle and result in ATP depletion after pro-
Tonged treatment (Daniel et az., 1971d). :The destructidn of vesicles
in tissues treated with ethacrynic acid should follow ATP reduction.

In the presence of 1 mM of ethacrynic acid (Table 7), the
tissue ATP content was reduced to 62i of the control at 2 hours and
was almost nil at 6 hours. T1§suesrga1ned:sodium and Tost potassium
after 2 hours treatment. The water content ofﬁtissues was significantly
increased only at 6 hours.

The membrane vesicles of cells from tissues inhibited with
~ ethacrynic acid were increased in s%ﬁé combared with controls and
greatly decreased in number at 4 and 6 hpurs. Both total vesicular vol-
ume and surface‘area were significantly lower than the controls.

The structure of smooth musc]e cells from tissues 1ncubated

0

:‘for 6 hours in ethacrynfc -acid (F1gure 9) was identical to the strue-

ture of. IAA # DNP (Fiqure 3d) and IAA (not shown) treated t1ssues after

ATP depletion. 7 SR X . -
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Figure 8. Ultrastructure of smooth muscle cells after treat-
ment with DNP (1 mM) for 6 hours, The vesicles (arrows) appear

similar to those indicated in Figure 1. Magnificltion x 24,000,

-

Figure 9. Effect of ethacrynic acid (1 mM) on uterine smooth
muscle cells. The cells contain no vesicles and they are sim-
ilar to cells depleted of ATP shown in Figure 3d. Magnifica-

tion x 24,000.‘
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5. Effect of Ouabain

Quabain, which inhibits transport ATPase, caused Na* gain
and K loss in uterine tissues but it did not decrease ATP levels
or produce water gain;(Danie] and Rohinson, 1971a). Thus, a second
ouabain-insensitive volume pump was oostulated. If this pump is Py
associated with the vesicles, then ouabain should have no effect,

on the vesicles.

Ouabain had little effect on the ATP content of tissues mea-

sured at 2, 4 and 6 hours (Table 8). Ouabain on]y s11ghtyy 1ncreased

~ the sodium content of};1ssues in relation to dry weight (ca 25% ﬁn— :

crease), whereas less than one-fourth of the initial potassium remained.

»

Water contents of ouabain-inhibited tissues were reduced, possibTy
accounting for the failure of sodium gain to equal potassium loss.

i Treatmeft with ouabain for 2 hours did increase the number

of vesicles of smooth myscle: cells; however, there was noﬁgggnyggcant

increase at 6 hours (Table 8). The average s1ze of the VQsic]es was
increased significantly at 6 hours. The reason for the-increased ves-
qcu]ar size was ggsnd to be doe to two populations of ves1c1es after g
ouaba1n inhibition; the normal s1zed vesicles (ca. 1000 A d1ameter)

and vesicles of increased size ( ca. 1800 A diameter). The 1arger

. Qesi}\es were found both on the surface and intracellularly as shown

in Figure 10. .The 1arger vesicles had no visible connections td the

extrace]1u1ar space :

Slnce ouaba1n causes contracture of uter1ne smooth muscle,
t1ssues were 1ncubated with ouabain 1n the presence of 1- adrena11ne
(2 ug/mﬂ, 10 uM). Adrena11ne has been shown to inhibit 0uaba1n pro-

»i o -

L
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Fiqure 50. Uterine smooth muscle cells after 6 hours treat-
ment with ouabain (1 mM). Note the presence of two types of
vesicles. Smaller vesicles like those found 1in congro] tissues
(arrows) and larger surfafe and intrace]]u];r’vesic]es (double

®

arrows). Magnification x 24,000.

"

Figuré 11.  Smooth muscle cells from tissuﬁ@made Na+~rjchvby '
overnight incqbation in k*-free Krebs-Ringer at 5°Q. The mem-
brane vesicles (arrows) were reduced in number but otherwise .
the cells appeared normal compared with f%:sues incubated in

Krebs-Ringer at 25°C. Magnification x 24,b00,

L3
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duced contraction but adfena]ine does no inhibit'the effect of oua-
bain on sodium iransport in the myometrium (Daniel, 1964). 1In the
presence of adrenaline, the effects of ouabain on catiéns, water
content and ultrastructure Qere‘sim%]ar to thosglobtained in the
absence of adrenaline at t&Q hours (Table 8). \ .

\

4. Sodiwn-rich Tissue " 3

/
Sy

Previéus stgdies iﬁ&WGated that when tissues were made sO-
ditm-rich at 5°C they gained Na' and lost K+ but they, did not always
.5wmﬂ] (Daniel and Robinson, 1970¢; Rangachari, 1972; Rangachari et af.,

1972). When sodium-rich tissues were rewarmed in K+—free Krebs~
Ringer at;37OC they 1o§t Na+, €1~ and water and the tissues contract-
ed. Rangachari (1972) further noted that ‘iodoacetamide and: Ca’"-

free solutions, which had no effect on ATP jeve1s, inhibited the

loss of sodium; water and contragtion which occurred during rewarming.
Rangacharivzi afl. (19%2) suggested: that a mechanochemical system
'as§ociated?with the membrane mightﬁbé involved in the aodi;m aéd

“water Joss. If the membrane vesicles of smooth muscle tells are

:sites of’a mechanochéemical systém, then rewarméd Na+~rich tissues
‘ shou]d have a1tered vesicle structqre or number than those found
f;1n cold Na' ~-rich t1ssuesg This alteﬁat1on in ves1c1e size or number
~could be preveqﬁed by 1odoaéefam1dé or/Ca \—free so1utions Ther.
| obJect of study1ng Na —rach tISSues was to test the abbve hypothes1s ‘;‘ffﬁn

Pieces of sod1um rich tissues for electron mlcroi/;by were
taken from the same uter1ne honn (cerv1cal end) after 24 hodrs 1ncuba-
tion at.5% and after rewarm1ng tﬁe t1ssue for 20 minutes at 37° Coui

! .

_A’t(Groups A & B, Tables 9i 12, 13). Afterlrewarm1ng, the remaining
“‘ . ’,A Lo <. . ‘

et N
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’ ”
piece of t1s§ue was used to measure cation and water contents. The
paired horn Mas handled in a s1m1]ar manner but treated before and
during the rewarming period (Groups C & D, Tables 9, 12, 13).

i i . + .
Tissues made Na+~rich by incubation in K -~free solution

at 5°C, gained water (Group A, Tables 9, 12, 13). The same tissues

lost water upon rewarming in the same sb]utions (Group B, Tables 9,
12, 13).\ These results are similar to those obtained by Daniel and
Robinson (1970) and Rangachari (1972).

| The ATP content of sodium-rich tissues was reduced to 12%
that of the controls (freéh tissue). The ATP content of rewarm%d
tissues was not measured; howéyer, Rangéchari;(]972) found that the
levels wéne not significantly different from those measured béforé re-
'warminq.ﬁ ; 7

, - , ot o
L The vesicular diameter of Na ~rich tissues fixed for elec-
9

tron m1croscopy before rewarm1nq was somet1mes s1gn1f1cant1y larger

7

than that of the rewarmed tissues (Group B vs.A, Tables 9, 125 13).

» - The number of ves1c1es along the cell membrane of sodium-

rich t1ssu§s was a1ways approx1mate1y -one-half that found in contro]

fresh tissues (Group A, Tables 9, 12, 13 vs. Tab]e 2). Rewarm?ng

caused a significant increase (30 to 50%) in the number of ves1c1es'

‘Ayhen compared w1th cp]d sod1um—r1ch t1ssues bui the resu]tant number

of ves1cles was usually less than that found in contro] fresh tissues

4,

(Group B Tables 9, 13 vs. Table 2)

Thus, in the co1d there was - 11tt1e change in ve51cle size

L2

but the number of ves1c]es per unit 1enqth of membrane was 1ess Re-

warming, under cond1t1ons in which the Na K ATPase was 1nh1b1ted
L]

. (K -free so]utlons), causéd a slgn1f1qant'1ncrease in vesicle number

[N ' : .
!
' o A
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ber upon .rewarming of Na <rich tissues.
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Induacgtande. There was significantly more Na' in tissues
rewarmed with iodoacetamide {Group D vs. B, TabTe 9). lodoacetamide
also inhibited the water lost during rewarming.

Rewarming of tfssuésékith JAAmide caused a significant in-
crease in size, number ané volume of the vesicles from measurements
of vesicles in tissues taken at 5°C with IAAmide,.but the vesicle
size was not different from tissues rewarmed without IAAmide:

Figure 11 shows the structure of cells from sodium-rich

tissue, There wés no aﬁbarent damage to cells after 24 hours incuba-

tiop at 5°C. The mitochondria were all in the condgnsed:state as des-
cribed by Hackenbrock (1966) and neither the endoplasmic nor nuclear
membranes were swollen. The structure of rewarmed tissues was similar

to that of contro] fresh tissues incubated at 25°C (Figure 2). ' The

presence of IAAmide did not change the structure of either the cold or
rewarmed ﬁ}ssues.
\

'**~jree When tissues were incubated overniqht in Ca+*ﬁ

W

free solutions, the tissues :gained water compared to fréshrweights

L

(Table 10). The presence of Ca't was necessary for the loss of Nd+

and water when the tissues were rewarmed.

The ves1c1es 1ncreased s1gn1f1cant1y 1n number in t1ssues

. rewarmed 1n so]ut1ons conta1n1ng Ca + (Group C vs. D) Nithout ca*’

. in the rewarm1nq so1utron the ves1c1es were greater in s1ze (Group

A vs. B) as when- IAAm1de was present 1n the rewarming solution (Téb]ﬁ

,s9;4Group Civs.;D)."Thps, Ca . was necessary for the Na —K —ATRgse—'

. : +' o . ) " L ‘ i
independent Na" and water loss as well as the increase in vesicle.num-

E e
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Ouabain. Rangachari et al. (1972) found that Na -rich
tissues rewarmed under conditions of Na' -k’ -ATPase activity ( i.e.,
in normal Krebs-Ringer solution which contained K*) also lost water
but the tissues did not confractA Ouabain did not affect the water
loss. Rangachari proposed that the loss of water'was due to a mechano-
chemical event in the membrane unrelated to either activity of Na ' -
K':ATPase or contraotion of che entire tissue,

[f the above hypothesis is true dnd if the vesicles are
the'1ocf‘of the mechanochemical system, Na'-rich tissues rewarmed
jrouabain in normal Krebs~R1nqerr§O1ution should be identical to

tissues rewarmed in K -free soluttons. -~

~

, There was no difference between sodium-nich tissues rewarmed

in normal Krebs-Ringer with ouabain and tissues gewarmed without

ouabain (table 11), Theqe’?gg%gﬂgﬁanincant inhibition in the uptake
of pota551um in tissues rewarmed w1th ouaba1n Water contents of both
qroups of rewarmed tissues were deereased compared with t1ssues in

the co]d However, when ouabain was present during rewarm1nq (Group

D), the water contents of tissues were even 1ess than those tissues

i

7rewarmed without ouabain (Group 8)

The vesicular diameter was greater 1n sodium-rich tissues

rewarmed in normal Krebs- Riaser (K conta1n1nq) than vesicles of Na-

: r1ch tissues which’ were not rewarmed ; bug the number was 1e$s, resu]»

an

.‘$1ng in ]1tt]e change in tota] vesicular vo]ume or: surface area (Group.

a A ve. B, " Table 11) The presence of ouaba1n in the rewarm1ng solut1on’

caused an 1ncrease’hn size- and an increasée in number of ves1c]es. Ln

[

factA ouaba1n 1ncreased the number of ves1c1es to more than twice as’

'many as present in > t1ssues rewarmed w1tbout ohabaln (Group B vs D)

, L
* - “
. ; -

®
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The total vesicular volume and surface area were also twice as great

when ouabain was present. The vesicle size may have already increased

»

with ouabain in the cold (Group C vs. A). The values obtained when
ouabain was present in the rewarming solution (Table T3, Group C vs. D)
were similar to values obtq]ned when tissues were rewarmed in K -free
< solutions (Table 9, Group A va. B). Thus. inhibition of Na'-K™“ATPase
during rewarming with,either ouabain or K+»free solutions Caused in¢
crease in vesicle number relative. to contro1.Na+~rich tissues at 5°C.

. o ' L + ¢ . .
, :%gwarmrng of “tissues under conditions of Na -K -ATPase activity did .,
T T - N
’ not produce the  expected increase in vesicle number.

s

The structure of rewarmed\tissuas treated with ouabain was
) si%i1ar to fresh iissues treated with ouabain (Fiqure 10). There;wére
1argerﬁﬁtrace11u1ar ;esic1es as nptéd when fresh tissue was treated
with oyabain, o ,’?};

ty # , . ¢ - -

5. Substitution of other cations
. , . . . g

To see if other cat1ons wou?d subst#tute for Na+, t1ssues .

”

F
: ?

were incubated at 50 C for 24 hours 1n@so]ut1ons enr1ched in eTther K
£

* or L1~. These tissues were then rewarmed at 37 C for 20 minutes in

@the same solut1ons S ' . 3
wos B ' \ .\‘ i

L1ke tissues made Na -rich 1n the cold’ and rewarmed 1n K -

free solut1ons t1ssues made K -r1ch 1n the Nd and rewarmed in K -‘.w'

‘;;' C enr1che42%o1utlon also tost water and Lhe vesicular numbe#!!%d vo]ymg r

K3

‘ 1ncreased (Group A vs. B C v by Tab1e ]2)
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P . St
% As compared to Na -rich tissues, Li »r1ch)g{;sues did not

4Ibi§ water when rewarmed, the vesicular size increased significantly

R )
«and the vesicular number decreased significantly (Table 13).

s , )

6.}, Effe)(::ts of Various Other Ireatdents
S ‘Tissues were also examined qya]1tat1ve]y after various
N\ SN

. &er treatments (Table 14). ) ,
‘ . . .
' To determine if the movements of Na and K alone without

ATP dep]etion were responsible for ves1c1e destruction, t1ssues were

made K -r1éh in a K iKrebs—R1nger solution (K ~-substituted for Na s

. G, JGroup A) The vesicles in tissues made K+-riCh were similar to

2

\
" “tissues incubated jn normal Krebs-Ringer so1ut10n The addition of

}AA (1 mM) to the'§o1ution for 2 hours depleted the Fissues of ATP, i\
~.caused ; gain 1in nater and destrOyed the vesicles. ) -
Tiesues inhfbited with TAA (1 mM) for 30 minutes and then \ '
1ncubated in pyrnnate for 2 hours were studied to see if pyruvate |
cnnﬁd overcome the glycolytic blockade produced wf}h IAA (Group B).

Pyruvate, but not glucose, was able to maintain the ATP content of

t1ssues 1nh1b1ted with IAA at appr0x1mate1y the same level

¢ of ATP the t1ssues coqta1ned after 30 mlnutes 1nh1b1t1on with IAA alone “; |

" (see Table 4) There were ves1c1es present in the tissues incubated

.’\ 4

with pyruvate but ‘none present 1n the t1ssues 1ncubated in g]ucose ™

B

T1ssues were 1ncubated in Kreps R1nger without g]ucose but

R w1th DNP- {1 mM) ‘or bubb}ed w1th n1trngen (95% N, = 5% C0;) to see the

G?
-re]ationshipAbetween ATP tevels and tne presence of,yes1cles in the

Ha

tissue. (Group C & D The ATP content of DNP treated tiSsues was re~' ©
D 0 ( , ’

T a
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duced to 20% thag of the control after 4 hours. Nitrogen reduced the
ATP content to 32% of £he control level after 8 hours, Neither sub-
strate depletion with DNP nor with nitrogen asphyxia produced any

changes 1in vesicular structure.
”

Tissues incubated in Krebs-Ringer with IAA + DNP (1 mM each)
+ ATP (‘] mM) were studied to see if exogenous ATP cqy1d support the
membrane vesicles (Group E). The presence of ATP with {the inhibitors

3id not alter the electrolyte or vesicular changes.
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D. Discussion

~

1. Correlation of results with the vesicular Hypothesis

’The foregoing ultrastructural study supports the wvesicular
Hypothesis proposed by Goodfo?d’ef af. (1968) and Daniel and Robinson
(1971c). This study presents evidence which indicates that the mem- s
brane vésic]es have several properties in common with the volume
pump described by Daniel and Robinson (1971a, b, c¢) and Rangachari

/

et q(.*!élﬁﬂ)i These prope}ties include the following:
(a) The volume pump requires ATP; the vesicles are(%]soa
ATPhdeéendent in .that they disappear following depletion of ATP. .
(b) Inhibition of\metabolism is acZompﬂnied by cation
changes and loss of volume control; after metabolic inhibition,,
‘chi?qes 19\vesicu1ar structure precede or are accompanied by
cﬁénqes in cationsTand volume.
. /;r‘, (¢). Treatment of fresh ti§saes ijh ouabain does not,
: ';ngibit thg volume pump; ouabain does not aﬁfect the number
of vesicles in fresh tissues,
(d) A gain in water occurs Qhen tissues are made Na*“l
rich in the cold, and:these tissues lose water when rewarmed;
the vesicle number. i$ reduced in tissues incubated in the cold
and the vési¢1? number increases when these tissues are rewarmed
under conditions thought to inhibit‘Na+-K+-ATPas;. . “
(e) The loss of water from Na+—richvtissues during rewarm-
ing is Ca++—dépendpnfj -thénincreaﬁe in vesicle ;Lmber during

) , +
rewarming also requires Ca *,



(f) The vo]ume pump is not spec1f1c for Na ;  the increase
in ves1c]e number upon rewarming of tissyes 1ncubated in the cold

. +
is not dependent upon Na (K, but not L1 » will subst]tute for Na ).

A??dependence. Complete depletion of ATP-with metabolism
inhibitors resulted in‘bomp]ete loss of nerma] sized vesicles in smooth
muscle. Inhibitors which reduced the ATP content of tissues to below

' 50% of the normal level reduced the number of membrane vesicles. C(ool-

: 1nq also decreased the number of ves1c]es with the level of ATP about

T5% . These flnd1ngs support the gqncept that a certain amount of ATP
L
is necessary for vesicle maintenance. However, the correlation be-

tween vesicle pumber and ATP content of tissues is more complex than

\

originally believed,

' 4 : .
To,ana1yze:the relationship between ATP content and vesicle _

-

number in tissues, initial cons1derat1ons of possible mode]s is helpful.

5

For any 1nd1v1dua1 celﬂ, ves1c1e number can be assumed to be some
function of. the ATP Tevel sugh that as the ATP level falls, )ves1c1e 7 ﬁ
number faTls This re1at1onsh1p may 1nv01ve (a) a step,‘>.e.,ﬂa |
reduction bgknvthresho}d of ATP may be required before vesic]e change

: occurs gé (h) a lag; 1. e~‘/9/t1me delay between ATP depletion and its
effect on ve51c1e number or both. When eea]fng with a tissue composed .
6f.a multitude of cells, the decrease in ATP content of the tissue *
;\thdtime could occur in different-Qays

\ _ (a) A simultaneous decrease of ATP in all cells (al]

3 \ cells are the same 1n1t1a11y and react identically).

t



{

Figure 12.. The change in vesicular number with change in ATP. This

figure is a composite of data obpaine& from all experiments with
fresh tissues. This curve was found to fit these points as analyzed

by linear regression analysis.

' Figqure 13. The change in vesicular volume with change in ATP. Data

from fresh tissues as in Figure 12,
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Figure 14,

and vesicle changes |

@

L’

Effect of metabolic inhibition with [AA +

Data from Tables 7 and 3.

Figure 15, Effect of metabolic inhibition with IAA on ATP and ves-

kﬁ\‘cuiar changes. Data from Tables 3 apd 4.
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(b) A différentia] effecjtin”which some cells con-
tain their normal or a lower complement of ATP whereas
others contain none due to either different sensitivities
of the cells to metabolic inhibition or due to initial
variation among cells in ATP content.

The threshold tevel of AfP necessary to’maintaiﬂ both vesicle

\

number and vesicle size was approximately 10% of the control levels

(Figures 12 and 13). These fiqures were draw;\using data from all

the experiments with fresh tissues in which ATP level was altered.
Shortly after comp]eie‘ATP depletion, all smooth muscle

cells contained essen iall)Z\no vesicles (Tables 2, 3, 4 and 5). If

a simultaneous decreas? of AXP occurred in all cells, a decrease in
ATP content below theqthresho1d level should produce decreases in ves-
icular number Sharﬁd’by all cells which should precede the decline in
=the/9pmber of cells with vesicles. If the cells contained different
amounts of ATP initially, the proport16; of cells with no ves1c]es
ought to parallel the decrease in numbers of ves1c1es The necessity

for studying the a]ternat1ves is obvious 1fra relationship between

ATP and ves1c1e number is to.be made

There was a rapid decrease in ATP content of tissues inhib-
[ited with either, JAA + DNP or IAA alone (Figures 14 and“lS). This was
followed, after a lag period which was longer iﬁ IAA than in IAA # DNP,
by a simu]taneous reduction in the -number of vesicles per unit length
of membrane and changes in the percentage of cel]s w1th vesicles.

These resu]ts are consistent with a postulate that cells differ 1in

respect to 1nitia1_ATP contents and react corresoondﬁngly when in-

[
e

«{



hibited metabolically. Anosher model one could postulate is that the .
ATP levels are constant in all cells at time Zero and sensitivities
and delays vary in different cells when inhibited.

The laq period betweenﬁATP and vesicie depletion could be
accounted for if ATP depletion causes a chain of events, each event

{

requiring a finite time, the sum of which is a lag before the ob-
served disappearance of vesicles, The difference in lag periods
seen after inhibition with JAA + DNé and JAA alone could be related

to swelling and destruction of vesicles which occurs only with IAA

+ DNP, /

Keeping tissues for 24 hours in K -free Krebs-Ringer at 5°¢
decteased the number of vesicles to one-half that found in control
tissues incubated at 25°C (Tables 9, 12, 13). This procedure did not
decrease the ATP contents below the threshold of ATP necessary for
vesicle maintenance found with metabolic inhibitors (70% vs.10%).

Thus, the ATP content cannot account for the de¢rease ip number of

vesicles. Perhaps ATP utilization is low in the co1a_ If so, cooling

decreases the rate of vesicle formation more than it slows vesicle

disappearance. Rewa;ming may reverse this condition accounting for /

the accompanying increase in vesicle number. | |
In red blood ce11§, there is good evidence that ATP and not

other nuc]éotides supply the necessary energy for transport brocesses

(Hoffman, 1960; Garrahan and G]ynn,ég;ﬂﬁ. Since red blood ée]ls con-

tain no mitochondria or enzymes for ‘oxidative phosphorylation, ATP



must come from qﬂyco]ysts‘ In smooth muscle, both oxidative phosphor-
ylation and glycolysis are present (Needbam and Shoenberg, 1967 Dan—
iel et ul., 1971d). Much work has been devoted to the source of ATP
,'used‘ by smooth niuse]e for contractﬂity or transport phenomena. Uter-
ine smooth musd’% contains much less ATP than skeletal muscle (Walaas
and Walaas, 1250a,bl_ The inability of smooth muscle to contract as
Many times as skeletal muscle after treatments with IAA and N, was
attributed to differences in ATP content in the two muscles (Csapo
and Gergely, 1950). Daniel and Robinson. {1960) proposed that the
main source of ATP for uterine smoofﬁimniﬂezion movements was from

glycolysis based on studies with several metabolic inhibitors. More

recent evid;nce indicates that ATP from glyco]ysisvcan support both

(o A . . . . .
contractility and ion pumping in rat uterine smooth muscle. Inhibitors

used to inhibit‘g1yco1ysis, so that the utilization of ATP derived
from oxidative phosphorylation could be studied, also inhibit contrac-
tility (Rangaehari et al., 1972; Daniel e£ al., unpublished). 1In
quinee pig papillary muscle, ATP produced by oxidative phoéphory1a~
tion is believed to be ysed for Both transport and contractility
while g1yc01yt1ca11y produced-ATP is thouqht to be used preferen—
tially for transport (Prasad and Macleod, 1969). ‘

Resu]ts from this study showed that inhibition of both gly-
colysis and oxidative phOSphorylat1on with IAA + DNP or IAA alone
produeed a depletion of both ATP content and the number of vesicles

in the cells. The uncoup]1ng of ox1dat1ve phosphory]at1on with DNP

alone produced a decrease in ATP of only 35%, compared with the con-



"hydrolyzed (see ATlen and Daniel, 1964,

/ | y 90

A

trof, and then only after 6 hours treatment (Table 6). Similar changes
in ATP contéﬁ;slof tissues were noted¢by Daniel and cowérkers (]97id)
after use of the above inhibitors.  Theré were no changes iﬂ/;he num-
ber of cells with vesicles after DNP treatment_aithough the vesicle
number per cell was lower. These reults suggest that quco]ysis can
maintain an appreciable ATP content in smooth muscle cells %yx indicate
that glycolysis cannot maintain the initial level.

When glycolysis was inhibited with IAA and p}ruvate was
added as a substrate for oxidative metabolism, the ATP content of
tissues was maintained at 10% of the control and vesicles were still
present (Table ]4)A It is not known whether ATP was maintained at

L
this Tow level due to a decrease in ATP in all cells or a complete

depletion of ATP in 90% of the cells. Most likely some cells contained

their normaT complement of ATP as the vesicles in a few cells appeared

near npormal in structure. It ts unlikely that a decrease of 90% of

the ATP in all cells would result in near normal vesicles in some cells

since this iS-approXiméFely the;thréshold level of ATP necessarykto

maintain the vesicles or unless ATP\from oxidative metabolism jé used

preferentially for vesicle maintenance only in such cells.
The failure of exogenously provided ATP to pr;venlvyesic1e

destruction during metabolic inhibition (Tab]e!14) probably indicates

that ATP will not cross the cell mem

e where it is needed for ves~-

icle maintenance. In any case, ATP added oudside cells is very rapidly



R

5

In summary, the/e;periments described here ;ere attempts

to corfe]ate the ATP content of‘tisSUes witﬁ the pfesence 2; abseece
of membrane vesicles in smooth muscle. When tissues were iﬁhibited‘
metabolically, a reduction in ATP content to ]O%'Qf the control levels
was followed by a reduction in vesicle number and an increase in ves-
icle size. When ATP washrapidly‘ﬁep]eted from the tissues a depletion

.
of vesicles in the cells followed. These results are consistent with

the postulate that membrane vesicles in uterine smooth mus¢le are

{

maintained by ATP.
'n

Sequence of changes. In the experiments with ‘fresh myomet-
rium, results of ATP, cation and water contents were eimi]ar to those
reported by Daniel and Robinson (1971a,b,c) on studies made of whole
uterine tissues. Metaboljc inhibition with IAA + DNP or IAA caused

ATP depletion, Na+—gain,:K+—]oss and swelling of tissues. Similar

lchanges associated with similar ATP reduction occurred with ethacry-

nic acid treatment as observed by others (Daniel et af., 1971d; Batra

: LYR
and Daniel; 1971). - ' . .

‘\
Metabolic 1nh1b1t1on of fresh t1ssues with IAA + DNP caused

H

the fo]]ow1ng Sequence of events in uterine smooth musc]e (Tables 2

and 3). T C
' : | TR ol ,

(a) Decreased*ATP content (5 - ¥ mi'dtes)

(b) Increased number of cells with s ollen ve51c1es
2.5 - 10 m1nutes) N

(c) Decreased number of ves1c1es (10 minutes) and an

-

1ncreased ves1cu1ar Isize (5 minutes). . ,-'”

/ }
i

ateh

91
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(d) Increased tissue Na' content (20 minutes) and a .
S .
dé€creased K+ content (10 minutes) along with a substan-

tial increase in the number of ce1ls without any observed

. {
vesitles.

(e) ihcreased H,0 content (30 minutes).

This sequence of events is consistent with the vesicular
model propo;ed by Danielgand Robinson.(1971c). When ATP is decreased
—~apidly by IAA + DNP, the Naf‘postu]ated to be bound within the ves- |
icle? et ATP-depenqent sites wqu]d be released. Vegic]e formation
would}a]sb be decreased, if ATP is necessary for vesicle formation.
There was a decrease in vesicle number fo]]owieg ATP reduction. - The
active extrusion of Ne by any mechanism wou]d‘be prevented by ATP
depietion whi?h accounts for the increase in Na+ content and decrease.
in K+ content.’ kfter the ]0;5 of cellular K+ for extracellular Na*,
probably because of inhibition of transport ATPase, the subsequent net

gain in tissue water and in cellular Na' (with C17) probably resulted

from later inhibition of the vesicle pump. ' 3

Tt Vesic{e swelling. The possible exp1anat16ns for apparent .

veéicb]arfswelling with IAA + DNP are (a) a direct effect of the in- o
hibitors on the vesicle membrane or on a contractile element withidﬁit
to pkoduce're]axAtion; (b) a coalescence of sma1i vesicles to form
larger vesicles; or. (C)_fa distention of closed. vesicles caused by the '
entry  of water after the re]ease of beuhd osmotica]]y.inactive,Né+
w1th1n the vesicles secondary to a reduct1on in ATP

Vesicular swe111ng did not occur with DNP treatment or

e

consistently w1th IAA treatment Th1s 1nd1cated that ne1ther DNP

§
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nor IAA alone had marked direct effects on vesicular structure and pro-
vided evidence against the first exp1énation above. If sweT]tng of
vesicles was‘1inked to coaleéigg%e of vesicles (b above), %hen swelling
should aiwa}s be accompanied by_?%duced number of vesicles. This was
not always true (i.e., IAA)_ Vesicular swelling could be related to
the rapid decrease in ATP and release of Na+.with1n the vesicles éi'a ’
time when most of the vesicles are filled with ﬁ;* {c above). 'ThenNd
released within the vesic]es after IAA + DNP as a conseqguence of re-
duced ATP would causé water to move into the vesicles from the cyto-
plasm, increase the hydrostatic pressﬁre within ;6e gesic]es and pro~.
ducé distention. In[order for swelling to oécuﬁ;by this mechamism,
the reieése‘of Na® muét be more rapid thanfcaﬁ be d?§§ipated by diffu-
sion and the vesicular mehbrane must be elaét%c.ﬁ‘ .

If the increase in hydrostati¢ pressure is responsible for
vesicular swelling, the vesicles must be closed or some restr%cﬁﬁon
musf be presentiat the neck of the~opeﬁ«ve§iqfé.fg'pfevent the Na®
and water_frbm‘flowing oufrbf the vssié1e to the extracellular

v B o
fluid. There is no.evidence for smpoth muscle’that membrane vesicles
¥ . B -

N

are ever‘c1osed,com51ete1y and permanently from the extracellular spate.

Vesicles are oftenﬁéeen’with no opening t& the extracellular space but
thi$ probably means that the section is through the main body of the
vesﬁéié and does not include the connection to the exterior. Electron

dense tracers, which are thought to penetrate the plasma membrane 'have

J been used to study.vesic1es in smoofhﬁmuScle. Lanthanum appl1ed as a ’

colloidal suspension dur1ng fixation (see F1gure 4 s and Devine and

Som]yo 1970) and ferr1t1n prov1ded to fresh tissues before m1croscopy

93



Y 94
% {. . ‘ ‘l

» : : ; .

preparation (Somlyo et al., 1971) have been found in vesicles, indic-

ating communication channels to the extracellular space. A tracer

such as ferritin, applied to 1living cells, could enter a vesicle when-

ever it is open to the extracellular space but lanthanum applied to

fixed cells, would only enter vesicles with openings to the exterior.
Thus, fipding of ferritin within vesicles does not exclude that these
vesicles may not have been closed at some stage of its existence. Such

a findingrwith lanthanum has different implications. We do not know

S \
‘what fixation does to the vesicles, Perhaps fixation causes all ves-

cles tp open and remain so. Freeze-etch techniques have also shown

open vesicies;but these too were demonstrated on glycerol-treated or
fixed tissues (Devine et al., 197];5w010wzk, personal communication).

It should be noted too, that in no study has evidence been prESéntéd
that all vesicles contain markers. |

Closed vesic]eﬁ, similar in size and structure to those of
smooth muscle, ﬁa%érbééﬂ demonstrated in endothelial cells by sebial
séciizibning (Brur{s and Pa]a'dsr; 1968b). However, the validity of serial
’

sectioning for the demonstration of closed vesicles is questionable

singe the vesicle size (1000 A) is slightly greater than the section

thicknes;f(BOO Z), Thus the vesicle neck which is much smaller (300 R)
may not be visible within the section. Therefore, the d;estion 6f~ ‘
hhether mémbraée vesicles aré ever closed reﬁains unanswered. Even

if they are all open, diffusion deiay in their necks could account for

the swelling observed in IAA and DNP..

a The changes which occurred in tissues inhibited with IAA alone
'.ni ’ -

~ were not as rapid as when DNP was also.present. The absence of con-

S ( oo v S R . " b .
- 9 . ' | \ ) . . . N
“ ' | - - ‘
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sistent vesicular swelling could be related to the slow decline in ATP.
Perhaps the vesicles did not swell because Nf* was released more slowly
and leaked out of-the vesicles through the necks or into the cytoplasm
and did not accumulate in the vesiclés. Another possibility is a sel-
ective action of IAA on membrane contracgi]e function to open all the

vesicles assuming that they are closed.

Ethacrynic acid, which inhibits glycolysis and oxidative phos-

phorylation in utertine smobth,musc]e in the concentrations used (Daniel

et al,, 1971d): probably had effects simi1qrxmo IfA. The vesicles ;ere,
greatly increased in size and decreased in n;mbé#-aftef § and ‘& -hours
treatment when ATP was abgént;1h the tisédeg.;' P

The apparent continuous swe1l{ﬁg 6f vesicles after ATP deple-
)ﬁion with IAA + DNP;waS;probab1y due to different sensitivities of the
cells. After 40 minutes treatment with IAA + DNP, there were only
cells with swollen j;sic]es and cells with no vesicles (Table 3 ).
With IAA, there was a small transient veéicu1a£ swelling (60 /minutes)
which may have been due ;o’osmotié forces,:e1asticity'and eventual
equi]i%rium. The swei{ing which occurred later with IAA and otﬁECryﬂ

nic acid may be due to their direct effect on the membrane.

| Inhibition of tranéport ATPase. 1f formation.of mémbraﬁe
vesicles in smqogh musclé is dependent on the ouabain-insensitive
pump {Danie] and Robinson, 1971c), treatment of tissues with'ouabain
should not affect vesicular structure. The resuﬁt% ¢onformed to the
'ﬁredictéd modé]. Ouabain had no effects on the number of membrane ves-
icles in fresh tissues. . However, ouabain may haVe~incfeased‘the activ-

ity of the volume pump as noted by decreased water content after treat-
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ment. The decreased water éontent was not caused by contract;i;'pro-
duced by ouabain as the water loss was not blocked by adrena]lné‘which )
inhibits ouabain-induced contraction (Daniel, 1964).
There were significant increases in vesicular number (2 hours)
- and size (6 hoursjiafter ouabain treatment (Table 8). These changes
may cor?bspond to an increase in volume pump activity with ouabain.
The large vesicles seen after ouabaiﬁ treatment could be intracellular
in origin and/or location but further work is necessary to define their
nature. Perhaps these large vesicles are }elated to an increase in
activity of the volume pumb. The large vesicles could correspond to
vacuoles seen in endothelial «cells after ouabain treatment (Kaye et
iaZ,, 1965). |
When ouabain was present in the rewarming sé]utions of Na'-
rich tissues, the tissues lost more weight than the controls and the
vesicuTar population increased (Table 10). As in fresh tissues, oua™>
bain may have increased the activity of the volume ﬁump;
The stimulus for activation of the volume pump could be
(a) a direct effect to activate some step in the volume pump (i.e.,
vesicle formation, discharge or both) or (b) inhibition of Na ' -K"-
ATPase stimulates the volume pump via some feedback system (i.e.,
more ATP or intface]]u]ar Na+ is available for the voT@né‘pump*wﬁen
‘the Na -k ATPase in 1nh1b1ted)-
| ‘Quabain may act directly to stimulate both formation and dxs-
charge of the vesicles. This wou]d account for the 1ns1gn1f1capt d1ff—
’

7erences between the number of vesic]es in the control and ouaba1n

treated t1ssues at 6 hours Another plausable model is that'the stim-
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ulus for decreased volume is related to a feedback mechanism common

to the volume pump and Na*-k'-ATPase. Evidence to support this recip-~
rocal relationship comes from the observations that when the Na'-K*-
ATPase was 1nhibitéd (rewarming tissues in ouabain or K'-free solutiorts)
there was a decreased water qontent accompanied by incréased number
of vesicles. When the Na'-K'-ATPase was allowed to function (réwarﬂ
ming of Na+~righ tissues in normal Krebs), the water content de-
creased, but the vesicles did not change or decreased sign?f;caqkiy
in numbers. Possip]y‘ATP availability at the membrane is reSpons{b1e
' for this feedback phenomenon or it could be [Na+]i_ When metaboiica]]y
inhibited,fresh tissues ébu]d use ATP preferentially for the volume
pump. This would explain Na© gain and K+ loss occurring before H,0 ~
gain during ATP reduction with metabolic inhibitorEi Under conditions
in Which [Na+]i wés increaséd (Na+»r1ch tissues) but-when tissues were
: not inhibited metabo]ica]]y, the ATP could be used pre erentia]]y by
Na+=K+—ATPase. This would explain why ro changes or d}creased ves i~
"“cles were found quring rewarming of Na+-rich tissues undéf conditions

: +
of maximal Na —K+—ATPasé%act1vityr(rewarming in normal Krebs).

Evidence for a Ca -dependgnt mechanism. 't In part of this
study, Rangachari's (1972) results w1th Na —r1ch tissues were conf1rm; /J
ed. T1ssues made Na -rfch by cooling and then‘wewarmed in K'-free
) so]ut1on Tost we1ght ~ The 1oss of weight from rewarmed Na'-rich t1ss@es
was prevented by the presence of IAAmide or with Ca *_free so]ut1ons. /
When tissues were treated with IAAmide during rewarping, in the same |

concentrations and under. identical conditions to those Rangachar;i. (1972)

"



found did not affect the ATP but inhibited water loss, the vesicles
were significantly increased in number as were the controls which lost
wﬁter. IAAnide did not affect the formation of vesicles possibly be-
cause the ATP was not diminished. Perhaps IAAmide acts directly on a
vesicular element to inhibit discharge. Inhibition of discharge may
then inhibit formation of vesicles by some feedback system.

The presence of catt was necessary for the weight ]oésvand
increase in ;es1cu1ar number during rewarming in K*Afree»so1utions.
Possibly a Ca++~dependent ATPase located around the vesicles is res-

7 ponsible for the operat1on of the volume pump as squested by Ranga-
chari (1972). A Ca ~dependent ATPase respons1b1e for cell volume has
also been proposed for kidney cells (Rorive and Kleinzeller, 1972).

. + Lt .
Ouabain and rewarming Na -rich tissues in K'free solutions

results in contracture of the tissue (Danie1{ 1964; Rangachari et al,,

1972). One possible model ru]ed“Outfby other studies was that the water .

a3

1oss,observed with ouabain and duﬁinq réwarming was due to a loss of
water bem the extracel]u]ar space caused by contracture of the tissue
rather than a loss of isotonic solution from the cells caused by a
mechanothemical system. The ouabain induced contracture can be pre-
*:vented by adrenaline (Daniel, 1964) but the water losses were not in-
hibited. Also ‘rewarm1ng Na'-rich tissues iq Q?rmal Krebs-Ringer re-

sults in hyperpolarization and re]axation (Taylor et al., 1970) but

- the tissues still lost water under these conditions.

b ] o N ‘

¢ ' . A L . +
’ - Norn-specificity. K was able to substitute in place of Na

. ‘ ‘ . _ - |
.in the water loss and stimulating the increase in vesicle number

1]
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during rewarming. Solutions with high K' Concentriations could 1nhibit
Na*-K1~ATPase in rat myometrium as observed for other tissues (Skou,

1965). Thus, like ouasain and K'-free solutions, whenever the Na -K -

ATPase was inhibited both the volume pump activity and the number of

vesicles increased and in this case stimulated by K'. =

’Li’, on the other hand, will not substit;te forMNa1 in the
Na'-K'-ATPase enzyme reaction (Skou, 1965) and may. ?Ot substitute 'r‘orér
Na+ in stimulation of volume pump. fh1a\accoun£ for: the lack of in-

creased vesicles and lack of water Toss in Lirfhich tissues rewarmed

in Li solutions.

L

2, Vesicle Structure, Size and Distributil on
‘ ¢

Both the plasma and vesicular membrane of uterine $mooth
muscle are composed 6F three layers approximately 80 K thick, This
es%imate corresponds éo measurements of Smdotﬁ muscle plasma membrane
of rat VandéféFéni (70 - 110 K) reported by Burnstock (1970), Earlier
estimates of 150 ~ 250 ; thickness (Mark, 1956; Bergman, 1958) could
be due to technical difficulties such as podr resolution with the el-
ectron microscope or earlier methods of tissue prepéﬁatign. :

The vesicles are almost spherical in uteriné smooth muscle
witﬁ average diameters of about 1000 A. The vesicle size in vascular
and intestinal smooth muscle has been estimated at 700 to 2500 R
(Caesar et al., 1957; Prosser et al., 1960; Rhodin, 1962; Simpson and
peviné, 1966). This fange of sizes could be related to the various
methods of fixation used, since permanganate fixation results in smaller
vesfc]es than g]utéra]dehyde or osmjum fixation (Yamauchi and Burnstock,

1969). o - Y
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Two sizes of vesicles were found in several types of smooth
muscle studied by Prosser and coworkers (1960). They noted that the
larger vesicles (0.1 - 0.3 ji) were usually. beneath areas of smaller
raurface vesicles and that a mixture of large and smaT} vesicles formed

longitudinal rows down the muscle cell. Fifteen to tWenty rows of

vesicles ber cell were estimated by the above workers based on distances
between vesicles and the cell q1ameters. ;Lonqitudinal rows of vesicles
in smooth muscle cells have repeatedly been ‘found but the significance
-of tﬁis arrangement is unknown (S?mpson and Devine, 1966; Gabella, 1971;
Hells and Wolowyk, 1971). Perhaps the organization of vesicles into rows
is related to the Tongitudinal orientation of (1) mitochondria and/or
endoplasmic reticulum or (2) the attachmen? sitesvéf filaments. A
close associa?ion between vesjcles and mitochondrié (wolowyﬁ, persoh;]
communication) or endoplasmic reticulum (Gabella, 1971, 1972; Somlyo
et al., 1971) has been described for smooth muscle. - On the other hand,
vesicles appear in membrane areas not occupied by the dense areas which
are thought by some to be regions of myofilament attach&ept (Lane,
1965 Nemet;chek*Gansler, 1967). | ‘
The smooth muscle cells examined in this quantitative study
were all cut in cross-section so that the chance of bias was removed.
Control tissues .sectioned in this manner contained,app}oximately OQ
vesicles per millimeter of membrane. This number of: vesicles was ‘\\-~M
very consistentvin control tissues and it d}d not vary much even af- -
ter incubatioh of tissues up to 6 hours in Krebs-Ringer solution.

This indicated that the method used for vesicle measurements wds rel-

Rab1e.'
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The vesicular membrane has been estimated to increase the
area of the plasma membrane of mouse intestinal smooth muscle by 25%

based on surveys of large numbers of prints of gitudinal and cross-

sectioned cells (Rhodin, 1962). Similar measurementy of guinea-pig

taenia coli have yielded an estimated increase in membrane a;ea as
high as 70% (Goodford, 1970). The reason the two estimates disagree
could be due to the speciﬁs differences or differences in methods of
figatidn. Vesicles arethought to vary in number because of tissue
andﬁkpedﬁes differences (Rhodin, 1962), maturity of cells and between
fixatives used (Yamauchi and Burnstock, 1969).

Taking the average number of vesicles along the membrane of
control tissueé (ca. 1000 vesicles/mm or 1 vesicle/u, Table 2), the
estimatea vesicu1aﬁ density on the Surfécekof smooth muscle cells
wou]drbe 10 vesicles/p?. With this p0pu1at10n of vesicles and the
surface area of a 1000 R vesicle (0.0314 u?), one can compute that
the vesicles would increase the membrane area by 31.4%. “This caleul-
?tion is remarkably close to the calculation for fntestina] smogth
muscle (2?%,,Rhodin, 1962).

Perhaps Na+ﬂK+~act1vated ATPase enzymes are 10catgd on the

vésicular membrane. Repéétinq units, outlined by électron dense lan-

i

thanum, were found only along the vesiculaembranes. Similar tread-

ment of chloride cells of marine animals revealed similar .particles A

associated with vesicles and tubules which were believed to function

in electrolyte tfansport'(Ritch’%nd Phi]pdtt, 1969). More partic]é§

within the vesicular membrane were observed in freeze-etch studies of
. | ‘ /
guinea-pig taenia coli (Nel]s and Wolowyk, 1971). Perhaps Na'-K'-

ATPase enzymes are preférendia]]y located or optimally active on the

‘A.

&
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curved vesicular membrane.

3. Fate of Vesicular Punping

Daniel ard Robinson (1970) calculated that the Na' efflux
from cells of the fast'cellular fraction (vesicular) in fresh tissues
was approximately 5.9 pmoles Nat cm2 sec’ ', Taking the concentration
of Na+ each vesicle is capable of accumulating (900 mM, based on 920 R
diameter vesicles as ca]éulated by Goodford et af., 1968), and the
popglation of vesicles per surface area of the cell (10 vesic]es/u2 or
1 x 109 Qesic1es/cm2, as estimated in this study), one can calculate
that only 1.3% of the vesicles (]2.8hx 106 vesicles cm2 sec"]) need
release their contents every second to achieve the measured efflux.

If° 1.3% of the vesicles are discharged and formed every second, the time
for 50% of the:vesi§]es to-turnover would be appfoximatelj 38 seconds.
This seems 1ike'a long time in respect to the lifetime of vesicles in
other cells ( 1 second in endothelial cells, Shea and Karnovsky, 1969)

but perhaps only a small percentage of vesicular binding sites are

occupied by cellular Nat. It would be more disturbing if there were

7 not enough.vesicles to account for the loss of Na+.
4.  Summary . ‘ 1
This quantitative ultrastructural study was designed to test
the vesicular hypothesis. The data presented in this study provides
evidence of good corrg]ation between charaéteristics of the volume

pdhp in uterine smooth muscle, as described'py others (Daniel andl

» .

y
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,

Robinson, 1971a,b,c: Rangachari, 1972; Rangachari et ak., 1972), and
characteristics of membrane vesic}es‘ Both systems (a) are ATP-de-
pendent; (b) do not require external K and are not inhibited by ouabain:
(c) are Ca++~dependent and may involve a contractile element; (d) lack
specificity for Na+. Therefore, it is reasonable to suggest that the
membrane vesicles are sites of volume control in uterine smooth muscle.

)
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f CHAPTER 3

i .
f£VALUATION OF THE PYROANTIMONATE TECHNIQUE

; / FOR LOCALIZATION OF TISSUE SODIUM )

Iy

A. Objectivs

-

LI

[

[

/ Potassium pyroéntimonateOhas been widely used to localize
tissue sédium for electron microscopy by'the formation of electron
dense precipitates with sodium. The validity of this technique has
been questioned (Bulger, 1969; Clark and Ackerman, 1971: Sumi, 1971;
Sumi and Swanson, 1971). The object of this investigation was to
evaluate the technique because of its possible usefulness in localiz-
ing sites of Na+ transport in smooth muscle (see chapter 2 in this
thesis);{

‘ ’To accurgte1y localize sodium pyroantimonate must precipi-
tate sodium quantItatfvely - If pyrpantimonate precipitates cellular
sodium quantifétfve]y, tissues fixed in the presence of pyroantimonaée
should éontajn.as much sodium as origina]]y»present Furthepmore,

\

the- amount of precipitate seen in the:tissues by e]ectron ‘microscopy

should be directly related to the.sodium content after alteration of

ﬁjts 1eve1~ To test whether pyroant1monate precipitates ttssue 50d1um

quantwtatively, t1ssues with qprmal and a1tered sodjum contents were

3fixed with and without pyroantimonate for electron m1croscopy. Some

“p‘ined in the electron mlcroscope for the appearance of deposats

fixed tissues were ana]yzed for, sodium and other catwons which also

prec1p1tat W1th pyroantimonate after each step in the preparat1on .
% |

of the tissuesufor the e}ectron mjaf/scope. Other tissues were exam- C

£
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B. Materials and Methods

1. Tilssues - . Q

Pieces of uterine tissue used in this study were treated
as described in Chapter 2 of thisgthesis. o

Fresh tissues prepared for ??Na analysis wer% incubated in
aerated ?2Na Krebs-Ringer medium for two hours. Sodium-rich tissues
were prepared by incubation in a potassium-free 2%Na Krebs-Ringer sol-
ution overnight at 5°C. The specific actiwities of these solutions:
were approximately 1.77.x 10® cpm/mmole Na (ca. 2.5 x 10° cpm/m1).

»

2. Solutions

l

P The Krebs-Ringer soiutionséiged in this study were iden-
tical to the solutions described previously (Chapter 2, Table 1).
2ZNa Krebs-Ringer and potassium-free 2?Na Krebs-Ringer solutions were
‘prepared by adding trace amounts of 22NaCl (1.77 x 10‘,cpm/mmo]e Na)
obtained from Nuc]ear Sc1ence and Engineering Corporat17% Pittsburgh,
Pennsylvanfa | . o i

" Two perceﬁt potass1um pyroant1monate (40 mM as K2H2$b 07
. 4H,0;Fisher Sc1ent1fiq; was prepared by b0111ng the salt in distilled
water unt11 it dissolved, and readJust1ng the vo]ume The pH of this
solution was lowered to 7.4 with a few drops of 0.1 N/HC! 12"Sb-]ab—.
‘elled potassium pyroantimcnate (K2H2‘2“5b207 4H,0) was obtained from

" New England Nuc]ear Corporat1on, Boston, Massachusets.7/Solutions con—

' ta1n1ng 20 uci 12"Sb-pyroant1m0nate/1£30m] were prepared by adding




107 -

r'd

5 ml of the labelled 2% solution té 95 ml of the unlabelled 2% golu—
tion.

p 0s0, fixativg was prepared by dissolving 0.1 gram in 10 m]
éf elther distilled water (pH 7.0, ca. 40 mOsm) or 2% potass ium pyro-
' aﬁgfmonate solution (pH 7.4, ca. 170 mOsm). 3% g]utara]deh}de (pH
7.0, 360 mOsm) was made neutral by removing tﬁe acidic byproducts”
with charcoal or by raising the pH with a few drops of 0.01 N NaOH..
3%'glut6ra1dehyde with pyroantimonaté (pM 7.4, 450 mOsm) was prepared
by diluting the acidic 70% concentrated glutaraldehyde (Ladd Research
Industries)}with the bésic‘ZZ saturated pyroantimonate solution. Al1
fixatives were made just prior to use. Osmolarities of solut1ons were .

measured with an Advanced Instruments osmometer

A1l solutions were analyzed spectfophotometrically for théiruf

'ca;ﬁon constituents. The specific activities.for radioactive sotu-
* tions' (cpm/mmoles) were calculated from their cation concentration

and the cpm per unit volume.

3. Fixation and Dehydration

After 1ncubat1on one horn: from each uterus was tr1mmed a
both ends, cut 1nto 5 pieces approximately 5 x 5 X 0.5 mm, blotted
~on paper, we1ghed (< 50 mg wet we1ght) and 4 pieces. transferred to
-Jtest tubes conta1n1ng 1 ml of fixat{ve the remaining piece was used
Iras the unfixed contro] for ana1y51s., Four p1eces from the oppos1de

:g<horn were f1xed 1n the presence of pyroantimonate the rema1ning

v

S
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piece was prepared and embedded for electron microscopy.' Some

tissues were fixed at room temperature for 1 hour in either 1% 0s0,
el alone or 1% 0s0, plus 2% potassium pyroantimonate. Other tissues

é% were fixed in 3% qlutaraldehyde at room temperature for 3 hours with

'f;é;fand without pyroantimonate, followed by post~fixation in 1% 0s0, .

The tissues ‘were then washed once in 1 m] of distilled water for 15

minutes. Dehydration was accomplished in 1 m] each of a graded ser-

o

ies of é]coho]s for 15 m1nutes at each §(§Bv:§Between each step the
* tissues for ana]ys?s ‘were rapld]y(<1pped 1n wdter to remove adherent

solution and the water was added back to the previous solution for an-
alysis,

i‘ * N
: A
. . - ,

4. FElectron Micr@scap;,

~ All tissues prepared for electron microscopy were embedded
in Eporf 812, Silver to grey sections were cut on a Porter~Blum ul-
tramicrotome and p]aced on bafe 300- mesh grids, Sections were exam-
1ned w1th0ut stain in a JEM- 7}\ electron m’]u‘os%
£

-,
’

5, \ Tissue Cation Analysis

After each step of fvxat10ﬂ and dehydrat1on samples were re-
moved, rinsed, dried overn1ght at TO5pC to a constant weight (< 10 mg

dry weight), and digested ‘in concentrated nitric acjd and 30% hydrogen

A

' Similar resu]ts were obta1ned if the ;1ssu€s f som several animals
were'divided before incubation and taken'y nqg 1y for fixation and
contro] (Figures 20, 21 and 22). ., Y

/A .
AT ]
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\
peroxide (0.1 m1 each) on a hot sand bath. The resulting solution
was then diluted to 25 ml with distilled water for-analysis, as were
the fixation and dehydration solutions. Solutions were analyzed for
sodium and potassium in an EEL Flame Photometer, and for ca]ciu@ and®
m;gnesium by atomic absorption in a Unicam SP-90A against standafd
s?]utions. A1l glassware was washed in dilute EDTA and nitric acid
sé1utions prior to use, For calcium analysis 0.35 mmoles of lanthan.
um chloride was added to samples and standards to release calcium from
~any tissue phosphate. Appropriate blanks for all solutions zg;e pre-
pared and subtracted from the readings of tissue and solutions.

To estimate intracellular sodium, the extracellular sodium
content of tissues was first estimated by multiplying the previously
determined fractional vo1um¢ of the extracellular space (0.46 as mea-
sured with inulin; Daniel, 1963a) by the sodium concentration in the
:incubation solution ( =7extrace]1u1ar sodium concentration), The ex-
tracellular sodium content based on fresh weight was converted to a
dry weight basis by dividing by tﬁé ratio of final dry weight.to
fresh weight. The\intrace]?iiaf sodium content was obtained by sub-
tracting theiextrace11u1ar sodium cqntedt from the total tissue so- «
dium content. The dry/wet weight ratios obtafned for tissues before
fixation were app;oximate1y/20% (seeFTable 16).

’

6. Isotope Analysis

22Na and '2“Sb-labelled samples were counted in.a well-type

scintillation counter (Picker X;ray'Engineering Limited, Canada) by

changing the settings to.correspond to the counting peak of the iso- .
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topes. “?Na and‘g;g b e %ed at 425 and 500 lower level settings

respect1ve1y 7 .éﬁ pf ]00 3ﬂ9 high voltage set at the

0 T, ‘ NV

counting p]at“” H0E0. ) ts) i Tissues were counted for *?Na and
T
Tater the contro] f%séﬁeS'w réfana1yzed spectrophotometrically to de-

.ie ,-

termine the perceng'of Na*- %2Na exchange. Uptakes of labelled sodium
and pyroantimonate in tissues were estimated by dividing the counts
per minute per kilogram of tissue weighf by the respective specific

activities of the incubation solution.

C. Results , H
1. Effect of Pyroantimonate on Cation Determination

Before cation contents could be measured in pyroantimonate

R

treated tissue, it was necessary to show that pyroantimonate does
not 1n£erfere with the analyses. To reproduce the conditions for
tissue sodium analysis, 2 m1 of 2% potassium pyroantimonate (40 mM)
was added to 1 ml of various concentrations of sodium chloride (5 -
80 mM). A precipitate formed at all concentrations, but disappeared

on dilution to 25 ml, except in those solutions above 0.8 mM NaCl

(final concentrations). The diluted standards were then ana]yzed by

flame photometry 60 minutes later. The two curves, of solutions
witﬁ ahd without pyroantimonate, deviated near the point where pre-
cipitate remained after dilution (Figure 16a). These results in-’
diéafe that pyroantimonate interferea with the determinations only

at Sqdiqmiconcentrations above this point. The presence of 0s0,

.
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of glutaraldehyde fixatives did not alter these curves.
»

~

Because pyroantimonate also precipitates wf&h”calcigm and
magnesium and because tissues were to be analyzed for %hése cations,
the effect of pyroantimonate on analyses of these cations was studied.
Figure 166 shows the effect on calcium analysis. When 2 ml of 2% pyro-
antimonate solution was added to 1 ml of calcium standards (62.5-1250
uM CaCl,) precipitates were formed at all CaCl, concentrations ébove
750 uM and these solutions remained turbid following dilution to 25 ml.
The addition of LaCl, (0.33 mmoles) to all solutions after dilution
resulted in a second precipitate, when pyroantimonate .was present.
When the solutions were analyzed, the point of diverqencé (solid vs.
dotted 1ine) was below the point of precipitate formation with CaCl,
prior to dilution and visible turbidity after dilution. Since lan-
thanum was added to displace calcium from any phosphate present in
tissue, it was crucial to determine if the preciﬁitation of lanthanum
by pyroantimonate prevented this effect. To t;st this, an amount of
phosphate equa]ito that of Tanthanum and greater than that in the
tissue samp1es was added after di1utibn to the calcium standards con-
taining pyroantimonate; this only slightly decreased calcium measure-
ments at higher calcium concentrations suggestihg that sufficient
lanthanum was still present to release calcium jons (lower curve,
dashed 1ine).

; The sodium and calcium concentrations at whicp‘pyroantimohaté
reduced spectrophotometric readingg wére gbove 0.8 mM NaCl and ]OJuM
CaCl,. | |

Pyroantimonate did not redfe the atomic absorption readings

of diluted magnesium solutions Which included the expected concentra-
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Fighre 16, Effect of pyroantimonate on Na+ and CaH determination.
(a) ‘Na' determination by f1am§ photometry. Two ml of 2% potassium
pyroantimonate (40 mM K,H,Sb,0,.4H,0) was added to 1 ml of various
concentrations ‘of sodium chloride solution and diluted to 25 ml.

The top curve show§ the flame photometer readings vs. the final con-
centration of sodium chloride solutions only (solid line); the bot-
tome curve shows sodium chloride plus the added pyroantimonate

(dashed Tine). The two curves deviated at the point (marked ppt)
where precipitate remained dfter dilution. Each bar represents the
range of fdur determinations.

(b) catt determination by atomic absorption. The curves show the
atomic absorption readings vs. the final concentration of calcium
chloride standards without pyroantimonate (top, solid line) and with
added pyroantimonate (middle, dashed line). The bottom curve (dash-\
dotted ]ine) shows the effect of the addition of phosphate (KH,PO.)
to pyroantimonate~contpining:so]utjon§, in a final qohcentration

‘equal to. that of lanthanum (14 mM). Each bar represents the range

of . four determinations.
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tion of tissue magnesium.

. o . ; + E
Effect of Floation amd Debgcdrat fon on Voo and K Content

f Fresh T ssue o

0:50,. The effect of fixation and dehydration on sodium con-
tent of fresh tissue fixed in 0s0O,, with and withoyt pyroantimonate ,
is shown in Fiqure 17a. Only about ope-fourth of the original sodium
remained in tissue fixed in 0s0, alone, and this amount was close to
the estimated intracellular sodium content. tess sodium femained in
tissue fixed in the presence of pyfoantimonate (ca. 1/10 of the ori-
ginal amount). In each case, the sodium lost from tissues was accoun-
ted for in the fixative solution, “Once the tissues were fixed, Tlittle
sodium was lost into the dehydrating solutions,

] Approximately one-fourth of the original tissue potassium
remained after fixation of 0s0, (Figure 17b). Tissues fixed in the
presence of potassium pyroantimonate had a high potassium content be-
cause of the added potassium %éWt, Like sodium, 1ittle or no potdss1um

was lost to the dehydrat1oé*so1ut1ons once the tissues were fixed.

.
 Glutaraldehyde. Less sodiggﬁremained in the tissues than aftef
0s0, }ca- 1/10 vs. 1/4), and the presence of pyroahtiﬁonate had Tittle
effect (Figure 17¢). Tissues fixed in glutaraldehyde without potassium
pyroantimonate reta1ned on]y negligible amounts of potass1um (F1gure 17d)-
Thus, both more sod1um and more potass1um were lost f&%h t1§sues fixed

in glutaraldehyde than from tissues fixed in 0s0,. When potassium

pyroantimonate was present, the potassium content of glutaraldehyde-



Figure 17. Effect of fixation and dehydration on Na' and k' contents
of fresh tissue. The bar graphs‘illustrate the Na+ and k' coﬁtent of
rat uterine tissues before and after each step of fixation (in 1% 0s0,
alone or 3% qlutaraldehyde followed by 0s0,) and dehydratidn. The bars
at the extreme left of each subfiqure (marked cont) indicate the amount
of cations in uteri before fixation, but after 30 minutes incubation
in Krebs-Ringer so]ytfon. The shaded part:of these bars shows the es-
timated intracellular conteAt of Na'. The clear bars indicate the a-
mount of cations remaining in the tissue at that step, or contd%ned in
the ch;esponding solution when pyroantimonate was absent from the
fixative; the cross-hatched bars when pyroantimonate was present in the
primary fixative. Solutions containing no electrolytes were omitted.
The height of each bar except the control is the.average of 4 deter-
minations (see Methods); the range\is also indicated. o
(a) Na+ content of tissues before and after 0s0, fixation and dehydra-
tioT, and of Eorresponding solutions.
(b) K# content of corresponding tissues and solutions.
(c) Na® content; glutaraldehyde fixation.

(d) K" content; glutaraldehyde fixation.
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fixed tissues was increased, but was slightly lower than that of

0s0.,-fixed tissues.

. . *+ *
$. Effect of Fization and Dehydration on Na  and K Contents

of Tigssues with Altered Cation Content/J

Tissues with elevated .or decreased sodium or potassium con-
teﬁts prior to fixation followed the same general pattern as fresh
tissues during fixation and dehydration, but the cation levels through-
out the procedures were generally altered in the same direction as in-

itially (Figures 18 and 19).

4. *Wa Content of Fized Tissue

As a check on the va]idify 0; the spectrophotometric deter-
minations, tissues were labelled with 22Na. 22Na-Na+ exchange was
almost complete in both fresh tissues (ca. 95%) and sodium-rich tissues
(%a. 98%) as previously found by Daniel and Robinson:(1970)§ More *ZNa
was reta%ned by fresh and sodium-rich tissue fixed in 0s0., than tissues
fixed in glutaraldehyde (Figure 20). The presence of pyroanifmonate
in the fixative:decreased the %2Na content of OsogLfixed tissues and
had 1ittle effect on the low 22Na content of gJutaraldehyde-fixed

tissues. These results confirm those obtained by tissue sodium anal-

ysis.
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| Figure 18. Na+ and K+ contents of tissue made sodium-rich by incuba-
tidh overnight at 5°C in potassium-free Krebs—Rinéer solution. Results
are indicated as in ngure 17.

(a) Na® content; 0s0, fixatjon.

(b) K' content; 0s0, fixation. o

(c) Na® content; glutaraldehyde fixation. - Z::)

(d) K+ content; g]utara1dehyde fixatioh;

',
)

A
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Figure 19. Na' and K+ contents of tissue made sodium-paor by incuba-
tion for 1 hour in sodium-free Krebs-Ringer solution. Results indic-
athd as in F.igure 17. ‘ |
(a)  Na' content; 0504 fixation.

(b) k' content; 0s0. fixa‘tion:, \

(c) Na* content; glutara1dghyde fixation.

(d) yK+ content; g1utara1deh9de‘f1xation.
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Figure 20. 22Na content of tissies before ;nd after fixation and de-
hydration. Results 5ndicated as in Figure 17. - |

(a) f’Na'content of tfsgue incubated for 2 hours in ?2Na-Krebs-Ringer
usO]ution (fre;h tissue); fixation 4n1050“ or glutaraldehyde followed
by Osz.‘ |

(b) 22Na content of tissue incubatéd overhight in\K+-Krebs-Ringer
solution CZ?Na—ricﬁQ;'fixation in 0s0, aloné or glutaraldehyde fol]gwed

by OSOJ"‘% _ . - "

i
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5. Pyroantimonate Content of Fized Tissue

Figure 21 shows the contents of ’2“Sb-pyroantimonate and
also ??Na in fresh, sodium-rich and sodium-poor” tissues after 0s0,
and glutaraldehyde fixatioﬁ.z Tis;ues fixed in 0s0O, contained 3 to
4 times more '2“Sb-pyroantimonate than glutaraldehyde-fixed tissues.
‘Z“Sb—pyrdgntimonate content was not increased in sodium-rich tissues
or decreased in sodium-poor ones. Thus, there was no relationship
between the sodium content and '2%Sb-pyroantimonate content afterv
fixation.

-

6. Effect of Fization and Dehydration on Ca'®’ and Mg++ Contents

of Fresh Tissues

Little calcium or magnesium was ]o§§ from tissues when 0s0,
or glutaraldehyde was uséd;without pyroantfmonate (Figure 22, clear
bars). When pyroantimonate was added to 0s0,, less of these two d1‘~l
valent cations reﬁained in the Fissue; when added to gldtara]dehyde
there was much less effeqt' (Figure 22, hatchéd%bars). There was

much. more calcium than magnesium loss with both fixatives though each

i

t

2 The results shown are fFom two separate experiments, each with
~ tissues containing only one isotopic label, either 22Na exchanged
-, before fixation or 12*Sb provided during fixation. Other tissues
were labelled with both isotopes by preloading with 22Na and fix-
~ing in the presence of - 12*Sb-pyroantimona%e and counted simultan-
. eously. Results similar to those with the single label were ob-
- tained but greater variation occurred due to the narrow window ‘
setting required to separate the two isotope peaks.



Figure 21. Z‘Q“Sb—pyroantimonate and 2?Na content of fixed tissues. The
ciearAbars show the content of “?Na in fresh and sodium-rich tissues
before and after fixation and dehydration in 0s0, or glutaraldehyde.

The cross-hatched bars show the content of 12"Sb—py!r'oemt1mom1tesaxwh‘ich
remained in the tissues whén fixed in its presence. Résu]ts are from
two experiments.r The height of each baf 1§ the avérage of 8 values.

(a) 0s0, fixation of fresh, sodium-rich and sodium-poor tissue.

(b) Glutaraldehyde fi;ation of the same three .types of tfssue.



*

sain Ll '.sb-mﬂmnlq Tomn vt s

-
a OsO‘ Fixation’ *
Fresh Tissue Sodium - rich Tissue
173 . T ypy T Sohstions Tissue Sohstions

)
3

J

r

600

A\
™\

00 }. A

n-dnub a'"Sb-mn/q Henne or osight
b} .
-
ISl

;A"'h ‘{- eoo ﬁ

Gt 00,

b Glumrcldehyder ﬁ:otidn
Froch Thomwe ' So@un - rich Tiesws

.

b b
00}

rd g

[

8 g

r v g
Wy

,

- .

v
v
g

0

-~

L B0, A XE e g, 04 AP

Seletions

0%

A

122
Sodium - poor Tissws
Tisan '} Sohstions
WL,'J':
5

®0, g o 23
Judiun —posr Tises \
Tioews ,

Vi




123

0 COA,Q b Mg** ’
Tissue Solutions Tissue Solutions
5[ [ ' 1 80

5 | \
1
&
E‘ 5 ~ 60 | &
N A
€
5 10 40 | -
5
§ 5 . 9 E 20 L

Cot 030, Glut 03Q, poded Glul  Pookeq Cot 0, Glut 050, pooted Ol pogeq

Soln Sotn, Soln Son
- T

. o 4 : . :
Figure 22. Ca and Mg, contents of fresh tissues before and after

Vfixation and dehydration. FEach bar is the average of 8 values with
the range. Al1 solutions used after fixation were pooled and anal-

yzed tdgether.

Results are indicated as in Figure 17.
+ R
(a) Ca’ .content; fixation in 0s0, or glutaraldehyde followed by
. .

0501. .
(b) Mgt content; fixation in 0s0, or glutaraldehyde Fo]]owéa~py'”

OSOQ.
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loss was more pronounced with 0s0,. As with sodium, the additional

loss of cation caused by pyroantimonate was greater when the loss

in the fixative alone was less.

7. Effects of Other Solutions on Sodiwn Lass During Fixation

Two possible explanations for the reduction in sodium con-
tent of tissues fixed with 0s0, in the presence of pyroantimonate
are, (1) that external pyroantimonéte complexes and removes the sodjum
from the tissue, or (2) that tissue sodium exchanges for potassium pres-
ent with the pyroant1monate When the same concentration of the po-
tassium salt of another impermeable anion, sulfate, which forms a
more soluble sodium salt, was added to 0s0,, the tiésue sodiumrconi
tent was reduced like that of pyroantimopate-treated tissue (Table
15). The values in Table 15 are lower than those shown in Figure 17,

probably due to the low initial quantity of sodium in the tissues

}cai 340 vs. 400 mmoles Na*/kg d;y wefght). The same effect of Jower

sodium content was also seen when tissues were incubated ihihigh po-
tassium solutions with permable aniéns (KC1 Krebs-Ringer 'solution,
Figure 19). These resu1ts suggest that potassfum exchanges for tissue
sodium rather than pyroantlmonate complexing it from the tissues. '
Tissues incubated.in distﬁ]]ed water for the same length

of time contained the same amount of sodium as those fixed in 0s0,.,

Tissues incubated in distilled water were expected to contain less

) sodidm due to swelling and disruption of cells. Tissues placed in

sosmolar sucrose solution (280 mOsm), in which swelling would not be

expected to occur and which had no exchangeable cations, contained

w
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less sodium than 0sO,-fixed tissues or tissyes incubated ,in distilled
water (Table 15). These were unexpected findihgs for which 1 have
no apparent explanation.

Tissues fixed in glutaraldehyde, 1ike those incubated in iso-
osmolar sucrose for an equal time, contained much less sodium after fix-
ation than 0s0,-fixed tissues. The addition of potassjum pvroanti- .

monate had little effect (Table 15).

8. EM Observations

The distribution of pyréantimqnate precipitates seen in
tissues fixed in 0s0, (Figure 23a,c,e) was different from precipi-

tates observed in glutaraldehyde-fixed tissues (Figufe 2:

0s0,~fixed tissues contained fine precipitates in the nucleus assoc-

iated with the heterochromatin, in the nucleolus, cytoplasm, mitochon-

dria, and extracellular space. Tissues fixed in glutaraldehyde con-
taineh 1arger prec1pitates and these were observed in only axfew ce11s:
which had swollen -endoplasmic reticulum and a swollen nuclear envel-
ope. In ce]]s‘W1th intracellular precipitates, these were found in
theinterc?romatfn area of the Quc]eus, in the nucleolus, mitochon-
dria, and extracei1u]ar space.- With either fixative, precipitates
were neither;incre&%ed nor decreased 1n_sodium7rich o& sodjum-poor
tissue (Figure 23c~f). : -
\\ | ; .
\ - :

\
A



TABLE 15

. +
Ef fects o0f various solutions on Na content of fresh
o

tissue
Fixative With Fixatiye Without Fixative
13 OsO4 OSO4 | Water
64 (44-76) 58 (12-89)
OsO4 + K-Ant.* Water + K-~Ant.*
Vs -
15 (11-16) 17 (14-20)
OsO4 + KZSO4 Water + KZSO4
7 '( 4-10) 18 (13-27)
OSO4 Sucrose
51 (32-~72) : 10 ( 6~15)
3% Glutaraldehyde Glutaraldehyde Sucrose
' 15 (11-18) 15 ( 8-28)

Values shown are the average sodium content (mmoles
L+ , o o
Ka /kg dry wt.) of 4 fresh tissues (with range in Brackets)
R . ! R
after fixation or incubation in the solution indicated.

*Potagsium pyroantimonate.

{

ghs



f?ﬂyr€’23. Effect of fixative on location of pyroantimonate deposits

in rat uterinirsmooth muscle. Electron micrographs of unstained tissue;
¥, nucleus; n, nucleolus; M, mitochondria; £, extracellular space occu-
pied by collagen. Magnification x 12,000.

(a,b)  Fresh tisoue, l

(a) Tissue fixed in 1% 0s0,. Small, fine precipitates can be seen in
the nucleus where they appear associated with the chromatin material;
in mitochondria,rcytop]aSm, extracellular space, and in the nucleolus.

(b) Tissue fixed in 3% glutaraldehyde ana postfixed in 1% 0s0,. 4
Coarse precipitates were found within only a few cells and were located :}
in the interchromatin region of the nucleus, on the nucleolus and in
mitochondria. Two cells are shown, one. of which contains precipitate.
(¢,d)  sodiwn-rich tissue. |

() Tissue fixed in 1% 0s0.. The patterh of precipitates is similar
to that Fo&%drin fresh tissue fixed in Ososi

(d) Tissue fixed in 3% glutaraldehyde followed by'1% 0s0,. Precip-

itates are simi}dr in size, location, and amount to those seen in fresh

tissue fixed An glutaraldehyde,

(e,f) Sédi;m-paér’tissué.

(e) Tissue fixed in 1% 0s0.,.

\

kf) Tissue fixed in 3% glutaraldehyde followed by 0s0.,.
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9. Dry/Wet Weight Ratio

Table 16 shows the final dry weight of tissues before or
after fixation, divided by the initial fresh weight (dry/wet weight
retio), Although the ratios for controls were slightly higher than
previously reported for the uterus (Moawad and Daniel, 1971), there
was no consistent change in this ratio when tissues were fixed in 0s0,,

A

or in glutaraldehyde alone or with pyroantimonate.

D. Discussion

1. Reliability of Analytical Methods

These studies provide strong evidence that pyréantimonete
did not interfere with the methods used for determination of tissue
cations. Spectrophotometric determination of known czncentrations
of cat1ons were not affected by the presence of pyroantimonate pro-
vided their concentrations were low, as in the dilutions used for
tissue analysis. The higher sodium and pyroantimonate coﬁcentrat1ons
at which prec1p1tates pers1sted after dilution, yielded reduced spec-
trophotometr1c readings; these concentrations are cons1stent with the
known so]ub1]1ty of sodium pyroant1monate (30 mg/]OOml or 680 uM
Hodgman [Editor], ]943) Values for the so]ub1l1ty of calcium pyro-
antimonate have not been found in any standard chem1ca] reference

.....
,,,,,,

approximately 10 uM ca1c1um pyrbantlmonate In the tissge used in '

e

¢ 7
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this study (- 50 mg wet weight), the total amount of cations present
yielded less than the above concentrations (160 uM NaCl and 6 pM CaCl,)
necessary to produce interference after dilution for analysis. Thus,
if the tissue cations diffused out and into 1 ml of fixative contain-
ing pyroantimonate and the resultant solution was diluted to 25 m]§§?
no interference with analysis would occur. Nor would interference %e
expected from tissue digested and diluted to 25 ml.

Analysis of both tiésue and fixation and dehydration solu-
tions showed that it was possible to account for all cations which
were present in the tissue before fixation. This e]fminates the poss-
ibility of formation of insoluble tissue precipitates which would not
be detected in the analysis.

Data from ??Na determinations of tissues fixed in 0s0. or
glutaraldehyde were similar to the results obtained for total tissue
sodium based on spectrophotometric analysis.

A

2. Inadequacies of the Pyroantimonate Technique

The requirements for a valid histochemical method to loc-
alize tissue sodium by electron micros&opy have been outlined by Bul-
ger (1969) and include (1) the capacity to precipitate sodium gquan-
titative]y‘in the ti§sue before sodium can move; (2) a specificity
for sodium; (3) the ability to permeate cell membranes and conipart-
ments; .(4) the abj1?ty to‘fofm statﬁonary,.electron—dehse’precipi—
tates with sodium. Pyroantimonate does not conform to these require-

i

ments when used to localize sodium in the uterus.
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Quantitative considerations. Uterine tissues fixed in 0sQ,
alone contained only about one-fourth .of the original amount of so-
dium, which was approximately equal to the estimated intracellular
content; those tissues fixed in the presence of pyroantimonate or in
glutaraidehyde with or without pyroantimonate céhtained even less,
The amount of sodium retained by fixed tissues was not increased nor
deckease@ %hen the intracellular sodium cégtent was altered before
fixation. This indicates that even the first conditions required -
 for quantitative determination of sodium were nbt fulfilled.

There was more '2*Sp- pyroant1monate in 0s0,-fixed tfssues .
(ca. 40 times) thi&afould be associated with sodium (assuming 2 moles
Na' : 1 mole Sb 20, )L At least 75% of the pyroantimonate might havf//
- been 1ocated within cells when fixed in 0sO, (assuming no change in
the extracellular vo]uﬁe; see calculation for intracellular sodium).
On the other hand, pyroantimonate was present in much smaller amounts
in glutaraldehyde-fixed tissues and may have been primarily extra-
cellular {h location. If this were so, then one might expect tissues
to contain approximately 19 mmoles of '2*Sb-pyroantimonate per kilo-
graﬁ of tissue, based on the above assumptions. This value agrees.
with tho;e‘obtained (ca. 20'mmoles; Figure %1).

The amount of tissue precipitate as seen in the electron.
microscope did not vary with the sodium content in the three types
of tissues, confirmin§ the results of sodium analysis. The amount
, and locption of precipitates depended upon the method of fixation.
Tissues flxed 1n 0s0, contained precipitates throughout the tissue,

[ 4
both 1ntrace11u1ar1y and extrace]lu]ar]y, whereas fewer 1ntrace11u]ar
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precipitates were observed after glutaraldehyde fixation. 'This is
consistent with the' ‘analytical indications of the amount and the loc-
ation of pyroant1monate after fixation. Furthermore, these findings
are also consistent ‘with observations made of kidney slices in which
intracellular precipitates were observed only after 0s0, fixation

or fixation of swollen tissues with glutaraldehyde (Bulger, 1969).

A similar difference in preci;;tate distribution with the two fixa—l
tives has been reported for cerebral cortex (Sumi, 1971; Sumi and

“Swanson, 1971) and for bone marrow cells (Clark and Ackerman, 1971a).

| The inability of pyroantimonate to prec1p1tate sodium quan-
t1tat1ve1y in the uterus did not agree with studies based on the
semi-quantitative measurements of precipitates and the sodium content
of embryonic,.chick heart (K1e1n et al., 1970; Thuresoan]ein and Klein,
1971). Furthermore, these resuTts differed from qualitative observa-
tions which indicated that precipitates deqreased after soaking tissue
in sodium-free solutions (Edelhauser andESiegesmund, 1968; Bulger,
1969) or increased after i;cubation in sodium chloride solutions prior
to fixation (Satir and Gilula, 1970). The reéson fqr these differences
probably was due to the qualitative nature of such sfudies;

The dry/wet weight ratios of fresh tissues were approxi-
mately 20%. There was no apparent lncrease in the ratios after fixa-
tion (Table 16). Th1Ssuggeststhe 1oss of constituents from the
tis§he§ during fixation equal in weight to that gained from the. fixa-
tive of pyroantimbnate, The increase iﬁ weight seen by others after
fixat}on in the presence of cations (Krames and Paqe ]968) -could

perhaPs be due to the qa1n in cat1ons as weT] as f1xat1ve or perhaps

/
i

\
§
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the presence of cations in the fixative increases the uptake of the

j ¢
fixative. %\

Per@é&bilit;. ‘For pyroantimonate to quantitatively pre-
cipitate tissue sodijum, pyroahtimonate must penetrate rapidly into
the extracellular and intracellular spaces before sodium movement
occurs. Based on its-ionic size and charge, pyroantimonate would
not be expected to enter tissue faster than sodium moves ouc into
the fixative. Sodium is known to move rapidly into and out of cells
from radioactive tracer studies. Pyroantimonate, in contrast to
sodium, may not enter cells unti] after the membrane peirmeability is
altered by the fixative. Penetra%ion of the fixative, however is
known to proceed slowly frmu the surface to the inside of the tissue
block, whereas sodium efflux from tissue occurs very rapidiy There-

.fore, sodium may diffuse out of the tissue beforehpyroantimonate

diffuses in with the fixative. '\ \

+ . “ ;\ .
Solubility." Even if pyroantimonate “ions were able to diffuse

into tissue and cells instantaneously before soaaxm movement occurred,
A ‘

it should sti11 form insoluble precipitates with é]] sodium to quanti-

tatively localize cel] sodium. Sodium pyroantimonatex howev%r has

a finite so]ubiiity product S0 that not all sodium wouid be ﬁvec1pit— '

ated. Using the value of 400 mmoles Na /kg dry weight /(ca. 80 mmoles
Na /kg wet weight) for fresh uterinert#wsues (Figure 7) and the so]—
ubi11ty coefficient of sodium. pyroantimonatq (30 mg/ OO m1, K;p 2 x "
. 10-19, Hodgman [Editor] ]943) one wou]d ca]cula;e that om]g 70% of 7
the total sodium in a 50 mg piece of tissue wou]d form insolubie pre~

RN
‘cipitate when placed in 1 m of solution. ;

A

A

-The pQSSibility of 90 95% of tissue so?ﬁﬁm prec1p1tatiom w1th

8

Y
S ¥
5

-
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TR
pyroantimonate, which is based on greater soﬂ%bi]ity of sodium pyro-
antimonate (KSp =2 x 107%) (Klein et al., 1972) than reported by
standard solubility references, is probably incorréét. Furthermore,
increasing the volume of the fixative, as proposed by Klein and Thur-
eson-Klein (1972) to prevent pyroantimonate ion from becoming 1imiting,
would only increase the amount of sodium which could be in solution.

In order for pyroantimonate ion (40 moles/ml) to become limiting, a

piece of tissue weighing more than one gram (80 moles Na+) must be

used in 1 ml of fixative.

Specificity. Calcium and magnesium are less -mobile in tissue
than sodium, and also form precipftates with pyroantimonate in test
tubes (Bulger, 1969). Fixed uter{ne tissues contained some. calcium
and nearly their norméi coéplement of magnesium after fixatfon and.
dehydration. That they contribute to precipitates seen in other
tissues examined with the electron microscope is supported by:e1ec7
tron probe analysis (Tandler and Kierszenbauh, 1971), but‘they can-
not account for all ‘Z“Sb—pyroantimonaﬁa[}etéiheq by utég! e tissues.

!

8. Nature of Pﬂecipitates-Sben‘in the EM

£ h

Potassium. It seems rmeasonable that all the—pyroant(monéfegs
‘which remained in fixed tissue was precipitated,,sihbé little washed

out durfng‘dehydration. If 50, épproxima;é1y One-héif of the precip-

itatés in 0s0,-fixed and all precipitates in glutaralderfde-fixed

tissues coU]d‘be potdﬁsiQm,<basgd on -the cohtent‘oﬁ'¥?“5b—pyroantimf

K : e o S - 'y . . v H.
onate and potassium retained.” Test tube experiments showed, as con-
‘o e !J ' : g . : l ‘
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firmed by others (Tice, personal cgnnunitation; Shiina et «al., 1970),
that potassiﬁm pyrpantimonate was insoluble in dehydrating solutions
such as alcohol, acetone and propy]eneioxide. vConsequently, potassium
pyroantimonate prec1pitates may be formed in the tissue during dehy-

dration. In addition, potassium precipitates may be formed in the

’

tissue due to changes in pH, sinte potassium pyroantimonate solutions

precipitate spontaneously upon lowering the pH to 6.8 (Torack and La-
Vq]qe, 1970; Shiina et al., 1970)., The pH at which potassium pyro-
antimonate precipitates cqu]d be close to the intracellular pH or
that pH of some organelles.

Additional evidence that deposits represent potassium comes

- from therobserVatioq that potassium has thé:sahe distribution as an-

timony in tissue precipitates studied by electron prbbe analysis -
(Tandler and Kierszenbaum, 1971).

Shiina et al, (1970) have sugqésted that pbtassium quht :

~ be removed after fixation by washing, However, little 1oss of potas-

s1um,was obserded in uter1ne tissues washed 1n distilled water after -

f1xat1on or durlnq dehydration. Tandler et al. (197Q) heated fixed

tissueS in half-saturated potassium pyroantimonate solution to remove

Oniy the precipitated potassium and retain othe; precipitates by a

common ion effect. They noted no apprec1ab1e decrease in tissue pre-

r

c1p1tates and concluded that the prec1p1tates ‘were not potasslum

The va]ue of this procedure is doubtfu] since th1s method might have

fa11ed to remove a]l the potass1um pyroant1monate which subsequent]y g

precipitated durjng dehydr§tlon. ' ‘ |
?hé‘potassiﬂm,concentratibﬁ in the f{xativé is increased
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when potassium phosphate buffer is used to control the pH of fixative-
pyroantimonate solutions. When potassium was added to fixatives con-
taining pyroantimonate either as phosphate buffer of chloride, iina
and coﬁorkers (1970) observed a decrease in tissue and test tubg pre-
cipitates. They propcsed that the formation of sodium pyroantimbnate
was inhibited by coexisting potassium ions in the fixative and they re-
commended unbuffered fixative for sodium detection. Torack and LaValle
(1970) attributed the decrease in tissue precipitates to an interac-
tion of phosphafe anion -with the pyroantimonate anion thereby decreas-
ing the sites avaflable for sodium to react. They did not spec1fy how
\the two anioné interact. Thev recommended the use of phosphate buffered
pyroantimonate fixative and artificiai elevation of sodium-ions, since ’
they found potassiuﬁ was precipitated in test tubes at physiological
levels 1in unbuffered. splutions, Klein et al. (1972) do not think that
PhysioTogica] levels of potassium contr{bute to precipitate formation,
based on:test tube studies. Whether or not. potassium pyrgahtimonate

15 prec1p1tated b}lphys1o1oq1ca1 levels of potass1um does not elimin-
ate the possibility of formation of tissue precipitates dur1nq dehydra-
‘tion. . Unbuffered fixatives were used in this study because- inorganic

>

buffer salts (particularly potassium phosphate) might allow ion ex-

change betwéén tissue énq fixative and organic buffers might-be oxfid-~ -

‘ . R R . 1l
ized by, and decrease the action of, the flxat1ve. ! *

vSodium:( Some of the residual sodium which remained. in t{ssue.
after fixation and dehydration could be associated with pyroantimonate.

This would‘exp1ain’results.obtained'with alitoradiography (Tisher et al.,
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1969), electron probe analysis (Lane and Martin, 1968; Tandler et al.,
1970; Kierszenbaum et al., 1971), and selected area diffraction (Hart-
man, 1966). However, the presence of other precipitates thch might
be indistinguishable from sodium precipitates in size and density re-
duces the usefulness of this technique evén for tﬁe localization of
residual sodium. :

Tand]ér'ét al.(1970) and Kierszenbaum et aZ. (1971) reported
massive precipitat{on of cations and good tissue preservation follow-~
- ing immersion and perfusion of tissue in 2% potassium pyroantimonate’
solution at pH 9.2. lThey propose that pyroangimonate behaves as a
fixative. Obviously, potassium pyroantimonate is not useful alone
to precipitate sodium in the uterus, since little sodium remained af-
ter incubation of tissue in pyroantimonate sodium (Table 15)A Furtﬁer~
more, uterine tissues did not have the physical appearance of f1xed
t1ssue after incubation 1n pyroantimonate solutions as they were in-
%;stingu1shab1e from fresh tissue. This may indicate that the tissues
were not fixed by pyroantimonate MeroveF, the above workers always
hardened the1r tissues in forma1dehyde after pyroantimonate treatment.
I suggest that pyroant1monate by 1tse1f does not act as a fixative
on mygmetr1um. ’

Calciwn and magnesium.’ éome of the precipitates Could be
calcium which Was not completely lost or magnesium which was retained
by uterine tissues after fixation and»dehydratioq. Legato and Langer
(1969) have prOposed that the pyroantimonate method 25 Qa1id for thé

-~ intracellular localizatjon. of these two divalent cations. They support
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their contention with the observation that intracellular precipitates
in dog papillary muscle were removed when tissues were incubated in
EGTA and EDTA solution prior to fixation.

In embryonic heart, Klein et al. (1970) observed decreased
nuclear, cytoplasmic,.and mitochondrial precipitates after fixation
of tissue incubated in high concentrations of EGTA designed to remove
both calcium and magnesium. They concluded from semi-quantitative
measurements that 40% of tissue precipitates were sodium and the re-
mainder, calcium and magnesium. 'However, if calcium, magnesium and
sodium were precipitated quantitati&e]y, one wod]d expectfpore than
75% of the precipitates to be sodium. More recently they suggested
the use of chelating agents to remove diva]ent cations when only so-
dium is to be demonstrated (Klein et all; 1972). It seems unlikely
that a chelating agent would remove divaiene cations from tissue while
the use of a;precipitating agent would not remove sodium,

Furthef evidence, that éa1c1£ﬁ and magnesium contribute to
precipitates seen 1in tissuesgjs provgaed by-electron probe analysis
studies (Tandler and Kierszenbaum, 1971). The;e studies indicate
r,that tissue precipitates contain calcium and magnesium as well as so-’
dium and pofass%um. Furthermore, empty spaces in sections have been
noted after f]oating‘them on oxalate éplutions desianed to remove cal-
cium (K1erszenbaum et al., 1971) |

In uterine t1ssues fixed +n 0s0,, one—fourth of the pyroant1-\
monate prec1p1tate may represent ca1c1um. magnes1um and other re51dua]
ions in addition to that wh1ch may- react with potass1um, based on their

contents in f1xed tlssue

.“)v'
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Organic precipitates. There was more **"Sb-pyroantimonate
retained by 0s0,-treated tissues (ca. 20 mmoles ‘Q“Sb~pyroantimonate/
kg tissue wet weight or one-fourth of the total amount) than could be
precipitated by all the remaining tissue cations. Therefore, the re-
maining one-fourth or more of the pyroantimonate in 0s0.,-fixed tissues
was Tikely precipitated by tissue constituents other than cations,
These results support evidence that pyroantimonate may react with other
substances such as biogenic amines, glycogen, and amino groups of

nucleic acids (Bulger, 1969; Clark and Ackerman, 1971b) .

4. Effect of Fimatives on Membrane Permeabi Lity

The sodium content of tissues fixed in 0s0. was approximately
equal to the intracellular content before fixation. The loss of intra-
cellular sodium from tissues fixed in 0s0, containing potassiqm pyro-
antimonate may depend upon a sodium-potassium exchange across the mem-
brane or at binding sites. Tissues contaiéed less sodium after ex-
posure to 501”}&9”5 or fixatives containing high potassium concentra- ,
t1ons (Table 15). Pyroant1monate on the other hand, does enter cells
‘fixed in 0s0,, as indicated by prec1p1tate location and !2*Sb-pyroanti-
monate content. This might be a conSequence of 0s04 convertina the cell
meﬁbrane from one with fixed anionic charqés and capable of exchanging |
‘cations, to oﬁe containing some fixed cationic charges and capable of
exchanging énions. The sodium content was lower in glutaraldehyde-
fixed tissues. Glutara]aehyde’fixation, in contrast tb 0s0, fixation,

.might affect the membrane in a manner'that allows the loss of intra-
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cellular cations {(sodium and potassium were both lower affzr alutar-
aldehyde fixation than after 0s0, fixation) but limits the entry of

pyroantimonate. Whatever the explanation, the two fixatives clearly
have a different effect on membrane permeability. Ffurther work is

necessary to clarify these findings,

5. Utiliaation of Pyroantimonate for Localiaing T{sowe Dodin
<"—‘
In 1ight of these results, the pyroantimonate method cannot

hbe used to localize sodium quantitatively in the uterus which would
be necessary to degonstrate sodium pumping sites. Furthermore, unless
other tissues can be shown to behave differently from the uterus, the

pyroantimonate technique should be abandoned.
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CHAPTER 4

L IGHT AND DARK UTERINE SMOOTH MUSCLE CELLS

A. Objectives

Two distinct populations of cells were observed in prelim-
inary examinations of rat uterine smooth‘muscle fixed by immersion
in glutaraldehyde. Amona otger distinquishing cﬁaracteristics, the
cells of one pppulation were less electron dense and contained\no
membrane vesicles as compared with the other population. Since
smooth muscle cei]s without membrane vesicles ma; be unable to main-
tain their volume (Chapter 2), the two types of c€lls were studied.

The objective of this study was to define the two types of

cells more precisely in ultrastructural terms and to investigate

their origin and significance by answering the following questfions:

(1) What are the morphological differences between the two cell types,

and what do these differences .ihdicate? (2) What factors affect the
“relative numbers of 1ight and dark cells and what can we infer about
the nature of these two cell types from study of variables which in-

fluence their relative numbers?

- 143
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B. Materials and Methods 1

1. Animals

Estrogen-dominated rats. Immature female (Wistar é§rain)

rats weighing less than 100 grams were injected subcutaneously with

50 micrograms of diethylstilbesterol daily for 6 days.

Ovariectomized rats. Immature rats weighing less than 100

grams were anesthetized with pentobarbital and ovariectomized. The rats

were allowed to recover from the trauma for one week and then treated
&

as described below.

Mature-pregnant rats. Pregnant rats (near term, 30 days
gestation weighing approximately 280 grams were used in this inves-

tigation.

. Tissue preparation. kExcept when tissues were to be fixed

in situ (see below), the tissues were treated as described in Chapj

ter 2. .
e [
Contraction or relaxation of tissues was studied after

attaching one gram weights to the cervical end of uterine horns. To
relax these tissues, they were incubated in Krebs-Ringer solution with

adrenaline (1 x‘10‘7 ;Féms/m1) for several minutes. Oxytocin (0.001
unit/ml) was used to produce‘contraction. When maximum relaxation
or confraction was 6btained, the uterf were transferred to fixative.
The paired horns were also weighted but no£ treated. Measure-

0

ments of initial, intermediate, final and fixed lengths of tissues

=Y

‘]—‘



were made with a compass and millimeter scale.
Z. Solutions

The Krebs-Ringer solution.used in this study contained the
same constituents as that indicated in Chapter 2, page 34. Metabolic
~inhibitors were added directly to 'the Krebs-Ringer solution in concen-

trations of 1 mM.

3. ATP Estimation

Ay

ATP determinations of tissues were accomplished by the fire-

fly method as described in Chapter 2.

4. Electron Microscopy

Tissue preparation., Some tissues were fixed by immersion
in 5 ml of 5% glutaraldehyde at 25°C (pH 7.4; 950 mOsm) with phos-
phate buffer {Millonig, 1932). Other tissues of anesthetized animals
were_fixed bxvs1ow perfusion of the uterus with 5%, phosphate buffered
q1utara]dehyd;z?hr0ugh cannylae inserted in the direction of blood
flow in the abdominal aorta. In situ fixation was considered complete
when the uteri changed color frop its normal pink to deep yellow. A1l
glutaraldehyde-fixed tisshes were storéd fn this solution in. the cold
(24 to 48 hours) until ready for post-fixation. ‘}ost—fixation Qas
carried out for 1 hour in 1% osmium tétroxide with phosphate buffer.’

Additional tissues were fixed for 1 hour by immersion in 1%

potassium permanganate (pH 7.0; 280 mOsm) or buffered 1% osmium tet-
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roxide followed immediately by dehydration. Potassium permanganate
fixative was prepared by diluting a 2% permanganate solution to 1%
with 6.9% NaCl solution. One perceﬁt osmium tetroxide fixative was
made by dissolving 0.1 gram, of 0s04 in 10 m1 of Millonig's buffer.
After fixation, tissues were prepared as previously des-

_ . f
cribed in Chapter 2.

Quantitative studies. The relative number of Jight and
dark cells was determined by either one of two methods: (1) Light
and dark cells were counted on the EM screen by scanning sections
overlying four differe&t grid squares (the center squéres from each
quad;ant of 300 mesh grids) at,8,000 magnification. (2) Cell counts
were made from 8" x 10" photographs (x 24,000 magnifikation) taken
according to the procedure described in Chapter 2. Light smooth mus-

cle cells were distinguished from dark cells on the basis of several

characteristics (Table 17).

C. Results

L. Appearance, Location and Number of Light and Dark Cells

Figure 24 shOWS'fhe genéral appearance of smoath muscle cells
of the outer longitudinal mu§c1e layer of an éstrogen—dominéted rat
myemetrium fixed by immersion inlglutaraldehyde. Two types of cells
“can be recognized in reference to electron dehsity., These cells have
b‘éﬁ?r;l,tevlr-med,tht ahd dark cé]ls after their respective electron densi-

P
v



, ?19ure 24.  Smooth muscle cells from the longitudinal layer of
én'estrogen-dominated rat uterus incubated in Krebs-Ringer sol-
‘thion for 60 minutes and fixed by immersion in 5% glutaraldehyde
followed by postffi;ation in 1% 0s0,. Light (L) and dark (D)
cells can be recognized primarily by differences in cytoplasmic
Lénsity. Note the cytoplasmic projections (P), the small mito-
4 chondria, (M), the darker nucleoplasm in the nucleus (N) and mem-
"+ brane vesicles (V) in the dark cells (D) in contrast to these
+  Structures in Tight cells (L). The endoplasmic reticulum (ER)
iis swollen in the 1light cells. Collagen (C) occupies the extra-

?. cellular space. x 12,500.
AT : ’






k! .
ties (Gansler, 1961), or round or star-shaped after thefr surface

appearance (Aita et al.,1968a) in uterine and oth /;mooth muscle
tissues.

In addition to different densiéies, 1Aight and dark§§mooth
muscle cells of the uterus have numerous other’ structural differences
summarized in Table 17. In general, ]1qht‘smooth mgsc]e cells have
a swollen appearance as indicateq'by.swo]Jen endoplasmﬁc reticulum,
swollen nuclear envelope and rounded mitochondria with orthodbx
configuration (Hackenbrock, 1966) in contrast to ‘the structure of
dark cells (Figure 24, Table 17). |

e Table 18 shows the ﬁumber of light and dark cells found fn
the rat uferus after various treatments. Light cells accounted for
approximately 4% of the total ﬁopulation of muscle cells in the long-
itudinal layer of both tension~1oadéd and unloaded éstroqen-dom1nated
rat myometrium (Groups‘2,4,6). They were found randém]y distributed
among dark ;e1]s when whole uterine tissues were examined. Light cells
were more frequent aiong tﬁg stripped c1rcu1ar‘musé]e ]ayer after re-

" moval of the endometrium (Group 7). This treatment did ;bt,‘however,

affect their'ndmber_in the outer‘Xongitpdina1 mu%c]e layer (Grgup 6).

2. Effect of Relamation or Contraction
, . , |
f re]agétion Qr contraction alters the number

To determi
of light and dark ceMs or their structure, 1oaded (1 gram) uterine
horns were incubated in adrengfing'(irx‘10‘7 g/m1) or oxytocin (0.001

unit/ml) prior to fixations o
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Comparison of the structure of light and dark uterine smooth muscle

cells fixed by immersion in qlutaraldehyde.

. Dark cells

7ﬁ§ggyctuq¢7

Nuc]eué
Chromatin
Nucleolus

Nuclear pores

Nuclear ehve10pe

Mitochondria

Profiles

Conformations

Go1§i appaﬁatﬁs

Endoplasmic
reticulum

Muscle fifaments

Cell surface

Cyﬁoplasmic
?1proi$ctions

Plasma membrane

~

Plasma vesicles

(

Condensed in periphery
Present

Nuclear pores seen only”

at high magnification -

B AW 2
“'v*efk,a w e

Membranes- parallel, "
close = .

P ‘

Various shapes

~typically elliptical

Condensed

Pr=sent

.Compact membranous

structures with
associated{ribosomes

Many thin filaments
oriented in long axis
of cell '

.

Numerous narrow and
pointed

Continuous, triple .
layered

Numerous vesicles loc-
ated along the plasma
membrane

Light cells

Condensed in periphery
Present

Numerous pores

" Swollen

Round

\ | ‘
{

Orthodox
Present

Swollen with many
attached ribosomes

Few filaments

D

Ly

Blunt Iprojections on
some, none on others

Not we11 preserved;
continuity lacking

Very few or none
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Tissues shortened 33% (30 - 35%, n = 4) of their initial
length measured under 1 gram of”tension when treated with oxytocin.
Relaxation with adrenaline produced an additional 7% (5 - 9%, n = 4)
increase in initial-loaded length. No measurab]e“chanqes in contrac-
ted or relaxed lenqths oécurred upon fixation of tissues. i

Relaxed dark smooth muscle cells (Figure 25a) had fewer cyto-
.plasmic projections and the cross»sectioné] diameter was less than con-
tracted dark cells (Figure 25b). There were only slight differences

Cin tﬁe relative number df 1ight and dark cells when contracted tissue
wézs compared with relaxed tissue or when treated tissues were compared |
with their untreated controls (Table 18, Groupsr1~A)f Howeber, there

were more light cells in the contracted tissues than in the relaxed

tissues although dark cells were predominant after both treatments.

3. Effect of Immersion in Other Fizatives

The light and dark cells described above were fou;d after
inmersion fixation ih g1u£ara1dehyde. Tissues were examined after
i&nmrsién in potassium permanganate or osmium tetroxide to see if
1ight and dark cells could be demonstrated with these fixatives,

Smooth muscle fixed by immersion in potassium permanganate

is shown in Figure 26a. ‘Only one type of cell ‘could-be distinguished

vafteg permanganate fixation (Table 18, Group 12)., The characteristic
differences which dfistinquished 1ight and. dark cells found after glu-
taraldehyde fixation (Table 17) were absent. . In all cells, the chrom-

atin appeared unifgrmly distributed throughout the nucleus as did the



Figure 25, Cross-sections of longitudinal muscle cells from

egkroqen—dominated uteri: (a) Relaxed in adrenaline prior to
fixation. (b) Contracted with oxytocin pvior to fixation.

x 8,400. Noté the presence of light celfs in both conditions
and the increaSed~cross~§ectiona1 diameter of the contracted

cells,






Figure 26.  Structure of smooth muscle after potassium perman-
ganate and osmium tetroxide fixation. (a) Fixat{on by immer-
sion in 1% potassium permanganate. Note the qood preservation
of membrane and lack of bther cytoplasmic (filaments) or nuc-
lear (Chromatin) structures as seen after g]htara1deﬁyde fix=i
atfon. The membrane vesicles were smaller‘and often ab%gnt.

X 8,000. (b) Smooth muscle after immersion in 1% osﬁium tet-
roxide. Membrane preservation is similar to that of pé}ﬁénm
ganate fixed tissues (as above) but cytoplasmic and nuclear
structures are more apparéﬁi,iﬁx 8,400, Light and dark cells
as ééfiﬁéd for qiutara?déhydé;fixéd tissues could not be found

R - Cal
In either permanganate or osmium-fixed tissues,
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ground substance in the cytoplasm. A1 membranes were well demonstrated;
however, membrane vesicles were noticeably smaller and often absent as
compared to cells fixed in qlutara]dehyde. The mitochondria were all
rounded with orthodox conformations and membrane projections were Jless
prominent. Therefore, these cells had some characteristics in common
with Tight cells.

Like tissues fixed in potassium permanganate, tissues fixed
by immersion in osmium tetroxide were found to contain only one type
of smooth muscie cell (Figure 26b, Table 18). The chromatin material
was clumped as in 1ight cells found after glutaraldehyde fixation (Fig-
ure 24). The mitochondrial and plasma membrane of 0s0,-~fixed cells

{

were similar to that seen after permanganate fixation,
)

4. Structure of Immature and Mature Uteri

The uterus is known to respond to estrogen stimulation by
increasing the number and size of its cells. The question ppéed here
was whethEr light cells represent newly differentiated or imma}ure
cells. If so, then one would’ expect to find more light cells in imma-
ture and 1mmature estrogen stimulated(uter1 in contrast to the number
in mature tissues.-

Uterine smooth muscle cells were small in myometria from
immature ovar%ectomized rats (Figure 27a). Much 1arger ce11s}’hh1ch
were similar to cells found in estroqen stimulated uteri (Figure 24)."

were found in uteri from pregnant rats (Figure 27b). There were no

" or only slight differences in the relative nuhber of light and dark



1
Figure 27, %gggitud1na1 sections of dark cells from ovariec-
tomized and 5réghant rats. Glutaraldehyde immersion. (a) Mus-
cle cells frdm {mmature ovariectomized rat (without estrogen)
x 8,400. (b) Myometrium from near term pregnant rat, x 8,400.

Noie the difference in size between the cells from the immature

and mature uterus.

7
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cells in these uteri (Table 18, Groups 9 and 10).

5. In situ Glutaraldehyde Fization

Uteri fixed by intra-arterial glutaraldehyde perfusion were
examined to determine if 1ight cells were a manifestation of iﬁmers1on
fixation.

In situ Tixation of uteri from estrogen-dominated rats re-
sulted in cells which could only be described as dark cells (Fiquée 28) .
A1l cells had characteristics, such as membrane vesicles, elliptically
shaped mitochondria and cytop]asmié projections, similar to dark cells
found in tissue fixed by immersion (Table 18, Group 13). This method
of fixation resulted in better tissue préSérvation than immersion fix-
ation, as judged'b§ less chromatic clumping and better detailed mito-

)
chondrial and membrane structure.’

6. Effect of Metabolic Inhibition -

Orthodox mito;hondria1 confiquration, swollen endoplasmic
reticq}um and lack of membrane vesicles in 1ight cells suggested that
there may be under}ying metabolic differences between f%ght and dark
cells. To study metabolic differences, tissues were examined after
incubation with metabolic inhibitors. ’

| Tables 19 and 20 show ‘the number of 1ight cells, content of
ATP, and H,0 content in tissues at various times afger metabolic in-
hibition with jodoacetate + dinitrophenol and iodoacetate alone. After
the recovery period following ute}ine removal, 96% of the cells were

§

~



Fiqure 28. Estrogen-dominated rat myometrium fixed by intra-

arterial perfusion with glutaraldehyde. The structure of cells

T

is similar to dark cells found after immersion fixation. |

A

x 12,000,
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found to be da;k cells. Ffollowing the decrease in AfP content of in-
hibited tissues, the population of Tight cells increased at the ex-
pense of’dark cells. The time differential between ATP ( < 10% of

the control) and dark cell reduction was approximately 40 minutes with
IAA + DNP and 80 minutes with IAA alone. There were no changes in

the number of dark cells in the control paired uterine horns 1incuba-
ted in Krebs-Ringer withOut inhibitors over the same time interval.
The water content of inhibited tissues increased afterq%he shift from
dark to light cells. The structure of smooth muscle cells after met-
abolic injury isréhown in Figure 29a.

7. Effect af Mechanieal Injury

To determine if injury by mechan1ca1 means would resu]t in
light cells, sections were made of the c1réh]ar 1ayer of the myomet-
rium adjacent to where the endometrium was removed

There were slightly more ]1qht ce]]siim the circular muscle
layer than in the @§Pg1tud1na] layer in whole myome?riumr(Tab1e‘18,

Groups 2,4, and 5), ’the stripping prdcedure'resu1tea in:increased'num—

ber of light cells in the adjacent c1rcu1ar muscle (Table 18, Group 8).

The structure of these mechan1ca11y 1n3ured cells (F1gure 29b) was

similar to the structure of metabo]ica]]y inhibited cells (Figure 29a).

S

N
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: e _ . ' ,1 L
figure 29, Effect of chemical and mechanical injury on the
structure of rat myometrium, Note the lack of membrane ves-
. A _ ‘
- icles, the mitochondrial appearance and swollen endoplasmic
ret*icu?uin: (a) Muscle cells after ATP dep']étion with JAA +
\
DNP (80 mmutes treatment) X 12,000, (b) Circular musde
“cells on'éthe edge of the tissue near trﬁ area of endometrial
removal , - x 12,000,
)
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D. Discus sion

The findings can be briefly summarized asio']low.ﬁ: Both
light and dark smoeth muscle cells were found in the same myometrial
preparatidn following immerslon fixation in q]utaré]dehyde and post-
fixation in osmium tetroxide. Liqght cells were distinguished from
dark cells by differe%ces in nuclear, mitochondrial, endoplasmic re-
ticular and surface structure, Tissue;s fixed 4n vitro after dissec-
tion and recovery consisted of approximately 96% dark cells and 4% light
cells, Contraction or re]axatioﬁ,of tissues beforé fikation previously
thought responsible for the two types of cells (see below), did not
change the proportion of light and dark.cells. Only dark cells were
found after in situ fixation of ti$SUE;R Ailéﬁ chemical or mechanical
injury, smooth muscle was composed of light cells, This indicated that

light cells may be cells which were injured prior to fixation or inad-

= E - 1—
. equately fixed during immersion fixation, ' ° ’ f A
‘ 7 . 1, Incompatability of Data With fﬁ*ézfiivus Theories
-
Contraction-relaxation.: For over 180 years, investigators -
il have described 1ight and dark smooth muscle cells as viewed through
. \ . R B i

the light microscope (see McGill, 1909; and Conti e al,, 1972 for. re-

' view of early work).' With the 1ntrdduct1qn'of the e]ec?ron micgescope

wad

" and improved methods of fixation and preparation, the presence of 1ight

al., 1972), .~

jénd dark ‘ceHs in smooth musc]é {Gangler, 1961; Conti elz

* !

®rain and liver (Ganote and Mpéeé, 1968; Dohrman, 1971)iwere confirmed.

-
b ~
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'istics as we]1_(Tab1e 17 )a. Ouantitative estimates were comp]eted bya
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Light cells viewed under the light microscope were the same cells as

\
identified under the electron microscope as both observations are de- :Eﬂgz
N\

pendent upon cell density.

Contraction and relaxation produced by mechanical or chemi-
cal means was ihouqht responsible for incredsing or decreasing the
density of smooth muscle cells (McGill, 1909: Gansler, 1961; Conti
ot oal., 1972).

ﬁe%haps cells are more or-less dense when Contractéd Oor re-
laxed prior to fixatlon, although .no ogg has yet pr0v1ded quantitative

P g
measurements of thls. If quant1tat1ve gompar1son5 are to be madé{?ﬂ=

tween re?axed and Contﬁacyed tissues, prob]emf such as.the following

arise: (1) Evaluation of the state of contraction and rejaxation of .,
tissues béfofe andldurinq fixation must be provided. (2).Standardiz-
ation of each step in preparation of tissues for thé,micrOSCOpéi such

-

as section thickness, ita**i*q aﬁazthtOﬁraphy nust DP made. , (3) Es-

timation of the density of photoqraphs or negatives by other than gross
I
subjectiye means must be 1np1uded. I contraction does decrease cell- .

ular water, osmotic effects of fixatives on cell witer content should - \

also be studied. _
- , 34 . ' o e

-In the present study, twostypes'of cells were defined not. - -

only on grounds of:density differences SUt based on other character-’ B -'ég
S A ) ; C

couriting. the number of 11qht and dark cel]s after vqr1ous treatments
-

S

(Tab]e ]8) ’ ‘ ':k; /

Contract1on or re]axat1on did not change one popu]at1on of .
& ~

& , ) S
.."

)
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“moval of tissues from an1ma1s and immersion in g1utar@ldehyde*!ﬂ this .

Vstudyvéé was found'for'liver fissue. Light smooth muscle Fe]ls‘codld"

' 170

cells into the other as would be predicted if these conditions were

responsible for 1ight and dark cells. Ltvidence that uterine tissues

were contracted or relaxed was provided by measurements of tissue

N]enqthc before and during fixation. furthermore, contracted tissues

resulted in apparent increase in cross-sectional cell size and greater

cell distortion. Similar changes in size and shape of intestinal smooth

7y

muscle cells have been observed after contraction (Lane, 1967). Thus,
the results from this studydare consistent with the observations that
coptraction leads to smooth muscle cell contortion whereas ré];xation
brédbées more rounded-cells (Gansler, 1961; Aita et al,, 1968a). How-
ever, ccﬂtraction;re1§xation cannot account for other structural {iffer-
ences bgtween Tight and dark Ce11§a a

Fization urtlfh<r | Gﬁnote and Moses (1968) found dark cells
mainly in the interior o& 1arqe b1ocks of Tiver tissue after, jmmersion
fixation. . Light and 1ntermed1ate dens1ty cel]s ‘were conf1ﬂed ‘to- thé .
surface of tissue 'blocks after codditions thought to lead to poor f};—%
ation, ‘However, the tissues -were mechanically minced:%n the fixative

which may have-injured the surface cells. The absence of 1ight'and

dark ée]]s after in situ fixation of liver indicated that they were

l\!n

produced somet1me after removal of the t1ssues from an1ma1s There-

fore, light and dark cel}s were attributed to 1nadequate fixation.

- i L1ght uter1ne smooth musc]e ce?]s were found only. after re-

r

be cel]s'which were ihproper]y fi}ed; In this éase,rone would expect

T
T

L' &
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easily damaged by handling or more sensitive to the effectﬁji

. 171

to find the improperly fiked cells on the interior of blocks of tissue.
However, 1 found 1ight myometrial cells distributed randomly among
dark ce]]sAas neither type of cell was found concentrated in a part-
icular area of the block except at the dissected surface.

The explanation for finding only one type of smooth muscle
cell after permanganate fixation may be related to the oxidative na-
ture of,.this fixative. Permanganate fixation i1s known to obliterate
much of the fine étructure of the uterus (Bergman, 1968) and tHat of
rotheh tissues (Hayat, 1970). Therefore, thbSe structures which dis-

»

tinguish light and dark cells in the uterus may be a]tered or destroyed.
(’ - Al N 5

Decreased extracellular space, the result of cellular swelling, has

been observed in intestinal smooth muscle fixed in permanganate (MHen-

a

© derson et al., 1971) A]] s seen after permanqanate fixation may

correspond to the 1ight cells seen after glutaraldehyde flxat1on

| 7 S1m11arly, only one type of ce]] was found after osmiu& tet-
roxide %1xat10ni Osmium tetrox1de could also a1ter or destroy many
7of”the structural features which distinguish 1ight and dark cells seen

[ . .
after primary:glutaraldehyde fixation.

gMbturify of cells. One might postulate that light cells are

newly differentiated or immature smooth muscle cells which are more

‘sion f1xat1on. An 1mmature or’ pr1m1t1ve type of cell has been descr1-
&

' bed for vasqular smooth musc]e (Scott et aZ 2 1967). AThese pr1m1t1ve

SR -

F\@’cells were 1ess electron densé than cells cons1dered to be' mature and

3 Cd

they\lqck : mbrane ves1c1es Immature uter1ne smooth muSc]e was

n younq ovar1ectom1zed rats and compared with estrog

.
’3',5 N . ’ . U ,’

;?st1m~.§@

Y e

-,

A"’
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.

ulated and mature pregnant animals in this investigation. There were
stgns of maturity in the uteri from extrogen~st1mu1ated and pregnant-
rats as indicated by the increased cell size 1nﬁcomparison with ovari-
ectomized rat tissue whﬁch supports the findings of others (Laguens and
Lagrutta, 1964; Bergman, 1968). However, dark‘ce11s predominated ‘in
tissues~frdm both immature and mature uteri. The presence of light -
2*ce113 was 661 related to the functional state of the uterus or to the
maturity of the ce]ls Cells described as immature cells 1n vascular
smooth muscle (Scott et al , 1967) cou]d correspond .to light cei]s

f@und in the ‘uterus. o : oe

2. Injury as Rgspiéﬁeibz(e for Light Cell Production

Besides differing in e1ectr0n density, light uterine smooth
: musc1e célls varled q{edkly fromfthe structure of dark cells (see
Tab1e 15) Gansler (1960, 1961) ﬁik reported similar differences for
uter1ne and intestinal smooth musc1é,' Ganote and Moses (1968) have
a]so noted d1fferences’1n 11ght and dark liver ce]]s These structur-

aT d}fferences squest that 11ght ce]]s are d?st1nct metabo]1cal1y from .

- dark cells. ;\ Lo ‘?14 L '

L1ght ce]]s conta1ned mitochondria which were usua]]y in
the orthodax conf1guration as descr1bed by Hackenbrock (]966) for is-
olated mitochondr1a wh11e condensed forms were found in dark cells. ‘
If m1to$hondr1a] structure can\be used as an*ﬁnd1cator of ce]lu]ar ac-’
g1v1ty, %hen 11ght ce1ls were 1n a metabo]1c state different fromqthat I
of dark cel?S at the time of f1xation | h |

*

L1ght ce]ls a]so h@d a swo]len nuc]ear enve]ope, swo]len
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endoplasmic reticulum and were increased in size as also noted by Aita
et al. (1968a). These changes may be indicative of cellular swelling,
Light cells also lacked membrane continuity which suggests the absence

of membrane inteqrity and loss of permeability control. Dark cells had

membrane vesicles whereas light cells had few.or none. This may denote

loss of metabolically dependent mechanisms for controlling cell volume

(see Chapter 2). Gansler (1961) also found that vesicles were absent

from light smooth muscle gells.
- -

After ATP depletion all smooth muscle cells had characteris-

tics of light cells. Probably light ceMs seen in tissues after “immer-
o

“sion fixation did not contain ATP when fixed for electron microscopy.

Light"cells and the structural changes observed in smooth
muscle after metabo?ic or mechanieal injury are identical to those’

Iy
f

descr1bed for toad _bladder ‘epithelial cells after simitar treatment&
"*&

(Salad1no et al, > 1969; Croker‘et al., 1970; Saladino etfg;;, ]971)

ese investigators found that ‘treatment of epithelia] ce11s with de%-

-

o

terqents or metabo?icrinhibitors,resu]ted in a sequence of Changes

which eventua11y Jead to cell death: The;ézchanges included swo11en

'fr%’
}-e1ope orthodox matochon~

end0p1a5m1c ret1cu1um and swp*4em/nud@ear

drial conf1gurat10ns, 1oss of membﬁaae strugture and decreased ce]]

‘1 - / .

denSIty These~character15t1cs are 1dent1ca1 to-those of 11qht myo-

4

'Hmetn1a] cel]s descr1bed in this study Furthermore, s1g1lar ultra-

FR—

structure was observed in the f1na1 stages of cell ﬁeaﬁh after 1n3ury

E of-var1OUS other. cells 1% tissues studied by Trump and Er1csson (1965).

'.Therefore 11ght uter1ne smooth muscle cells seen after q]utara1dehyde

-‘f1xat1on are’ probab]y cells 1n3ured or dead at the- t1me of f1xat1on

L]

/ .

>
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Permanganate or osmium tetroxide may injure all the cells during fix-
ation.
The electron density of smooth muscle cells could be related
to the}r degree of hydration as proposed by Somlyo et al: (1971) and .
‘Dohrman (1970) for liver cells. Somlyo and coworkers found ‘increased
electron density of some smooth muscle cells after bathing tissues in

hypertonic solutions. They do not describe any characteristics other
0 - 1
than electron density. If other differences were not present, ‘they

were probably dedling with a different phenomenon, Howevey, hypertonic
treatment would be expected to decrease cellular water content.and there-
- by may increase the electron density. Light ce31s.fobid after hyper-

toﬁic treatment could be cells which failed to respond to osmotic
- . . P
changes because they have lost their semipermeabiljty. Toerefore,
3 f
light cells are probably cells which contained an gocreased water con-

tent due to‘the loss of volumewcontrol, There was a close correspon-

. dence between the increased number of 1ight cells and the increased
. \ i ; !

water content of ;issues following metabolic inhibition noted in this,

study. Furthermore, cells without vesicles should be unable to

maintain their volume accordinqmio thgazeSicular hypothesis (see .
"Chapter 2). Ngerosis of epithelial cells produced by metapolic
1nh1b1t1on with 1odoacet1c acid resu]ted 1nﬂsim11ar dengity changes

in the cells accompanied by volume changes (SaLadino et al., 1970).

3. Conclusion

R

2

v L1qht uter1ne smooth mascle ce11s seen after in vitro
f1xat1on w1th qlfara]dehyde are beheved to be the resu]t ‘of mech-

fr’an1cal 1nJury to some ce]]s pr1or to fixat1on The 1n3ury probab]y

b -
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¥

~ogcurs durina removal of the tissue from the Anir;la] and Sulbsequent
['hand]inq before immersion in the fixative. Any cell which was
sufficiently injured may acquire the“appearance of a ]1th)ce]1
from ]loss'of metabolism. The density of the 1ight cells could be
related to increased water content from loss of metabolically-de-
pendent héchanisms for contro]]ihq éé]l volume. The light ceills
'*Zwave no mgmbrane ;/es1c]ies which are beMevéd to be sites of vol~

ume control in uterine smooth.muscle (see Chapter 2).

n,1

»
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REVEEW AND CONCLUSIONS
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: vestiqhtbrs had the followtnq characterlstlgs (1) 1

‘and it Was. not sens1t1ve to ouaba1n (3) It requi

CHAPTER 5

REVIEW AND CONGLUSIONS:

A. Objectives

! This chapter w1i1 be devoted to a brief recapitulation
of the previous chapters.
- Py '
B.  Vesicular Transﬁort by Smooth‘Musc1é

tvidence has ggén presented which indichted that two;&ec%ﬁ
T b

anisms’ control cell volume in smooth muscle of the rat uteFus.

- (Danfel”and Robinson, 1971a,b,c; Ranqachar1 et a% 1972)

mechanism was ouaba1n sen51t1ve ATP-dependent and it had other/cnar~

At

»

:acter1st1cs of"the, c1ass1ca] Na —K ~-ATPase found in other t1ss7es

(see Skou, 1965) The other mechan1sm accordipq to the above/ in-

jod

dependent .. (2) It did not requ1re K in the exter

LN i

It had no spec1f1c1ty for Na : These character1st1cs :;yé similar

to those of a mechanochem1ca1 system proposed for kldn y‘ce11s'

%ﬁ‘we and K]emzeller 1972) In uterme smoof.h muSc]e the -~

mgmbrane ves1c1es were prOposed as sites for volume contro] (Dan1e1“

and - Robmson ]9‘7:}&). v @
" RN i ‘;,\ ®
177 .
. L v \
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2T0 testithe‘wesicqjar transport hypothesis (Chapter

2), pieces of rat myometrium were incubated in Krebs—Rﬁnqer
solution with metabe1jsm or transport inhibitors. Tissues from
the opposite horn were used as the untreated controls. At var-
19us times, tissues were ;emoved from the 1ncupati0n solution
- and some pieces ena]yzed for Na+, K+, water and ATP contents
other p1eces of t]ssue were fixed and examined in the electron
microscope.
Metabolic inhibition with IAA + DNP resulted in a
_é!iig deCrease in ATP content of tissues. Swelling and ]oss

. L +
of vesicles, gain in Na , loss of K and gain in waten fo]1owed

- -

4
*the decrease in ATP content of tissues. The sequence of these

changes corre]ated well with the membrane vesicular model. The
simu1taneous*decrease in vesicular number with decreasw in ATP
contents wa's interpreted as an indication of ATP dependence

*
Na release w1th1n the vesicles was cons1dered to be responsible

-

for vesicle swe]11ng. R

L)

Treatment of tissues with%IAA:a1qne or ethacrynic'aci&l
resulted in effects similar to those obtained with the combined
use of [AA + DNP., The changes'in ves}cu1ar number were:thouqht
to be associated with the reduction in tissue [ATPj.

/ Ouabein did not change either the‘ATP'content of the

t1ssues or the number of ves1c1es even after prolonged periods

&

of 1ncubation. These resu1ts 1nd1cated the 1nsens1t1v1ty of

the vesicular ‘system to 1nh1b1t1on of Na -« -ATRase in fresh

S

tissues. T ‘ N

o S R . . ) ) +
The vesicle number was reduced in.tissues made Na'-
i L. . . .

S
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a .t ) 0 .
rich by overnight incubation in K -free solutions at 5 €. This

was believed to be due to»the effgct of coo]ing on vesicle form-
ation and discharge. Rewarming the Na+—rich tissues caused a
joss of Na* with - water and increased the numbér of vesicle§‘under
;onditions thought to inhibit Na+~K+~ATPase."The vesic]eﬁngmber
did not increase in Na'-rich tissue rewarmed under coﬁditibps‘of
maximum Na ' ~K'-ATPase actiyit}. These results may indicate‘a |
reciprocal relationship between actiéit} of the vesicular system
and that of Na*~K+~ATPase. ta+*was necessary for both thﬁ/loss
of Na* with water and the increase in number of vesicles observed
upon rewérming of Nd*~rich tissues. This evidence may indicate
the presence of a. contractile mechanism associated with vesicle
formation or discharge. |
. The vesicle number was Q?sd reduced in tissues made
K*~rﬁch in Na+—free, K*-enriched solutfons in ;he cd]d. K -rich
tissues Tost water and Kf and the vesicle number increased when
these tissues were rewarmed. This indicated that the vesicular
system was not:specifically stimulated b}\Naf;" F
Thus, therg is good corre]ationrbgtweenrproperties of
the Qolume pumg aﬁd propérties of membrane vesicles of ra£ uterine
smowth mUsc)é._‘Bdth systems are: (1) ATP-dependent; (%) inﬁen—
;sitﬁverto ouabain; (3) Ca++Adependent; (;) noé spécificrfor'Na+.

This evidence supports the membrane vesicles as sites for volume

Y VL
control in rat}uter1ne smooth muscle. *
‘} ' -
{

C. Evaluation of the Pyroantimonate Technique
. Potassium pyroantimonate has been used as an’elect@bn
o N L v o - gy

- -
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S MICFOSCOpy tool for the 1oca]1zat10n of t1ssue Na .' The tech-
nique was evdluat@d (Chapter 3) because of its possible usefula
ness in localizing Na -transport sites.

Fresh, ‘Na'-rich and Na* -podt rat uterine tissues were*

L fiKed in 0s0, with or without added pyroantimonate; then washed
and dehydrated as for eleCtron hicroscopy At each step the
t1ssues and so]utions wer€ analyzed spectrophotometr1ca]1y for

Na', K+,.Qa++, and Mg't (i.e., cations which precipitate with

pyroantimonate). Pyroantimonate was shown not to interfe;e with
these analyses. .
Tissues fixed in the pregence of potassium pyroantimon-
ate contained very little of their original Na® (ca. 10%) but re-
tained 1ncreased K" and much of tne1r ca’t and Mg " 22Na and *2*Sh- »
pyroant1donate were used to confirm these results. There was no
McorrelatAon between the initial or final Na’ content of tissues‘

! ; . N 124
and either the ameunt of electron-dense precipitate or the Sb-

pyroantimonate content. The distriﬁution of precipitate was. a
funct1on of the fixative used. The pyroantimonatg}éas thought to
be mainly extracellular 'in g]utaraldehyde fixed tissue. Fifty
per cent of the prec1p1tates .seen in electron m1crographs of
tissues qued in 0s0,- were est1mated to. be“from the added potas-
sium pyroantimonate, and form during dehydrataon due to the in-
solubility of this compound in dehydrating sd]utions Twenty-
five per cent of the precipitates were thought to be pvroant1mon—'
ate agiocia%ed with cations which rgga1ned in the t1ssues after

f1xat1 The rema1 ing twenty f1ve per cent or more of the L e

‘/‘ S . PR . . »a"
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precipitates were probably due to the binding of pygoantimon-

ate to other tissué constituents.

There were no, or inconsistent,

precipitates found associated with the membrane vesicles of smooth;

muscle cells.

In 1ight of this study, pyroantimonate can not be used

+ . - . .
to demonstrate Na ~transport sites in uterine smooth muscle.

Furthermore, unless other tissues can be s™own to react different]y

B

to pyroantimonate, the technique should be abandoned and results

’

obtained with it should be discarded.

-

D. Light and Dark Smooth Muscle Cells.

4

Two types of smooth musc1evce115 (termed )ight and dark

~cells) were distinguished in the same tissue preparation following
\ ® B .

in vitro fixation in g]utaralaehyde,

The two types df cells were

defined and factors which miqht affect their number were studied.

.The 1ight cells accounieé for approx1mate1y 4% of the

tota] ce]ls observed in tissues removed from animals and 1ncubated

in Krebs—Ringer solution prior to immersion in glutaraldehyde.

Relaxation, contraction or the hormonal state ef the uté%i did

not change the relative number‘of light to dark cel]s Fixation

in either 0s0, or potass1um permanganate resulted in cells with

'characterlstics similar to the light ce]ls found after in vitro

fzgiutara]dehyde fixation.

Only dark cells were found in t1ssues

after in aitu fixation with g]utaraldehyde Increased numbers of {

T1ght ce1ls were é€und after both chem1ca1 or mechan1ca1 1njury

Mechan1ca] 1n3ury to some ce]]s dur1ng remova] of the

[

\. x4

28

‘ t1ssues from an1ma1s w1th subsequent 1oss of ATP and mechan1sms

~'ﬁ

4
?ﬁdw',

J
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for controlling.cell volume, was considered responsi

producing light cells.
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