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. ABSTRACT

The-present-study:wasfqhdertaken'in an attempt to: examine
the'importance'o£=the-NaKMgATPase*(the'1sddium.pump'.enzyme) in
- cation movements in rat. skeletal muscle. '.Thoughlthe Ysodium
pump' was firstlﬁéstulated ianpfattempf to explain some of the
catién-movements recorded-ine@usbleétissue, at the commencement
of this study clear evidence of:the presence of the NaKMgATPase
was still awaited. | |
Several approaches to.the problem were made, using
physiological and biochemical: preparations. -Isolated préparations
of muscle, maintained. in optiﬁum*conditions,>were-subjected-to
treatments.with reagents:known to'affectfthe NaKMgATPase, and
the changes in cation: distribution: were obsgr?ed.* Simiiar
- preparations were- studied: with respect to their oxygen
consqmption,-to determine:whether'treatmehts-known-tq?cause
changes in NeKMgATPase activity: would in' turn lead to: alterations
in-oxidative_metabolisﬁ.as:had-beenfieportéd-in-a variety-of-
.other tissues,-e.g.ukidney,;hain;’“ Biochemical. approaches
consistéd largely of attempté to: isolate'a. fraction from skeletal
muscle.which demonstratedfthe“prbpertieSrof-the'NaKMgATPase
- that had been isolgted-from a-widerrange?of tissues, and was
especially active in those,tissues in'which-a great Aeal of active
cation-movement.waé known=to-oc§ur.' 3 |
The studies of cation distribution were largely
inconclusive, as though-modified'cation-movementé=were-clearly
seen*in“variouS{conditionS“knownito?inhibif-NaKMgATPase activity, :
-it' was not possible toidentify: firmly the position of such an

ehzyme’ or: indeed that: it was:the sole site of. action.



Measurements-éf oxygen qptake failéd-to:reveal~any=poffion
of oxidative metabolism which could be ascribed: to metabolic
activity linked to NaKMgATPase activity. |

After. a variety of isolation' techniques had failed
to produce a frgction of skeletal:muscle containing a clearly-
demonstrable NeKMgATPase, a procedure involving exposure of the
muscle homogenate to 2 M Nal was'successful in separating a
memBrane fraction exhibiting NaKMgATPase activity from rat
diaphragm and hind-limb muscle. - Whilst isolation of a 'pure’
enzyme was not made, the study: showed that the: properties of
the fraction isolated resembled:those described for

NeKMgATPases isolated frwm other mammalian tissues.
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CHAPTER ONE

INTRODUCTION

The ability of a cell to regﬁlate its own internal enviromment
is of prime importance if its functions are to be unimpaired.
.Whilst & passive barrier may serve to exclude large molecules, or

""""""" ~prevent their loss, contrql of smaller moleéules and ions cannof be

80 easily maintained. This proﬁlem is further complicated by the
changing needs of the cell, so that cation levels, for example, may
be constantly varying within the cell; thus, cells have evolved a
widé variety of mechanisms to regulate their cation contents. The
present study was undertaken in an attempt to elucidate the role
played by one such mechaﬁism, the 'sodium pump', in controlling
cation movements in mammalian skeletal muscle. The enzyme responsible
for the 'sodium pump', the NaKMgATPase, has been isolated from a wide
variety of tissues, though evidence of its existance in muscle has
been questioﬁed. It is clear, however, that like other tissues
muscle is capable of regulating its cation content, and that its
plasma membrane, situated in the sarcolemma, plays an important
part in this regulation.

The importancé of the cell boundary in regulating cell activity
has long been recognised; as early as 1855 Nageli introduced the
term 'plasma membran' to describe a surface layer of cells which
‘was self-healing and impermeable to dyes, and Pringsheim (1854)
suggested that the osmotic responses of a cell were due té a limiting
membfane.

With the introduction of radioactiﬁe tracers in the thirties,
much attention was concentrated upon the penetration of membranes

by labelled ions. Before the introduction of thesé useful tools
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it had generally been supposgd fhét'fhg differences in the ionic
content of the tissues and thét_of thé'surrOunding extracellular
'fluid (E.C.F.) could be explaingd:byivariations in permeability
of the cell membrane to these ions, indeed, it was believed that
the membrane.was impermeable to the sodium ion. The introduction
of 1abe11ed—sodium.showed that this was not the case, and new
explanations were-sought for the phenomena.

The first suggestion that the plasma membrane might contain
a méchanism capable of actively pumping sodium ions out of the cell
was probably made by Dean during discuséions at the Cold Spring
Harbor Symposiﬁm of Quantitétive Biology after papers by Steinbach
on potéséium movements in frog muscle (Steinbach, 1940), and Davson
on the cation permeability of erythrocytes (Davson, 1940). He
suggested that phenomena observed by both workers could be explained
by the.existence of such.a mechanism. Other workers returned to
this theme, Ussing (1949) suggested that potassium entry might be
linked with active sodium extrusion and Hodgkin (1951) suggested that
the resting potential and ionic concentration differences may be
ﬁaintained by a mechanism using a part of the cells metabolism to
eject sodium against the electrochemical gradient. The sodium pump
was first demonstrated by Lundberg and Oscarsson in nerve fibres in
1953, and the classical experiments of Hodgkin and Keynes in 1956
showed that the squid giant axon contained a coupled-pump, which
caused potassium uptake and sodium extrusion and contributed little
to the resting potential. In view of the major cation movements
found in skeletal muscle it would seem likely.that this tissue
would contain such an active pump, indeed, Dean (1940) had postulated

the sodium extrusion pump to explain the movement of the ion in
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skeletal mﬁscle. The extrusion of sodium ions and uptake of
potassium by muscle against their electrochemical gradients was
demonstrated by many workers (e.g. Conway and Hingerty, 1948;
Steinbach, 1951, 1952). That part of this mechanism was due to

the coupled-pump was indicated by the inhibition of these movements
by the cardiaé glycosides (Jghnsdn, 19563 Edwards and Harris, i957).
This work was mainly carried out using the classical frog

sartorius muscle preparation.

The amount of sodium extrusion which was caused by the pump was
for a loﬁg time a point of contention, and the role of exchange
diffusion was also widely disputed; Keynes and Swan (1959)
suggested that this could be responsibie for 50% of the sodium
efflux whilst others (e.g. Ling and Ferguson, 1970) felt that there
was no evidence for such a pump. .It is becoming clear that in fact
several mechanisms control sodium efflux, including the sodium pump
(Whittam and Wheeler, 1970; Horowicz, Taylor and Waggoner, 1970).
It is also clear that activity of each of these mechanisms is
largely dependent on the preparation used, and more particularly on
the treatment and conditions employed. The work of Sjodin and
Beauge, and of Horowicz and his co-workers, have shown that the
- age of the preparation, the medium in which it is incubated, and
particularly the internal sodium concentration of the tissue and
the ions present in the surrounding medium will all have major
effects on ion movements and will lead to conflicting results
(e.g. Sjodin and Beaugs, 1968; Horowicz et al, 1970). This is
hardly sﬁrprising considering the evidence that muscle may maintain
a constant electrochemical gradient for sodium (Conway, Kernan and

Zadunaisky, 1961; Fozzard and Kipnis, 1967; Williams, Withrow and
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Woodbury, 1971b) and that sodium pumping may also be dependent on
the transmembrane potential (Horowicz and Gerber, 1985; Fozzard
and Kipnis, 1967). Since the majority of the experiments undertaken
using muscle tissue have involved techniques using widely-varying
sodium and potassium concentrations, often the substitution of
other cations and/or the alteration of osmotic potential by the
addition of other materials, e.g. sucrose, it seems clear that the
anomaious results from sﬁch experiments a?e probably reflections of
differing actions of several mechanisms, some of which may'be.

reiatively unimportant or even absent in physiological conditions.

In this light, one approach made in the present study was to
select a mammalian skeletal muscle preparation which could be
maintained 'in vitro' in a state as closely resembling that 'in
vivo' as possible. Once this had been achieved, the modificﬁtion
of the conditions of the preparation in ways which were known to
affect the functioning of the NaKMgATPase should give some
indication of the importance of the role of this enzyme.

Two different approaches were used to measure the effect of
NaKMgATPase modifiers on the 'in vitro' preparation. In the
first instance, the change in.the cation content of the muscle
fibres were monitored, and thus the extent to which the NaKMgATPase
played a part in maintaining the low intracellular sodium, and
high intracellular potassium, of muscle tissue could be estimated.
Sécondly, the oxygen consumption of the 'in vitro' preparation was
studied, since in some tissues, notably kidney and brain, it has
been possible to demonstrate that a substantial portion of oxygen

consumption was intimately linked with supplying energy to the
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active sodium pump (e.g. Whittam, 1964; Willis, 1968), and that
inhibition of this sodium pump would in turn lead to a
measurable reduction in oxygen consumption.

In addition to 'in vitro' studies of physiological
preparations, attempts were made to isolate a membrane fraction
from skeletal muscle which exhibited the properties of the
NaKMgATPase.

Since Skou first identified the enzyme responsible for the
sodium~-potassium active exchange mechanism (Skow, 1957) a great
deal of work has been undertaken to establish the location and
the mechanism of this pump. The same wquer has written a
detailed account of the properties and nature of the enzyme system
(Skou, 1965) and more recent advances have been reviewed by
Whittam and Wheeler (1970), Oxender (1972), Dahl and Hokin (1974)
among others, whilst many authors have included reviews in
monographs and compilations, e.g. Cole (1968), Jarnefelt (1968),
Wallach (1972).

The enzyme-has been isolated from a wide range of tissies;

- Bonting et al (1961) were able to detect its presence in twenty-nine
out of thirty-six tissues from the cat. The general properties of
the enzyme are that it hydrolyses ATP to ADP and Pi in the presence
of magnesium, it is stimulated by the_presence of sodium and
potassium together but activity is inhibited by calcium or cardiac
glycosides (Skou, 1965). Maximum activity is obtained when the
sodium concentration is 100 mM or higher (8kou, 1957) and whilst

the potassium concentration required for maximum activity varies
with the sodium concentration, it is generally below 20 mM when

the sodium concentration is 100 mM. The pH optimum for the enzyme
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system is 7.5 - 7.6 (Bonting et al, 1961; Dunham and Glynn, 1961).
Skou (1965) pointed out that though he had a first postulated
an adenosine triphosphatase, i.e. a single enzyme, the growing
evidence pointed to an enzyme system rather than an individual
protein. The picture was further confused by the existence of
MgATPase, an enzyme which utilized ATP and required magnésium ions,
but was not synergistically stimulated by the presence of sodium
" and potassium. This concept of an enzyme system has been borne out
by later work, much of which has been directed towards an analysis
of the various stages of the NaKMgATPase action. Various phosphatgses
were demonstrated in microsomal preparations which would hydrol&se
various éubstrates, e.g. p-nitrophenylphosphate (Ahmed and Judah,
1964; Albers and Koval, 1966), acetyl phosphate (Bader and Sen,
19663 Sachs, Rose and Hirschowitz, 1967; Robinson, 5970) and were
suggested to be part functions of the NaKMgATPase complex. This
has been strengthened by the work of Towle and Copenhaver (1970)
and others_who have produced highly-purified NaKMgATPaées
containing undiminished potassium-stimulated phosphatase activity.
A sodium~activated ATP-ADP-exchange'activity (Fahn, Koval and
Albers, 1966) is also believed to represent part of the complex
(Whittam and Wheeler, 1970; Banerjee and Wong, 1972; Banerjee,
Wong and Sen, 1972). - The use of various reagents and drugs which
will alter various part functions of the complex, e.g. ouabain-
and nuclebtide-binding capacities, has led to an increased
understanding of the complex. Notable papers discussing this
area are those of Atkinson, Gatenby and Lowe (1971); Siegel and
Goodwin (1972) and Erdmann and Schoner (1973b) as well as the

reviews previously mentioned. ATP is believed to act as an
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activator as well as a phosphate donor (Post, Hegyvary and-Kume,
1972; Siegel and Goodwin, 1972). There is also evidence that the
NaKMgATPase can be reversed, i.e. that 'downhill'.movements of
sodium and potassium can lead to incorp&ration of Pi into ATP by
the enzyme complex (for review see Whittam and Wheeler, 1970).
Though fhis enzyme complex had been the subject of intensive
research for the past decade, remarkably little was known of its
locality and functions in skeletal muscle by 1968 whén this study
was commenced. Work had naturally been concentrated on the frog
leg muscles, thqugh there had been studies made on a variety of
mammalian tissues. Whilst studies on 'in vivo' and 'in vitro'
preparations of whole muscle had demonstrated fhat cardiac
glycosides would cause a marked increése in internal sodium level,
and a fall in potassium, a convincing NeKMgATPase fulfilling the
general properties described earlier had not been demonstrated in
isolated fractions using a universally-repeatable technique.
Follpwing the failure in the present study to produce any
demonstrable NeKMgATPase activity using techniques reported in
the literature (e.g. Samaha and Gergely, 1965, 1966; Rogﬁs, Price
~and Zierler, 1969), preparations of membranes were made from rat
skeletal muscle using a variety of methods found elsewhere to be

effective in isolating NaKMgATPases from other tissues.



CHAPTER TWO

STUDIES OF THE SODIUM AND POTASSIUM CONTENTS OF

RAT DIAPHRAGM MUSCLES IN 'IN VITRO' CONDITIONS

Introduction

The use of 'in vitro' preparations has greatly helped in
determining the effects of a variety of different agencies upon the
characteristic properties of a tissue. Indeed, 'in vitro!' sfudies
have been essential in determining those functioﬁs of a tissue
that are intrinsic and those that are controlled from an extrinsic
site. One problem of 'ig.ziggé"studies is to ensure that thé tissue
is functioning as it would 'in vivo', so that experimental findings
are not merely artefacts. | |

It was necessary, therefore, before undertaking studies of the
effects of various conditions upon the cation balance of the
diaphragm muscle to establish a preparation which could maintain
the 'in vivo' intracellular cation contents. To this end,
preliminary investigations were undertaken to produce such a
preparation following earlier work in the literature.

When this had been achieved, studies on the effect of ocwabain,
an inhibitor of the NaKMgATPase, ethacrynic acid, a diuretic agent,
and rose bengal, a photobxidant, Were undertaken in an attempt to
elucidate the role of the NaKMgATPase in maintaining the cation
balance in skeletal muscle.

The maintenance of mammalian muscle 'in vitro' that shows the
properties of the 'in vivo' condition has‘long pro&ed difficult.
Much work has been"undertaken in attempting to discover the various

factors which are required for this 'in vitro' maintenance, and
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whilst much has sfill to.be done,.there have emerged several
important findings, which have led to improved 'in vitro'
preparations. Though many of these findings ha&e been inter-
related, and complicated by differences in approach, conditions
and preparations selected, there nevertheless have emerged the
following priorities in selection and incubation of a preparations:-

(1) A thin, intact muscle

(2) A high oxygen tension

(3) A saline.containing bicarbonate ions

(4) A saline containing serum proteins.

Selection of a thin preparation is essential if the high oxygen .
supply essential to memmalian muscle is to reach all parts of the
preparation, as calculations of diffusion rates (e.g. Hill, 1928)
will show. Suitable preparations in the rat are the diaphragm.
muscle and the extensor digitorum lohgus. If the diaphragm muscle
is used, however, it has been common préctice to trim the muscle
away from the ribcage, vertebrae and xiphisternum, which leads to
damage of many of the muscle fibres.

Faimis (1962) has described how isolated muscles 'in ¥itro'
show gross deterioration and altered function, aﬁd Barstad and
Lilleheil (1968) have shown that resting potential declines near to
the ends of damaged fibres, and that this decline spreads through
the entire fibre when even only one end of the fibre is damaged.
The same authors also demonstrated a marked shrinkage in the
diameter of cut.fibres, in the région of 30% reduction of the
original diameter. Aebi (1953), Creese (1954) and many others
have also shown that cut diaphragm preparations are incapable of

maintaining their 'in vivo' sodium and potassium concentrations.
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This.decline in the preparation ié so rapid that often within five
minutes of isolation the muscle is no longer capable of cinducting
an action potential (Barstad and Lilleheil, 1968). Kipnis and Cori
(1957) described an intact diaphragm preparation, modified from
that of Blulbring (1946), in which none of the muscle fibres were
cut, and demonstrated that this closely resembled 'in vivo' muscle
in many respects, including total tissue water confent,
intracellular and extracellular spaces and rate of pentose uptake,
and Creese (1968) described a modified preparation of rat diaphragm
which was capable of maintaining resting potential and sodium and
potassium contents. A similgr preparaiion was therefore selected
for this study.

Calking, Taylor and Hastings (1954) showed that hypoxia in the
rat diaphrégm caused a rapid fall in tissue potassium, an& in the
same year Creese found that potassium loss could only be avoided if
a stream of 02/002 gas mixture was directed on to the preparation
(Creese, 5954). Creese, Scholes and Whalen (1958) showed that
hypoxia led to depolarisation of the central fibres of their
diaphragm pfeparation, and that for adequate oxygenation bubbles of
éxygen must continuously impinge directly upon the preparation from
both sides. Creese has devised a simple chamber in which resting
diaphragm muscle under tension can be incubated in conditions
giving adequate oxygenation (Creese and Northover, 1961).
Constantine and Kostyo (1961) have claimed, however, that their
diaphragm preparation maintained 'in vivo' potassium content
without this special oxygenation fechniqué, gassing the medium

with 95% O2 s 5% CO2 mixture proving satisfactory.
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That muscle tissues require bicarbonate ions in the

incubation medium has also been clearly demonstrated. Rona and
Neukirch (1912) had demonstrated that full maintenance of the
spontaneous contnﬁétions of rabbit intestine was only seen in
bicarbonate~buffered medium, and that this phenomenon could not

be explained by the pH of the saline. In 1950 Creese.shoﬁed that
the same held true for isolated rat diaphragm, and that this action
was not due to carbon dioxide used in aeration but that the
bicarbonate ion itself played some role. He sﬁggested that the
influence of the ion may be exerted via the metabolism, or by
altering the intracellular pH of the muscle. That the COa-bicarbonate
'éystem is an important metabolic regulator is well known. It has
been thought, however, that muscle cells were virtually indifferent
to extracellular bicarbonate conditions, although freely permeable
to carbon dioxide (Conway, 1957). Adler, Roy and Relmen (1965a)
have shown that in fact internal pH is sensitive to external
bicarbonate as well as carbon dioxide, and have gone on to
demonstrate that cellular pH is a complex function of carbon
dioxide partial pressure and bicarbonate concentration (Adler, Roy
and Relman, 1965b) though the influence of bicarbonate need not be
as the direct result of the movement of bicarbonate ions across

the membrane itself but may reflect movements or hydrogen or
hydroxyl ions. Burnell (1968) and Roos (1971) have supported this
work. Randle (1957) pointed out that in anaerobic conditions the
increase in glucose uptake by rat diaphragm is marked in bicarbonate
buffered saline, but not seen in phosphate-buffers. Bicarbonate has

also been shown to regulate the passage of citrate through the
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mitochondrial membrane (Simpson and Angielski, 1973). Caldwell
(1968) has pointed out that the bicarbonate distribution does

not fit the Donnan equilibrium, suggesting an active role for the
ion. Hodson (1971) has producéd evidence that the sodium pump

of the corneal epithelium is dependent upon the presence of
bicarbonate ions. In view of the role pf bicarbonate ions recorded
in several tissues (see Wareham et al, 1973) it may be that their
presence is fundamental in the maintenance of nofmalwmembrane
permeability.

In 1954 Carey and Conway noted that frog muscle incubated in
serum had a low sodium content. Creese and Northover (1961) also
found this to be true for their rat diaphragm preparation and
were able to show that the level of fibre sodium was reduced when a
crude élobulin fraction of serum was present in the incubating
medium. Without this serum extract there was a steady rise in
fibre sodium during the course of the incubation, and Creese (1968)
has demonstrated that the primary effect of the serum proteins is
to reduce permeability of the membrane to sodium ions. He suggests
that the protective action of the proteins is due to their ability
to chelate heavy metals, present in trace amounts in the saline.
Kernan has reported a slight hyperpolarisation of the resting
potential in skeletal muscle fibres of the frog (Kernan, 1960) and
the rat (Kernan, 1963) when kept in plasma, and Akaike (1971)
-produced evidence of an increased action potential in serum-
incubated rat muscles.

Since these factors appeared to be extremely important for
the maintenance of 'in vitro' preparations of manmalian muscle in

6ptimum conditions, preliminary work comnsisted of attempts to
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produce experimental conditions which ihcluded them all. The rat
diaphragm appeared the obvious choice of preparation, and the long
and thorough researches of Creese.and his associates (see
particularly Creese, 1968) greatly facilitated this work. In order
to obtain the thin préparation required, diaphragms from weanling

rats were used in incubations.

Materials

The rats used in these experiments were male albino rats, of
the CFHB strain, either pﬁrchased from Carworth Europe or bred from
stocks of this strain. Unless otherwise stated, they were used for
experimental purposes when weighing between 40 and 65 g. They were
fed ad libitum on Oxoid Breeding Diet pellets, and had unrestricted
access to water.

Ouabain octahydrate (strophanthin—G) was obtained from Sigma
Chemical Corporation; tetrabromtetrachlor-fluorescein (rose bengal)
from G.T. Gurr, London; ethacrynic acid was kindly supplied by
Merpk, Sharpe and Dohme Ltd.; all other reagents were of 'Analar'
grade and supplied by British Drug Houses Ltd. All watér was
glass-distilled. Serum was obtained from fresh pig's blood from a
local slaughterhouse.

For radioactivity determinaﬁions inulin (carboxylic acid—14C)
was obtained from the Radiochemical Centre, Amersham;
2,5-diphenyloxazole (PPO) from Sigma Chemical Corporétion;

naphthalene and 1,4-dioxan (scintillation grade) from B.D.H. Ltd.

Methods
1. Preparation of media.
The saline used was based on Krebs Bicarbonate Saline (Krebs

and Henseleit, 1932) containing 118 mM NaCl, 5.9 mM KC1,
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1.2 mM Mgso’q, 25 M NaHCO,, 1.25 mil NaHO,, 1.25 uM CaCl, and

2 g.l-1 of glucose. The pH of the medium was adjusted to pH 7.4
at 37°C by the addition, where necessary, of a small amount of
dilute hydrochloric acid.

Serum was prepared from fresh pigs blood which was stored at
room temperature (¢ 20°C) for 24 hours to allow clotting to occur.
The remaining liquid was theﬁ centrifuged.for 15 minutes to give a
clear serum and a pellet of blood cells which was discarded. It
was found necessary to maiﬁtain the temperature of the serum at 20°C
up to this point to prevent haemolysis of the_erythrocyﬁes with
consequent contamination of the serum.

The clear serum was dialysed in visking tubing against two
changes of distilled water and then three changes of the bicarbonate
saline at 4°C for at least 24 hours. The sodium and potassium
contents of the serum were measured by means of an S.P. 90 atomic
absorption spectrophotometer (Pye Unicam Ltd.) to ensure that
equilibration with the saline was complete. Further saliﬁe was then
added as necessary to give a final solid content of 77 mg/ém?(saltsﬂand
serum proteins), corresponding tp that of the serum before dialysis.

3

The serum was stored at -20°C in 50 cm” aliquots until.required.
All media were stored without the addition of the glucose, and

before use the media were brought to a temperature of 37°C, pre-

equilibrated for at least 15 minutes with a mixture of 95% 02 :

5% COZ’ and the pH determined, after the addition of any special

reagents and the glucose.
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2. Preparation of diaphragm

The rat wés killed by a blow on the head followed by cervical
dislocation. The intact diaphragm was rapidly removed following the
method of Kipnis and Cori (1957) and placed in oxygenated saline in
a petri dish which was water-jacketed to maintain a temperature of
37°C. Excess tissue was trimmed away, and the diaphragm bisected
as shown in Fig. 2:1 (cut No. 1). The vertebra, with the attached
lumbar muscles, was then removed as shown in Fig. 2:1 (cut No. 2),
these radial cuts ensured that as few as possible of the muscle

fibres of the figay:%hemidiaphragm preparations were damaged.

xiphisternum

muscle tissue Fig. 2: 1 Diagram of

tendon intact diaphracm,

rib and
costal
muscle

ventral aspect.

vertebra

The hemidiaphragm was kept in the oxygenated saline until
transferred to an incubation chamber, this transfer occurring at

the latest three minutes after the death of the animal.

3+ Incubation of hemidiaphragm

In preliminary exéeriments the hemidiaphragm were incubated
in simple flasks at 37°C containing 25 cm3 of bicarbonate saline,
which might then be shaken. When these methods were found

unsatisfactory, the incubation chambers shown in Fig. 2:2 were adopted.
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These two chambers, of which only one is illustrated, were a
modification of the type of chamber used by Creese and Northover

(1961), each containing 25 om

of the appropriate incubation medium.
The preparation was held by a hook, attached to the aeration tube,
through the central tendon material below, and by a double hook
through the costal muscle (but not the diaphrgggQﬁibrgﬁ) above.
To maintain tension in the diaphragm threads fr§m the double hook
led to a clip weighing approximately 8 g. A continuous stream of:
fine bubbles of a 95% O2 s 5% 002 gas mixture passed over both sides
of the suspended hemidiaphragm from the aeration tube, which consisted
of glass tubing tipped by fine polythene tubing containing tighly~
packed fibres of glass wool to act as a diffuéer. Excegsive
frothing of the mediﬁm was reduced by means of a ring of silicone
(Antifoam A, Hoﬁkins and Williams Ltd.) applied to the inner surface
of the chamber approximately 2 cm above the surface of the medium.

The two chambers were clipped into a box, light-tight apart
from one aperture 3 cm ip diameter, 6 cm from the chambers, through
which light from & 100 watt bulb could fall on to the heidiaphragus.
This light gave an illumination of 5,000 lux at the muscle surface,
measured by means of an EEL Lightmaster photometer, and was only
used in experiments with rose bengal. |

All incubations took place at 37°C.(t 0.1°C) in a Shaking
Reaction Incubator (Gallenkamp Ltd.) at a shaking rate of one
complete stroke.per second; the construction of the box was such
that the water flowed freely past the incubation chambers whose

internal temperature was maintained at 37°C 5 0.2°C.
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Fig., 2: 2 Incubation of intact hemidiaphragms

For greater clarity only one of the incubation
chambers is shown. The water bath was maintained at
37° ¥ 0.2°C. The light source was only used in
experiments using rose bengal, and the aperture

(distance a) was sealed when light was to be excluded.

Distance a = 3 cms

Distance b = 6 cms
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4, Analysis of muscle contents

The hemidiaphragm was withdrawn from the medium and tendon
and rib quickly cut away. The muscle was rapidly blotted on
both surfaces on Whatman No. 40 filter paper, divided into two,
and each part placed in a dried, weighed boiling tube which was
then reweighed to establish the wet weight of the muscle to an
accuracy of 0.1 mg. The muscle was then dried to a constant
weight at 70°C in a vacuum oven to determine the water content.
The to£a1 sodium and potassiﬁm contents of the tissue were
determined by a modification of the leaching technique of Kostyo
and Schmidt (1963). Portions of diaphragm muscle were rapidly
blotted on both sides on Whatman No. 40 filter paper and then
placed in 10 cm3 aliquots of deionised water, obtained by passing
glass-distilled water through an Elgastaf Deionizer. Leaching of
the cations from the muscle into the deionised water had reached
equilibrium within_twenty-fbur hours, the concentrations of
cations being determined by means of an S.P. 90 Spectrophotometer
(Pye-Unicam Ltd.). In many experiments the sodium and potassium
contents were also determined by ashing a portion bf muscle in a
muffle~furnace at 350°C for tﬁenty-four hours; the ash was then
dissolved in deionised water and cation contents detérmined by
spectrophotometry. The results obtained by the two techniques
were indistinguishable. Control measurements were made to.ensure
that leaching of Sodium and potassium from the walls of the glass
tubes was insignificant (_ 1% of the values measured in all cases).

Determinations of the sodium, potassium and water contents

of the diaphragm muscle 'in vivo' were also made. Diaphragms of
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freshly-killed rats were rinsed for thirty seconds in bicarbonate
saline and then treated in a similar manner to the incubated

preparations.

5. Estimation of extracellular space

The extracellular space of the muscles was estimated using
inulin—140 obtained as a freeze-dried solid. The inulin was
dissolved in the various incubation media to give an activity of
approximately 1 uCi/me, and diaphragm muscles were incubated
therein in the usual manner. Preliminary experiments showed that
inulin—140 entry into the muscle appeared to have reached an optimum
within one hour, with further uptake apparently paralleling the
gradual uptake of saline as the tissue deteriorated.

After incubation was completed the hemidiaphragm was rinsed
for ten seconds in bicarbonate saline, blotted rapidly on both sides
with Whatmans No. 40 filter paper and then dissected. Two pieces
were removed from the central portion of each Hemidiaphragm, each
piece weighing approximately 10 mg, to avoid 'edge effects' (Harris
and Burn, 1949), and a 0.2 cm3 sample of the incubation medium was
also taken. The ﬁuscle was placed in a pointed-~bottom centrifuge

3

tube, its wet weight determined, and then 0.2 cm” 5N potassium
hydroxide was added. After 24 hours the muscle had completely
dissolved, and was ready for radioactivity measurements.

Counting was performed on a Beckman LS-ZOCB Liquid Scintillation
system, using a 14C igso-set. The 0.2 cm3 samples of incubation
medium or dissolved muscle were placed in a scintillation tube

3

containing 10 cm” of Beckman 'Cocktail D', composed of 5 g
2,5 diphenyloxazole, 100 g naphthalene in 1y4-dioxan giving a final
volume of 1 litre. As the counting was performed at ambient

temperature no antifreezing agent was required. Quenching was

€
&
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measured, and found to be significant so quenching calibration
curves were constructed using the combined external standard -
channels ratio method. Counting efficiency was between 71% and
78% for muscle samples, and 75.5% and 76.5% for samples of
medium; background counts were taken overnight and subtracted
from experimental counts.

The extracellular space was calculated, based on the
assumption thét it was the only portion of muscle penetrated by
the inulin. The concentrations of sodium and potassium in
the extracellular space were assumed to be the same as those in
the incubation medium, thus permitting calculation of the

sodium and potassium contents of the muscle fibres.

Results

The estimations of the diaphragm cation contents 'in vivo'
gavermean values of 49.6 m.moles.kg—1 wet wt for sodiuﬁ, and 86.3
m.moles,kg_q wet wt for potassium. Before an 'in vitro!
preparation could be consideped adequate, theréfore, it.must be
capable of maintaining cation conceﬁtrations which were not
. significantly different from these values.

The results in Table 2:1 show that a simple prep;ration, in
which the intact diaphragm was kept at 37°C in a well-oxygenated
bicarbonate saline was by no.means satisfactory. When the medium
was stirred solely by the columns of 95% 0, 3 5% CO, gas mixture
bubbles there was a rapid increase in sodium, and fall in
.potassium content, to mean values of 70.7 m.moles.kg-1 wet wt
and 68.2 m.moles.kg-1 wet wt respectively in one hour of

incubation. When the stirring of the medium was increased by
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placing the incubation chamber in a metabolic shaker the sodium
uptake was reduced to a great degree, as was potassium loss, but
the final cation contents of 61.5 m.moles kg-1 wet wt for sodium
and 79.7 for potassium were still significantly different from
those of the 'in vivo' muscles. Further efforts were made to
improve the iﬁcubatioﬁ technique, alminating in the development
of the apparatus shown in fig. 2:2.

As can be seen from Table 2:2, this incubation procedure was
much more effective in maintaining the cation contents of the
diaphragm. When the bisected diaphragm was incubated in
bicarbonate saline for one hour at 37°C, the sodium content rose
to a mean value of 57.4 m.moles kg-1 wet wt, whilst potassium fell
very slightly to a mean value of 82.9 m.moles kg-1 wet wt.

There was, however, a rige in water content from a mean value 'in
vivo' of 727 g kg | wet wt to 750 g kg™ | wet wt. Since this
increase might bé either extracellular in nature, or an increase
in fibre water, or both, and since an extracellular increase would
naturally lead to higher apparent sodium content and lower
potassium content of the muscles, as these were the conditions

in the saline, it was obvioué that studies of the volumes of the
extracgllular space, and the fibre water conteﬁt, would have to
accompany cation determinations.

- Incubation in serum (Table 2:2 (c)) was much more effective
in producing 'in vivo' concentrations in the bisected diaphragms,
with water, sédium an&'potassium contents after one hour of
incubation which were not significantly different from those
measured in the freshly-dissected muscles. This indicated the
suitability of the apparatus, which was therefore used throughout

-these investigations.
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TABLE 2:1
Effects of inadequate oxygenation upon total sodium and

potassium contents of incubated rat diaphragms

Muscle treatment Total Nat content Totail K* content

m.moles kg-1wet wt  m.moles kg-1wet wt

A. 'In vivo' : 49.6 ¥ 1.2 (12) 86.3 X 1.3 (12)
B. Unshaken 20.7 £ 3.0 (8) 68.2 £ 1.8 (8)
C. Shaken 61.5 £ 1.8 (8) 79.7 ¥ 1.2 (8)
p A-B .001. - .001

A-C .001 .01

Values expreSsed as means + S.E.M. (no. of expts.)
Muscles 'A' taken from freshly-killed animals and rinsed.
Muscles ;B' and 'C' incubated for 1 hour at 37°C in Krebs
bicarbonaté saliﬁe; pH 7.4, oxygenated by continuous
bubbling with 95% 62 : 5% co, (not impinging directly

upon muscles)
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TABLE 2:2
Total sodium, potassium and water contents of hemidiaphragms
'in vivo', and when incubated in saline, serum, or saline

containing 107> M ouabain

0 content Total Na+_content Total K+ content

7

Muscle treatment Total H

(g kg~ ' wet wt) (m.mole kg~lwet wt)(m.mole kg~ lwet wt)

A. 'In vivo' 727 £ 2.6 (6) 49.6 T 1.2 (12)  86.3 ¥ 1.3 (12)
B. Saline 750 ¥ 4.1 (8) 57.4 £ 1.2'(125 82.9 ¥ 1.2 (12)
¢. Serun 730 I 4.2 (8) ¥7.9 £ 1.5 (11) 86.9 2 1.2 (9)
D. Ouabain 763 L 3.3 (7) 72.8 2 1.6 (12)  67.3 % 1.0 (12)

A - B .01 «001 N.S.

A-cC "~ ne.s. ' NeS. NeSe

B=~C .01 .001 N.S.

B-D .05 .001 . .001

Values expressed as means ¥ s.E.M. (no. of expts.)

A~ muséles taken from freshly-killed animals and rinsed.
Muscles B, C, D all incubated for 1 hour at 37°C (pH 7.4)

as shown in fig. 2:2, directly oxygenated by 95% voa s 5% 002
gas mixture in

B '~ Krebs bicarbonate saline

C = Krebs bicarbonate saline containing dialysed pig serum

D - Krebs bicarbonate saline containing 07 ouabain
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Estimation of the volume of the extracellular space, that
is, that portion of the muscle not inside the fibres, was made
using inulin-14C. Assuming that the ionic concentrations in
the extracellular space were those of the bathing medium, this
technique permitted calculation of the water and cation
concentrations within the fibres; the results of such
determinations are shown in Table £:3 for saline-and serum-
incubated hemidiaphragms. The inulin space can be seen to be
significantly smaller in those muscles incubated in serum, and
calculations indicate-that there would probably be a significantly
larger fibre water content when expressed as a proportion of the
wet weight, a surprising finding. The presence of the serum
proteins in the extracellular space are a complicating factor,
not only may they influence the penetration of the inulin but
they also contribute significantly to the increased total solid
content recorded in the serum-incubated muscles, and hence
directly alter the dry to wet_weight ratio. When the extracellular
values are all§wed for, and the ratio of fibre splids to fibre
water is determined, it is clear that there is no significént
difference between saline- and serum-incubated muscles in this
respect. Hence it seems improbable that there is any significant
increase in uptake of water by fibres incubated in éerum in
comparison with those in saline.

The results obtained did appear to indicate a significantly
lower uptake of sodium ﬁy fibres incubated in serum, and though
variation from one diaphragm to anqther was relatively large,

this reduced uptake was probably significant when expressed per
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gram fibre water. There appeared to be no éignificant difﬁerences
as far as potassium was concerned, there being apparently no
significant loss of potassium in either condition.

- These results clearly confirmed that to a great extent the
problems of maintaining an 'in vitro' preparation had indeed been
overcome, and that it closeiy resembied the preparation of Creese
(e.g. 1968). - The effect of variéus reagents upon the preparation
were then tested.

As has been shown by many workers, the NaKMgATPase
inhibitor ouabain has marked effects upon sodium, potéassium and
water contents of incubated tissues, and when ’IO-3 M ovabain was
present gross changes in cation content were observable in the
incubated diaphragm (Table 2:3). There was a marked increase in
the water content, primarily:due to uptake of water by the fibres,
and a rise in sodium and fall in potassium contents. In a
parallel series of experiments to those reported in Table 2:3
the effects of ’IO"3 M ouabain in serum-incubated muscles were
determined, and values almost identical to those in Table 2:-3 were
observed; thus any possible improvement in sodium balance in
serum appeared to have been abolished by the"lO"3 M ouabain.

The ﬁarked rise in fibre water content might be expected to lead

to an increased fibre sodium content and a reduced fibre

potassium content. It can be seen that there is a marked increase

in fibre sodium even wheﬁ expressed per gram fibre water, and
similarly a marked fall in fibre potassium when similarly

expressed, indicating that more than the'simple entry of extracellular
medium_into the fibre,_or some new or enlarged space, is involved,

since this would lead to a rise in fibre sodium of the order of



TABLE 23 3 TFibre water, sodium and potassium contents of

hemidiaphragms incubated in saline, serum or

saline plus ’IO-'3 ouabain

Incubation & .
conditions Saline

Inulin space 208 = 8.7(11)
(emdkg=1 wet wt)

Fibre water 543 ¥ 9.1
(g kg~ wet wt)

Fibre solids +
(g kg~lwet wt) 249 = 3.5

-1 ps
(g ke flﬁg& 458 * 10.0

Fibre Na* .
(m.mol‘%e ;%) 27.2 = 1.7
(m°¥g%§ekﬁéo) 50.1 - 3.3
ibre K* |
m.mole K& wt). 80.1 ¥ 1.2

R
- (mpmgle KEG)  qu8.k ¥ 3.3

172 =

570 £

258

452 =

‘l 23.0

4Ok

85.0
149.1

B

Serum

6.4 (8) 186 = 6.0 (11)

7.4 .

3.
8.

(R

i+ 14

5
8

1.6
2.9

1.2
2.8

-C
Quabain

578 t 6.4

236 ¥ 3,5
408 ¥ 7.6

1+

1.8
3.2

45.8
79.2

66.2
114.5

1.0
2.2

1+ 14

Values expressed as means, = S.E.M. (no. of expts.)

All muscles incubated for 1 hour at 37°C, as shown in fig.
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NeSe

NeSe

NNeSe .

NeSe

at pH 7.4 directly oxygenated by 95% 0, ¢ 5% 002 gas mixture, in

A - Krebs bicarbonate saline

B - Krebs bicarbonate saline containing dialysed pigs serum

C - Krebs bicarbonate saline containing ’IO_3 M ouabain

.05
001"

.001
.001

.001
.001
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5 m.moles kg—1 wet wt. The rise in sodium content of the fibre
over the inéubatory period was 18.6 m.moles kg-1 wet wt.

Before the effects_of the other reagents were monitored,
there was a six months hiatus in these 'in vitro' experiments
whilst work concentrated on the experiménts descfibed in
subsequent chapters. Hence, when the effcts of ethacrynic acid
and rose bengal were to be determined, a new series of control
experiments were also performed. As Table 234 shows, later
analysis of the control results indicated that this new series
had a significantly lower sodium content than the earlier series,
total sodium being 51.3 m.moles kg-1 wet weight as against 57.4
m.moles kgf1 wet wt. (p < 0.1). There was, however, no
significant differences in the potassium or water contents of
these muscles. New determinations on non~incubated muscles to
determine 'in vivo' levels showed sodium levels of 45.9 b 1.5 (8)
m.moles kg’1 wet wéight, a marked reduction from 49.6 m.moles
kg~ ' previously recorded (Table 2:1), whilst potassium (84.8
¥ 1.6 (8):m.moles kg-1) and water (724 ¥ 3.3 g kg-1) ;ontents
were not significantly different from those previously found.
These new values were therefore adopted for the following experiments.

As might be expected, ethacrynic acid (’IO"J1L M) cﬁused a
marked uptake of water by the incubated diaphragm, and a
significant reduction in extracellular space indicated that this
reflected a large increase in fibre water content, of the order
of 20%. As was found with ouabain, this increase in water content
was also accompaﬁied by significant gains of sodium.and loss of
potassium which occurred steadily over the period of incubation
(fig. 2:3). That these changes were also due to changes in the

sodium and potassium contents of the fibres themselves is clearly
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shown in Table 2:%,.ethacrynic acid=exposed muscles having
approximately 64% higher sodium, and 28% lower potassium in
their fibres when expressed as m.moles kg'-1 fibre water.
Ethacrynic acid, therefore, also interfered with the fibres'
ability to regulate cation balance, as well as tissue water.
Calculations will show, however, that the increased entry of
extracellular medium into an unmonitored space could lead to an
increase in apparent fibre sodium content of up to 15 m.moles
kg-1 wet weight. The increase in sodium content measured here
was 19;3 m.moles kg-1 wet wt.

Rose bengal, the photooxidant; was the next reagent tested
and because of its light-sensifive effects recorded elsewhere the
incubations took place in the light;régulated box described earlier.
Determinations were made in the presence or absence of light, and
preliminary investigations showed that the light intensity used,
5,000 lux at the muscle surface, was not in itself detrimental to
the cation or water regulation (Table 2:5B). If the incubations
took place in the dark rose bengal, at a concentration of"lO-L+ M,
also did not appear to affect the total sodium, potassium or water
contents of the muscle (Table 2:5C). It was notiéed that the
preparation took up the rgagent, and when the muscle was dissected
free from the rib uﬁder a light source it gave vigorous twitches.
Often these twitches would occur "'spontaneously", that is, before
the dissection had actually commenced but when the preparation had
been illuminated. This appeared to suggest that this was a
photooxidation effect upon the preparation. When incubation took
place in the presence of both light and rose bengal (Table 2:5D,E)
.ghere-was clearly a change in cation regulation, for one hours

incubation with ’IO-L+ M rose bengal cause a 54% increase in total
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TABLE 2 : 4 Effect of @) 10~ u ethacrynic acid, (ii) 10~ M
rose bengal and 5,000 lux iilumination, on water, sodium and

potassium contents of incubated rat diaphragms

Incubation
conditions A B ¢ p
10’4M ethacrynic
acid - s - A-B
10‘4M rose bengal
+ 5,000 lux - - R

Inulin space (cm>
kg~1 wet wt) 208 £ 8.7(11) 138 T 1.6(8) 173 * 6.0(8) .00

Total H,0 (g

kg™l wet wt) 756 X 3.7(8) 778 5.5(8) 756 ¥ 1.8(8) .o
Fibre 5,0 (g . .
kg~1 wEt wt) 549 T 8.9 641 £ 9.0 583 8.3  .001
Fibre solid (g N + .
kg~1 wet wt) 243 < 3,8 221 = 6.3 243 I 4.5 .01
(g kg"'1 fibre + + ' +
H,0 443 ¥ 10.0 345 210.5 W6 9.7 001

Total Na'(m.mole + + +

kg™ wet wt) 51.3 = 1.3(8)  60.4 = 3.1(8) 79.0 ¥ 2.5(8) .05
Fibre Na' (m.

mole kg~Twet wt) 21.1 ¥ 1.8 bot ¥ 3,2 54.0 ¥ 2.7 .001

(m.mole kg~?
fibre H,0) 38.4

4

3.4 63.0 ¥ 4.9 92.6 T b9 .01

'Tota% K* (m.mole
kg ' wet wt) 81.4

1+
14
14

1.4(8)  68.4 = 1.6(8) 61.2 = 1.3(8) .001
Fibr% Kt (m.mole + . .
kg ' wet wt) 80.2 = 1.k 67.6 = 1.6 60.2

14

1.2 001
(m.mole kg~? . . .
fibre HZO) 146.1 = 3.5 106.0 = 2.7 103.3 = 2.7 001

¥alues expressed as means - S.E.M. (no, of expts.). All muscles
incubated for 1 hour at 37°C, @ shown in fig. 2:2, at pH 7.4,
directly oxygenated by 95% O2 $ 5% 002 gas mixture, in

A - Krebs bicarbonate saline -

B - Krebs bicarbonate saline containing 10 ' M ethacrynic acid

C - Krebs bicarbonate saline plus 10~ M rose bengal,
illumination at the muscle surface being 5,000 lux.

New 'in vivo' values for hemidiaphragms from freshly killed rats:~

Total water, 724 ¥ 3.3 (8) g kg1 wet wt; Total Na+, 45,9 1.5 (8)
m.moles kg~ wet wt; Total K¥, 84.8 * 1.6 (8) m.moles kg™ wet wt.

B-C

.01

NeSe

.001

.001

.001

.001

-001

.001
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Fig. 2 : 3 Effect of 10~ M ethacrynic acid
on sodium uptake and potassium loss

of incubated rat diaphragm

Values are means of six to eight determinations.

All incubations at 37°C and aerated by 95% ()2 : 5% 002

(pH 7.4). Graph shows sodium uptake in the absence ([J-=-[])
and the presence (O—O) of 10~ M ethacrynic acid, and
potassium loss in the absence (X- --X') and the presence

(V—Y/) of 10~ M ethacrynic acid.
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TABLE 2 : 5 Effect of rose bengal and/or illumination on

total sodium, potassium and water contents of incubated rat

diaphragms
Incubation conditions Total Nat Total xt Total H%O
Light Rose bengal content content conE?n
5000 Tux 10-5H 10n§'M (m_._r’rlnoles (m.._gl'noles (g kg
kg™'wet wt) kg~ lwet wt) wet wt)
A - - -~ 513 X 4.3(8) 81.4 E 1.(8) 756 ¥ 3.0 (8)
B - + - - 52.3 2 1.5(6) 82.9 % 1.8(6) 750 * 2.8 (6)
'c - - + 53.8 ¥ 2.7(4) 82.5 ¥ 1.0(4) 755 £ 2.0 (4)
D * " - 587 T1.3(7) 77.9 ¥ 2.3(7) 748 E 3.0 (7)
E + - +  79.0 T 2.5(8) 61.2 % 1.3(8) 756 * 1.8 (8)
A-B,A-C N.S. N.S. N.S.
b
A~D,B=-D .01 n.8. N.S.
A-E B~E .001 .001 NeSe

Values expressed as means = S.E.N. (no. of expts.).
All incubations for 1 hour at 37°C in Krebs bicarbonate saline
(pH 7.4), directly oxygenated by a 95% O2 : 5% 002 gas mixture,

Values A and E also in Table 2:5.



sodium content, and a 25% fall in potassium content, whilst
there was no significant change in total water content,
Table 2: 4shows that a significant decrease ih inulin space
indicated a rise of 6% in fibre wder content, but an apparent
fall of 6% in the fibre solid to water ratio is not significant
by the t-test, owing to the large standard errors obtained by
calculation. It seems probable, however, that there was some
water uptake by muscle fibres incubated in rose bengal. There
were slightly significant gains in fibre sodium, and falls in
fibre potassium, when the muscles were incubated in these
conditions (Table 2:4). Fig. 2:4 shows that the time course of
these changes was different from those seen with ethacrynic
acid, with initially high rates of cation movement which
declined over the hour of incubation and sodium uptake being
more markedly affected than potassium loss. Again, calculation
shows that entry of mediuﬁ'into an enlarged intracellular space
unmonitored by i@ulin would only have led to a maximum increase
of 5 m.moles kg-1 in fibre'SOdium, compared to the some 33 m.
moles kg'1 increase observed.

It was clear that, in the presence of light, rose bengal
also seriously affected the diaphragm's ability to regulate its

cation content, and probably its water content.

Discussion

As is common in work on 'in vitro' preparations there are
large discrepancies in the literature aé to those conditions
which are essential for the maintenance of 'in vivo!' conditions.
Consequently, before a study was undertaken; it pro%ed necessary

to undertake preliminary investigations into the conditions under
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Fig. 2 ¢ 4, Effect of ’IO-J+ M rose bengel on sodium
uptake and potassium loss of incubated

rat diaphragm muscle

Values are means of between four and eight determinations.
All incubations at 37°C and aerated by 95% 0, : 5% co,

gas mixture (pH 7.4).

Graph shows sodium uptake in the absence (C-[1)
and the presence (O—OQO) of 10—4 M rose bengal, and
potassium loss in the absence (X= =X) and the

presence (Vf—V/) of 'IO-liL M rose bengal.
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which the muscle should be maintained in order to susbain its
sodium and potassium contents.

In the light of Kostyo and Schmidt's (1963) findings that
the 'intact' diaphragm (the Bulbring preﬁafation) could preserve
'in vive' sodium and potassium concentrations, experiments using
a similar preparation and technique were first attempted, but
proved fruitless, probably due to inadequate oxygenation (see
below). The preparation itself, .though, being composed of a
narrow sheet of fibres which are mostly undamaged in dissection,
appeared.suitable for the study.

Various accounts in the literature pointed towards Kreb's
bicarbonate saline as a suitable medium for incubation. The
importance of the presence of the bicarbonate iomn, if tissue
potassium was to be sustained, was demonstrated by Creese (1950)
on a stimulated rat diaphragm preparation. He showed that in
the absence of bicarbonate the muscles showed a continuous decline
in fension, which could be reversed by re-substitution of a
bica;bonate-buffered medium. The effects of the bicarbonate
ion have been discussed previously (Introduction).

The values determined for the 'in vivo' sodium, potassium
and water contents of the rat diaphragm variéd somevhat from
those of Creese and his associates, though a survey of the
literature reveals that quite a range of values have been

recorded previously, e.g.
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Total sodium Total potassium Total water

m.moles kg™ wet wt m.moles g™ g kg1

wet wt wet wt
Creese (1954) b2.0 86.2 770
Krnjevic & Miledi (1958) 47.7 9k, 3 759
Creese & Northover (1961) 32.9 97.1 758
Kleinze;ler & Knoﬂigggq) 28.6 102.2 756
Creese (1968) 42,2 93.6 777
Mantiinen (1970) 31.6 98.9 755

(where necessary the values have been calculated from the data supplied)

The 'in vivo' sodium values found here are higher, and the
potassium and water.values lower, than has generally been found.
The reason for this disparity in cation content is unclear but the
consistency of the results, and the use of two different analytical
" techniques giving identical values, would appear to imply their
reliability. Furthermore, any fault in technique would be most
likely to cause both sodium and potassium values to show an
apparent shift in the same direction, i.e. both higher or both
lower than the true value, since the same sample was used to
determine the concentrations of both ions. Determinations on
larger animals than used in the presenf study, weighing between
130 g and 150 g, but of the same stock, and kept in identical
conditions, showed mean values of 40 m.moles kg"1 wet wt for
sodium content, and 92 m.moles kg-1 wet wt for potassium content.
It may be, therefore, that the values recorded in the present study
differed because of the immaturity of the animals used. Several
authors have recorded high sodium and low potassium concentrations

in muscles of immature animals (Dickerson and Widdowson, 19603
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Vernadakis and Woodbury, 1964) which, along with other evidence,
has led to the concept of 'chemical maturity' and Creese (1968)
reported higher sodium contents than found pfeviously in heavier
rats of the same stock (Creese and Northover, 1961).
Determinations of 'in zizg' sodium and potassium values made
so@e time later in-the course of these experiments (see Table 2:4)
may also indicate the presence of periodic variations in these
vélues, possibly due to seasonal changes, or to unknown factors
in the rearing of the animals.

| When preliminary experiments were performed to test the
ability of the muscle to sustain these 'in vivo' values, it was
imﬁediately apparent that adequate oxygenation 6f the tissue was
of the utmost importance. Calkins, Taylor and Hastings (1954)
have demonstrated that inadequate oxygenation leads to a fall in
tissue potaséium levels, and in the muscles tested here even
incubation undef saline that is being constantly oxygenated by
a 95% 02 : 5% 002 gas mixture and shaken in a metabolic reaction
bath, was not sufficient (Table 2:1). As had been found by
Creese (1954), direct oxygenation of the tissue was essential if
values approaching those of fresh muscles were to be achieved.
Furthermore, diaphragm muscles from larger rats failed to preserve
sodium and potassium levels even under these conditions, probably
because of anoxia in the central regions removed from the direct
bubbling (Creese, Scholes and Whalen, 1953).

The effectiveness of serum in helping maintain 'in vivo'

sodium, potassium and water contenfs, as demounstrated By Creese
and Northover (1961), was also found here (Table 2:2). Insulin

will reduce the sodium content of muscle (Flickiger and Verzar,
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1954; Creese and Northover, 1961) and raise the potassium content
(Leupin and Verzér, 1950; Zierler, 1957) and the resting potential
(Zierler, 1957). It is possible that insulin present in the serum
exerted this effect to some degree here, but this is unlikely in
view of the demonstration that serum in which the insulin has been
inactivated by cysteine will still exert these effects (Creese,
1968). Akaike (1971) observed that the action of serum on cation
exchange was temperature-dependent; at lower temperatures the serum
was less efctive in maintaining low internal sodium concentrations.
He suggested that the effect of the serum may be mediated via the
sodium pump or through some metabolic process.

Determinations of intracellular levelé of ions required an
accurate measurement of the volume of the extracellular space,
and the assumption that in this space ionic concentrations closely
resemble those in the external medium. The volume of the
extracellulér space of tissues has traditionally been studied by
incubation in the presence of chemicals whose molecular structure
is such that they are able to penetrate freely the extracellular
volume of the tissue but are unable to penetrate the cells.
The most commonly used chemicals have been polysaccharides of high
molecular weight, e.g. inulin. Varying values have been reported
‘in the literature for the inulin space of rat diaphragm muscle,
probably due to variations in diaphragm size and incubation
techniques, but the values reported here (Table 2:3) of
208 com” kg-1 wet weight in saline and 172 cm’ kg-1 wet weight
in serum agreed closely with those of Creese and Northover_(1961)

(200 cm kg-1 wet wt and 163 om> kg-1 wet wt respectively), who
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used a similar preparation and incubation procedure. A
further complication is the variation in space revealed by
use of different molecules, since those giving high values
for this space may well be penetrating the fibre to some
degree, whilst those giving low values might not be
occupying the entire space. Kipnis and Cori (1957) observed
that raffinose, thiosulphate and inulin measurements produced
different volumes for the extracellular space, and these authors
also noted that three factors markedly influenced the estimated
space, (a) the degree of trauma to which the diaphfagm was
exposed during its preparation; (b) the availability of glucose;
(c) the temperature té which the diaphragm was exposed. It has
been suggested that inulin may be hindered by steric barriers
present in the extracelular space-(Ogston and Phelps, 1960;
Goodford and Leach, 1966) and Creese (1968) demonstrated that
the use of mannitol or labelled-sodium gave larger estimates than
inulin. Therefore, whilst it is difficult to state with
certainty the absolute extracellular volume, it seems probable
that the values measured here are accurate in relation to one
another, but possiblj an underestimate of thaf pqrtion of the
fibre occupied by cations at concentrations resembling those
in the surrounding medium. This would in turn mean that the
values of intracellular sodium would ﬁe overestimates, whilst
those of intracellular potassium would be underestimates.

The ameliorative influence of serum proteins was not
as clearly demonstrated when the intravellular values of

sodium concentration were calculated. The results would appear



to suggest tﬁat serum-incybated.hémidiaphragms'did accumulate
less intracellular sodium, though the statistical significance
of this is questionable. It seems likely that the indirect
methods of computation used, with the resulting accumulation
of standard errors, obscured this difference and that a more
direct method using labelled-isotopes of sodium and potassium
would have been more successful'in clearly demonstrating the
reduced uptake seen by Creese (1968).

The effect of ouabain upon the preparation agrees with
the work of many authors suggesting the presence of an oUabain-
sensitive active sodium extrusion by skeletal muscle. dJohnson
(1956) and Edwards and Harris (1957) showed such a pump in frog
muscle, and Kleinzeller and Knotkova (1964) and Akaike and Kowa
(1970) showed that sodium extrusion in sodium-enriched muscle
was limited by ouabain. The sensitivity of this mechanism to
the action of glycosides varies from species to species and the
relativé insensitivity of the rat is probably due to some
differences in the structure of the NaKNMgATPase (Allen and
Schwartz, 1969). For this reason the high concentration of
1 wM ouabain was used here. Kostyo and Schmidt (1963) found
that their rat diaphragm preparation showed a more marked
potassium loss in 10™3 M ouabain than in 1077 M ousbain,
though Akaike and Kowa (1970) claimed that the maximal effect
of ouabain upon sodium énd potassium balance occurred at ’IO-5 M
ouabain in their preparation. However it is cléar that the
ability of the rat diaphragm to maintain 'in vivo' sodium and
potassium levels is markedly affected bj 6uabain Qhen otherwise

it is in optimal conditions, thus it seems certain that a
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NaKMgATPase is to be found in the tissue, and that this enzyme
plays an important part in cafion regulation.

The action of the diuretic ethacrynic acid upon the
preparation resembled that of the glycoside, in that incubation
in its preéence led to increased sodium and water contents and
a loss of potassium by the diaphragm. Interpretation of this
finding is made more difficult, however, by the fact that
ethacrynic acid may here be affecting at least three factors
which influence the results. As was shown earlier, much of the
sodium uptake could be accounted for by the enlargement of an
'extracellular space' which is not penetrated by inulin but in
which cation conditiéns resemble those of the surrounding medium.
The diuretic may also act upon a portion of cation exchange which
is not dependent upon the NaKMgATPase sodium pump, either active
or passive cation movements, as well as a possible action upon the
ouabain-sensitive pump. There is, in fact, evidence of all
three of these possible actions. Birks and Davey (1969) have
demonstrated that the sarcoplasmic reticulum will swell under
conditions of osmotic stress, and Keynes and Steinhardt (1968)
have suggested that this could form an importantlcompartment for
sodium which would help o explain anomalies of labelled sodium
washout. Several authors have shown that ethacrynic acid will
block a owmbain~insensitive component of active sodium efflux
from muscle (e.g. Bittar, 1966; Erlij and Leblanc, 1971) whilst
others have shown that ethacrynic acid will inhibit the NaKMgATPase
sodium pump (e.g. Duggan’and Noll, 1965; Charnock, Potter and
McKee, 1970). The action of ethacrynic acid upon this

preparation will be considered more fully, after subsequent
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subsequent experiments, in Chapter six.

The dye rose bengal caused an eQen morg marked effect upon
cation regulation by the diaphragm when illuﬁinated, though water
uptake was not as great. Sodium entry, and potassium loss, occurred
rapidly and to a greater extent than was observed with ouabain.
implying, if the ouyabain concentration was high enough to cause
maximum inhibition (yide infra), that more than inhibition of an
NaKMgATPase was involved. Physiologists using the frog
gastrocremius preparation had observed that the addition of dyes
to the saliné often led to contracture of the muscle when _ |
illuminated. Lippay (1929) showed that the effective wavelength
of illuniination was the absorption wavelength of the dye, and in
1930 he demonstrated that oxygen was réqpired for the photosensitivity
effect. Lillie, Hinrichs and Kosman (1935) observed that incubation
of muscles in salines containing only sodium salts would also lead
to spontaneous contracture, but that this was much more marked in
the presence of photo-sensitizing dyes. These authors suggested
that the dyes: were unlikely to penetrate the cells which, with the
speed of the effect, suggested that the surface membrane was the
site of action. This was supported by the effects of photooxidant
dyes observed én other preparations (for review see Blum, 1941).
'Allison, Magnus and Young (1966) have studied the localisation of
some of the photodynamic damage by various reagents. They studied
the effects of photosensitizers upon various cultured cells; red
blood cells and protozoans, and were able to identify two types of
action. Some photooxidants penetrated the cells and caused damage

to the lysosomes, leading to general cell damage, whilst others
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did not penetrate the cells and had an action at the cell
membrane only, leading to increased permeability. They
could find no evidence of uptake of rbse bengal, and
suggested that the sole site of action was the cell membrane.
Thus it seems clear that the increase in cation flux
observed here in the presence of light and rose bengal
represents photodynamic damage of some components of the
fibre membrane. Further consideration of the site of
action will follow the experiments upon isolated membranes

in subsequent chapters.
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CHAPTER THREE

OXYGEN CONSUMPTION OF THE RAT DIAPHRAGM

Introduction

If the sodium pump is.to be maintained it requires a
constant supply of energy from the cells metabolism. A
popular approach used in the study of active sodium extrustion
has been to examine the effect of this mechanism upon the-
metabolism of the cell, either by monitoring oxygen
consumption or by evaluating the rates of turnover of the
substrates involved in the many metabolic pathways. The
interdependence of active transport and metabolism have been
discussed by Whittam (1964).

The pafameters of the isolated rat diaphragm (see _
Chapter Two) are such that the preparation lends itself to the
study of oxygen consumption 'in vitro', and it has long been
used for this purpose. Conséquently,-a study of the oxygen
consumption 6f the rat diaphragm was undertaken, using animals
similar to those used in the previous chapter, in aﬁ effort to
evaluate the relationship between sodium transport and oxygen

consumption in this tissue.

Materials and Methods
The rats used were in all respects identical to those
used in Chapter Two. All reagents as previously described.

1. Diaphragm preparation. The intact diaphragm was first

removed as described in the previous chapter. Subsequent
treatment varied according to the experimental procedure adopted.

In the case of the diaphragms subjected to oxygen
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consumption measurements in the Warburg apparatus, the treatment
was as follows. The diaphragm muscle was trimmed from the ring

of rib-cage, and as much as possible of the central tendon and

any adhering fat were removed. The muscle was then cut into four
portions, each of whichlwas transferred from the saline dissection-~
bath to a Warburg flask. After incubation was completed the muscle
was removed from the flask, blotted rapidly on both sides and then
the wet weight was measufed to an accuracy of 0.1 ng.

Oxygen consumption measurements using the oxygen electrode
required two different techniques. In some cases, where the tissue
was used immediately after its removal from the animal, the
preparative procedure resembled that describé& above. Those
muscles which were not used immediately were preincubated in the
incubation chambers described in the previous chapter, in a'variety
of media, as intact hemidiaphragms. After preincubation the surplus
tissue was trimmed away rapidly and transfe?red to the Oxygen
Monitor incubation chambers. The wet weight of the tissue was
later determined as described above.

2. Manometric techniques. Oxygeh consumption was determined

using classical manometric techniques with Warburg sonstant volume

manometers (Umbreit et #l, 1964 ). Twenty om® flasks, each containing
3

3 cm” of Krebs phosphate saline (NaCl 131 mM, KCI 5.9 mM,

MgSOu 1.2 mM, NaaHP04 1 mM, NaH2P04 0.25 mM, CaCl, 1.25 mM, and

2
‘glucose 2 g 1-1, pH 7.4) were used, where appropriate the CO2
evolved was absorbed by 0.2 cm3 of 10%.KOH solution on a Whatman
No. 40 filter paper fan in the 6entre.well of the flaék.

After the addition of the hemidiaphragm the flask was

flushed with 100% oxygen, and equilibrated at 37°C for ten minutes



at a shaking rate of two strokes per second, before oxygen

consumption was measured over one hour.

'3. Polarographic technigues.

Oxygen consumption was also measured by means of a
polarographic electrode (Yellow Springs Instrument Co. Inf.,
Ohio, Model 53, Biological Oxygen Monitor). This is a design
based on the Clark oxygen electrode (Clark,1956); the principle
of the oxygen electrode has been described by Davies and Brink
(1942).

In this model the electrodes are situated at the tips of
two probes which also acf as seals on the incubation chambers.
The electrodes wére covefed by molar KCl solution enclosed by a
thin teflon membrane. Before each experiment this membrane was
examinéd with a 10 X eyepiece for signs of physical damage, and
the efficiency of the probe was checked by altering the polarising
voltage applied jwhere the signal alteration;was greater than 3%
two minutes after changing the polarising voltage from 0.8 V to
0.65 V the membrane was.discarded.

The signal was monitored on a Servoscribe pen recorder
(Goerz Electro) which was calibrated in the manner recommended iﬁ
the Y.S8.I. Handbook, using oxygen solubility data from Umbreit et al
(1964). The apparatus included a constant temperature bath
containing four sample chambers and temperature stability within
these chambers was ~ 0.0E?C, equilibration being complete in
less than three minutes, at 37°C (see fig. 3:1).

Oxygenation of the incubation chamber was achieved via
fine (0.05 inch dismeter) teflon tubing which was inserted down

the access slot into the'chamber, where this contained 5 cm3
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Krebs phosphate saline 100% oxygen was bubbled through the saline
from a gas-filled bladder, in the case of 5 cm3 Krebs bicarbonate
saline a 95% oxygen : 5% carbon dioxide mixture was used.
Flushing of an overflow groove with the gas ensured that diffusion
of gas down the access slot caused a negligible loss of oxygen

from the sample chamber during the course of an experiment.

lead to monitor

800e8S perspex probe
slot \\

incubation chamber

averflow groove

electrodes

hemidiaphragm

Th

magnetic stirrer

constant temperature bath

Fig., 3: 1 One incubation chamber and probe of Oxygen Monitor



This access slot enabled tests to be performed on the
effect of potassium cyanide, added in 0.1 c_m3 saline via the
teflon tubing, to give a final cyanide concentration of 2 mM,
After the modified oxygen consumption rate was measured the
hemidiaphragm was removed, rinsed rapidly in two changes of
oxygenated saline at 37°C, and oxygen consumption was again measured.
In other experiments the effects of preincubation and/or
incubation in various modified media were studied. All
preincubations were performed in the apparatus described in the
previous chapter, and details of the modified media will be given

along with the appropriate results in the next section.

Results

The first assessment éf oxygen consumption was made by
manometric techniques, and the results are shown in Table 3:1.

The monitoring of the effect of oyabain by addition from the side-arm
of the flask proved impractical, as a slight fall in activity was
noted in both control and test flasks. This was almost certainly

due to the change in volume of saline in which the diaphragm was
floating, leading to different physical movements of the suspended
diaphragm. The effect of ouabain was therefore monitored by
comparing oxygen consumption of different portions of diaphragm
incubated in the presence or absence of 'IO"3 M ogabain.

As Table 3:1 shows, there was no significant différence
between the oxygen consumption of diaphragm muscles in the two
conditions. There were large variations in the results, however,
which were not related to the presence of the glycoside nor to the
weight of tissue incubated and there was a distinct fall in

oxygen consumption during the course of the experiment, probably -
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indicating deterioration of the preparation.

It was felt, therefore, that the Warburg apparatus was
not very suitable for monitoring okygen'consumption of the
diaphragm tissue because of the length of time required, The
‘apparent deterioration was not unexpeéted, bearing in mind the
conditions shown to be essential for the prolonged maintenance
of 'in yivo' cation concentrations in the previous chapter.

All further measurements of oxygen consumption were made
using the polarographic techniquesy which enabled readings to be
taken within minutes of the removal of the tissue from the animal.

The first experiments performed using the oxygen monitor
revealed'that the oxygen consumption by the ratlhemidiaphragm
was not linear (see fig. 3:2), possibly due to progressively
inadequate oxygenation, deterioration of the tissue, modification
of respifatory rate with veriation in oxygen availability, or
any combination of these facfors. That this fall in rate was
partly due to the oxygenation of the medium can be seen from fig.

3:2, when an initial oxygen consumption of 1.545 cm302h-1 g-1

wet wt declined to 1.029 cm302 h-1 g;1 wet wt after about ten

minutes but was then restored to 1.202 cm302 h-’| g-1 wet wt upon
transfer to another incubation chamber containing fresh medium at
én oxygen tension similaf to the original. It was not found
possible to maintain a steady, high rate of oxygen consumption
even when the incubation chamber was repeatedly fluéhed with
oxygen to maintain a constant oxygen tension; therefore the

decline in rate must also represent in part a deterioration

of the tissue itself, or some metabolic change.
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TABLE 3 : 1

Oxygen consumption of rat diaphragm as measured

by Warburg manometry

Time interval Ouabain Oxygen consumption
10~3 M cn’0,, h=1 g1 wet wt
| 60" - 1.462 £ 0.120 (7)
* 60" + 1.432 £ 0.280 (7)
0 - 20 - 1.613 £ 0.178 (7)
B 20 - kot - 1.457 % 0.119 (7)
40 - 601 - 1.344 £ 0.086 (7)

Values expressed as means - S.E.M. (no, of expts).
All incubations for one hour in 3% cm3 Krebs phosphate
saline (pH 7.4) at 37°C, in 20 cm Warburg flasks

flushed with 100% 02.
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Fig, 23:2,
Record of preliminary investigation of rat diaphragm muscle

oxygen consumption by polarographic'techniques

After probe test, hemidiaphragm (wef wt 76.2 mg)
incubated for 12 min in 5 cm3 Krebs phosphate saline

at 37°C, before transfer to a second, freshly oxygenated
chamber.

All incubations at 37°C using Y.S.I.

Oxygen Monitor.
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For this reason it was decided to measure oxygen
consumption over the first five minutes, which appeared
virtually linear, at an oxygén tension of between 8 and 9

2

measure the consumption again in a second incubation chamber

en’0,, 177 phosphate saline (the 'initial rate') and then

in similar conditions but in the presence or absence of 'IO'-3 M
ouabain. The four incubation chambers of the apparatus, with

two probes, meant that transfers could bé achieved rapidly

into pre-equilibrated media. These experiments (Table 33:2)
again failed to show any significant effect of 5gabain upon the
respiratory rate. Oxygen consumption declined markedly between
the primary and secondary determinations in both control and
oﬂaﬁain-incubated muscles indicating that this technique also

was not satisfactory. The initial valués for oxygen consumption
corresponded closely with those obtained by Warburg manometry.

To test whether the preseﬁce of carbon dioxide, and the
bicarbonate ion, had any effect upon the oxygen consumption of
the diaphragm musclé a third experimental procedure was adopted.
The two hemidiaphragms from a single rat were each placed in an
incubation chamber, one containing Krebs phosphate saline
(pH 7.4) equilibrated at 37°C under 100% 6xygen, and the other
containing Krebs bicarbonate saline (pH 7.4) equilibrated at the
 pame temperature under a mixture of 95% 0, : 5% CO,. The oxygen
consumption of each was then monitored, with the oxygen tension
of the medium remaining within the range of 7 = 9 cm302 171

medium through intermittent reoxygenation via the access slot,

-and the results of these experiments are shown in Table 3:3.



TABLE- 3:2

Effect of ouabain-upon.oxygen-consumption'of:rat-diaphragm

Primary incubation ' Secondary incubation

’IO"3 02 consumption 1075 02 consumption P
ouabain ' ouabain

- 1.496 £ 0.019 (6) - - 1.302 ¥ 0,043 (6) .01
- 1.522 £ 0.026 (6) + 1.317 2 0,031 (6) .001
p 'n.s. n.s.

Values for oxygen consumption expressed as mean cm302 h™ - g wet wt,
2 S.E.M. (no. of expts.) Ingubatiéns in Krebs bicarbonate

saline (pH: 7, 4) at 37°, flushed with: 95% 0, : 5% co,,.

Hemldlaphragms incubated in one: chamber: for- 5 minutes

(primary incubation) and- then. transformed to fresh medium

in second chamber (secondary incubation).
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TABLE 3 3 3
Oxygen consumption of rat diaphragm in bicarbonate- and

phosphate-buffered media

Incubation buffer Oxygen consumption
Initial After 15 min
Bicarbonate  1.502 % 0.0k9 (6) 1.302 £ 0.035 (6)
Phosphate 1.495 ¥ 0.023 (6) 1.302 ¥ 0.071 (6)
P n.s. NeS.

Values for oxygen consumption expressed as mean

cm30_2 n~

Initial oxygen consumption determined over first four minutes

1

g wet wt ¥ S.E.M. (no. of expts).

of incubation. Oxygen tension maintained at 7 - 9 cm3 1

medium throughout,

.01

.05
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Oxygen consumption over the first few minutes closely reseiibled
that recorded in the previous experiment, and there was obviously
nb difference in this respect between the phosphate~buffered
medium and that containing the bicarbonate. A marked decline in
oxygen consumption was again observed, despite maintenance of
oxygen tension, so that mean oxygen consumption rates of 1.302
cmBO2 h"1 g-1 wet wt were recorded in both phosphate and
bicarbonate media after 10 minutes of incubation; thus the
bicarbonate and carbon dioxide were not effective in maintaining
a steady rate of oxygen consumption.

Other workers have reported stimulation of oxygen
coﬁsumption in tissues which have previously been submitted to a
'leaching' procedure during which the absence of potassium and
élucose from the incubation medium has led to a marked
accumulation of sodium ions. These are then removed, with an
accompanying increase in oxygen consumbtion, when the tissue is
returned to media containing potassium and glucose. Some tests
were therefore performed to see whether this might be true for
the present preparation. 'Intact' hemidiaphragms, prepared as
described earlier, were préincubated for one hour in the- apparatus
described in the previous chapter. One hemidiaphragm from each
rat was preincubated in full Krebs bicarbonate saline whilst the
other was preincubatéd in bicarbonate saline from which the KCl
(5.9 mM) and glucose(2 g 1"1) had been omitted. After one hour
of preincubation the hemidiaphragms were removed, the tendon and
rib rapidly trimmed away, and oxygen consumption measurements
taken over five minutes by means of the polarographic techniques

already described. As Table 3:4 shows, oxygen consumption in
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TABLE 3 3 4

Effect of preincubation on oxygen consumption of rat diaphragm

Preincubation conditions Oxygen consumption

KC1 Glucose cm362 n~1 g—1 wet wt
A No preincubation 1.484 T 034 (7)
B + + 1428 ¥ 061 (7)
c - - 1.445 T 070 (7)

Values expressed as means ¥ s.EM. (no. of expts).
All incubations at 37°C in Krebs bicarbonate saline
(pH 7.4) oxygenafed by 95% 02 : 5% COa.
Oxygen consumption determined over first four minutes
of incubation,
Preincubationi~
A - no preincubation

B - Krebs bicarbonate saline (containing 5.9 mM KC1,
0.2% glucose)

C - Krebs bicarbonate saline omitting KC1 and glucose.

All preincubations for 1 hour in apparatus describéd in Chapter Two.
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the 'leached' preparation exactly matched that recorded in the
muscle maintéined under optimal conditions, though both are a
little lower than the value obtained for muscles in this medium
without preincubation. This relatively slight deterioration in
oxygen consumption may indicate that it is the actual cutting of
the preparation which leads to the marked decline in activity
noted above, whilst this leaching procedure, known to be effective
in raising the sodium content of the muscle from previous
experiments, has been ineffective in measurably raising oxygen
consumption.

The effect of the introduction of potassium cyanide on
the oxygen consumption of the preparation was then tested, and
the results are shown in Table 335, with a typical record of such
an experiment being given in fig. 3:3. The potassium cyanide was
added in 0.1 om’ of the bicarbonate saline via the access slot,
to give a final cyanide concentration of 2 mM. The first result
was a marked, but short-lived, elevation of oxygen consumption
which then rapidly declined so that after about one minute there
remained a gradually decreasing consumption some one-quarter of
the original. If the muscle was left in the cyanide medium this
remaining rate was abolished, so that some fifteen minutes after
the introduction of the cyanide no oxygen uptake was recorded.
Generally, however, after the preparation had been exposed to
the cyanide for five minutes it was removed, rinsed in two changes
of fresh saline and the oxygen consumption remeasured. Since a
similar transfer procedure had already been shown to lead to a
reduced oxygen consumption, controls were also performed; using

the other hemidiaphragm from each animal, which were treated
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TABLE 3 : 5

Effect of KCN on oxygen consumption of rat hemidiaphragms

Oxygen uptake (cm302 n” g-1 wet wt) P

Incubation condition A (rinsed only) B (KCN incubated)

Tnitial rate ©1.475 T o.052  1.440 T oo.043 n.s.
After KCN addition - 0.334% £ 0.029 (23) -
In fresh saline 1.295 + 0.035(88)1.071 ¥ 0.041 (74) .01

Values expressed as means I S.E.M. (nos. in parenthesis are
values expressed as % initial rate). No. of expts in each
case was 6., All incubations using polarographic techniques{
in Krebs bicarbonate saline (pH 7.4) at 37°C, oxygenated by
95% O2 ¢ 5% 002 gas mixture. KCN added in solution to give
final conc. of 2 mM.

Both KCN-treated diaphragms (B) and untreated (A) rinsed
rapidly in two changes of warm bicarbonate saline before

final determination in fresh saline.
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Fig., 3:3. Polarographic record of oxygen consumption

of hemidiaphragm submitted to KCN treatment

Hemidiaphragm (wet wt 45.1 mg) incubated for 4 mins in
5 cm’ Krebs bicarbonate saline (pH 7.4) before addition
of 0.1 cm3 saline containing KCN to give final conc of
.2 mM KCN. After further 5 mins the hemidiaphragm was
removed, rinsed rapidly in two changes of bicarbonate
saline, then oxygen consumption determined in second

3

"incubation chamber containing 5 cm” bicarbonate saline.

A1l incubations at 37°C using Y.S.I. Oxygen Monitor.
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identically in all respects except for the exposure to cyanide.
These confrol musclés gave values for oxygen consumption,

1.475 cm302 n1 &7 wet wt initially and 1.295 cm302 n~t g™

wet wt after the rinsing procedures, which closely resembled
those recorded earlier in similar experiments (Table 3:2 A).

In the case of the muscles exposed to cyanide there was a marked
restoration of oxygen consumption, though this was still a little
lower than was recorded in the control experiments. This
restored oxygen consumption was then retained, and then
gradually declined in a manner indistinguishable from that
observed in the control muscles.

Following these experiments a slight modification of
procedure, involving continuous oxygenationaof the chambers
throughout the preparation of the diaphragm and temperature
equilibration enabled the measurements of oxygen consumption of
the diaphragms o be made at far higher oxygen tensions than had
previously been used, at values ranging from 10 cm3 1_1 to
16 cm3 1'1 and occasionally even higher. It was immediately
apparent that elevating the oxygen tension also increased the
oxygen consumption of the tissue, and in fig. 3t4 are shown the
rates of oxygen uptake in the first five minutes of twenty-two
hemidiaphragms incubated at various oxygen tensions. There is
a marked linear positive correlation between oxygen consumption
and the oxygen tension in the medium (r = + 0.971) through the
entire range monitored. .It was clear therefore that the
hemidiaphragm, although respiring at rates resembling those

recorded by Warburg manometry, was not respiring maximally in

the previous determinations, nor could the maximal respiratory
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rate be reached with this apparatus. It was also noticed that the
rate of oxygen consumption often appeared to decline more rapidly
when oxygen tension was high. As fig. 3:5 shows, in those
preparations where oxygen tension was maintained for some fifteen
minutes there appears to be a negative correlation (r = - 0.610)
between the oxygen consumption of the preparation after fifteen
minutes, expressed as a percentage of the original rate, and the
oxygen tension, which might imply the presence of such an oxygen~
consuming process which detefiorates rapidly after excision of
the muscle.

It might have been that an oxygen-requiring, active sodium
extrusion formed part of this rapid deterioration, and hence had
not been revealed in earlier experiments. To check this possibility
a series of experiments were performed in which the two halves of
each diaphragm were introduced into two incubation chambers at
high 6xygen tensions, one containing ’IO-3 M ouabain and one without
the glycoside, and the high initial rates of oxygen consumption
were compared, as were the rates after some fifteen minutes of
incubation. Fig. 3:6 shows a typical recording from this series of
experiments, with the gathered results being given in Table 3:6.

As can be seen, there was no éignificant difference between the
rates in the presence or absence of the glycoside, either initially
or after the fifteen minutes incubatory period, hence none of the
higher oxygen consumption measured at these high values of

oxygen tension could be ascribed to am active sodium pump powered

by a NaKMgATPase.
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Fig, 3 : 4. The effect of oxygen tension upon the
rate of oxygen consumption of rat

diaphragm muscle

Oxygen consumption of hemidiaphragms determined
by pblarographic ﬁechniques in Krebs bicarbonaté saline
(pH 7.4) at 37°C. Measurements based on the first five
minutes of recorded oxygen uptake.

Regression line drawn using method of least

squares (r = 0.971; p = < ,001)
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Fig, ¢ 5. Effect of oxygen tension upon maintenance

of oxygen consumption of rat diaphragm

Oxygen consumption of hemidiaphragms determined
by polarographic techniques in Krebs bicarbonate saline
(pH 7.4) at 37°C. Measurements taken after 15 minutes
incubation and expressed as a percentage of the original
rate of oxygen consumption.

Regression line drawn using method of least

squares (r = 0.610; p = < .01)
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Fig, s 6, Polarographic record showing effect of
10™> M ouabain on oxygen consumption

of a rat diaphragm

I - first hemidiaphragm (wet wt 57.2 mg) incubated
3

in 5 cm” Krebs bicarbonate saline (pH 7.4)
containing 107> M ouabain
IT - second hemidiaphragm (wet wt 59.8 mg) incubated
3

in 5 cm” Krebs bicarbonate saline (pH 7.4)

as control

After 8 minutes both incubation chambers
subjected to reoxygenation via access slot.

All incubations at 37°C using Y.S8.I. Oxygen Monitor.
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TABLE 3 : 6.

Effect of ouabain on oxygen consumption of rat diaphragm

at high oxygen tensions

10™> M ouabain

Oxygen consumption

cm302 = g-1 wet wt
0O - 5 mins 10 = 15 mins
A - 2.044 ¥ 0,066 (12) 1.671 % 0.052 (12)
B + 1.937 % 0.074 (12) 1.592 % 0.069 (12)
P NeSe NeS.

4
All values expressed as means =

S.E.M. (no. of expts).

All incubations in Krebs bicarbonate saline (pH 7.4) at

37°C, oxygenated by 95% 0, : 5% CO

Oxygen tensions maintained at

P
> 13 on’

02 1

gas mixture.

1

6l

NeSe

NeSe -
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Discussion

| While Warburg manometry has been a standard procedure
used in determining oxygen consumption of various tissues, it
did not appear to lend itself to the present preparation.
The shape and size of the preparation are such that as it is
agitated the hemidiaphragm tends to fold ovér upon itself,
which will cause interference with oxygen diffusion into the
tissue, and in certain cases anomalous results obtained here |
could possibly be ascribed to this phenomenon. In addition,
it was observed that changing the amount of saline in which the
hemidiaphragm was suspended also altered the apparent rate of
OXygen consumption, though whether this was due to changes in
the physical movements of the diaphragm or to an alteration in
diffusion into the medium is unknown. The ¥alues measured
for the oxygen consumption of diaphragm muscle using this
fechnique corresponded well with those found in the literature,
e.g. Nissan et al (1966) 1.19 ~ 1.50, Czaczkes et al (1969)

1.15, Rowlands (1969a) 1.46 (all values adjusted to cm> O. b~

2

g-1 wet wt). Kypson, Triner and Nahas (1968) reported values
as low as 0.84 cm’ O2 ™ g-1 wet wt, but these workers used
air as the gas phase which may well have limited oxygen consumption.

From the work described in the previous chapters it is
clear that after one hour the cut hemidiaphragm preparation
will be markedly changed from the ‘'in vivo' condition. In the
light of Creese's experiments on oiygenation it seems certain

that the centre of the diaphragm will have become hypoxic, and

depolarisation will also have occurred. Tests performed on the
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incubated diaphragms confirmed that there had also been a marked
uptake of sodium and loss of potassium as described in Chapter 2.
Not only iénic and electrical changes occur, but also changes in
metabolism. Rowlands (1969a) showed that manometrically-incubated
diaphragms had a markedly lower lactate production than that in
perfused preparafions, and Rookledge (1971) has dembnstrated that,
after incubation, the ATP and hexose phosphate contents of
diaphragms are markedly reduced, whilst AMP énd glucose contents
are markedly higher. This would seem ﬁo imply impaired metabolic
activity. In.view of the length of incubation of the cut
preparation, and the major impairment of normal metabolic and
ion~-regulatory functions, it seemed unlikely that the Warburg
incubation technique would give a very useful picture of processes
'in yivo', hence attention turned to the use of the oxygen
électrode technique.

Oxygen consumption values in normal medium correspondad
closely with those measured in the Warburg apparatus, but there
was a marked reduction in the variation of the results from one
muscle to another, supporting thé hypothesis that some of this
variation was due to physical factors in fhe Warburg apparatus.
Whilst the decline in the rate of oxygén consumption linked to
oxygen availability was marked in the oxygen electrode chamber,
the speed at which a determination of oxygen consumption could
be made meant that conditions in the diaphragm were much closer
to those pertaining 'in vivo'. It is possible that one factor
playing a part in this decline in consumption was metabolic
chaﬁges which occurred during the death of the animal.

Hollanders (1968) and Rowlands (1969b) have both attributed
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high lactate production and low glycogen levels in their
preparations of perfused diaphragm in'part to adrenaline
release caused by handling and killing the animal, which
would probably be accompanied by elevated oxygen conéumption.
This may explain differences in the proportional decline in
rates which were not related to oxygen tension, but it is
unlikely that it represented a major factor in the decline
since hemidiaphragms_which had been preincubated for one hour
before introduction into the oxygen apparatus also exhibited
the félling rate of oxygen consumption.

A further advantage of the polarographic technique is
that it greatly facilitates the use of bicarbonate buffers.
In view of the evidence that bicarbonate is essential if normal
metabolic processes are to continue unaltered (see Chapter 2)
it might have been expected that oxygen consumption in
bicarbonate—buffered medium differed from that seen in phosphate-
buffered, bicarbonate-free saline. This was not the case here,
nor did bicarbonate medium reduce in any way the decline in
oxygen consumption, as Table 3:3 shows. As Randle @1956)
showed that the ability of bicarbonate to stimulate glucose uptake
was most marked in anaerobic conditions rather than aerobic, and
Roos (1971) and Adler, Roy and Relman (1965a, b) have demonstrated
the importance of the carbon~dioxide~bicarbonate balance in
maintaining intracellular pH and ion distribution, the present
results would appear to suggest that the primary action of
bicarbonate does not affect oxygen consumption itself, but the
metabolic pathway must be intimately related. Dyson, Anderson

and Nordlie (1969) showed that physiological levels of bicarbonate
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influenced the activity of G-6-P phosphohydrolase in rat liver
microsomes, and suggested that the action of bicarbonate caused
conservation of G-6-P and led to increased glycogen accumulation.
In the earlier experiments (Table 3:2) it was not
possible to demonstrate that the action of ouabain affected
oxygen consumption. This might imply that active sodium transport
has its energy requirements met in part or in total by ATP
generated in glycolysis and so is responsible for a very small:
proportion of oxidative metabolism of resting muscle; this agreed
with the findings of Kypson, Triner and Nahas (1968). To increase
the activity of the sodium pump itlhas béen common practice to
preincubate the tissue in medium from which potassium and glucose
have been omitted, and then to monitor oxygen consumption in
normal medium as the pump adjusts the ionic balance. It was
found here that this was not successful in revealing oxygen
consumption by an activated pump. Czaczkes et al (1969) have
demonstrated a portion of oxygen uptake which was inhibited in
the absence of potassium, after a 90 mimute leaching procedure,
and showed that oxygen uptake could be still further depressed
by use of high sodium levels and added owsbain. It is not clear

why such a portion was not demonstrably activated here by the

leaching procedure, though the trauma to which the preparation

of Czaczkes et al i(1969) was exposed was undoubtedly greater
than that used here, and would probably have led to a more marked
accumulation of sodium and loss of potassium. Nissan et al (1966)
were also able to demonstrate that elevated sodium levels in the
bathing medium would increase oxygen consumption in the rat

diaphragm, an effect removed by ouabain hence attributable to
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the sodium pump. It would seem therefore that a direét effect of
the sodium pump upon oxygen consumption is best demonstrated by
muscles in a 'stress' condition.

As waé expected, cyanide proved a powerful but reversible
inhibitor of ox&gen consumption by the preparation. Caldwell
(1968) has pointed out, however, that the action of such inhibitors
preventing sodium extrusion by preventing an adequate ATP supply
will only occur if internal ATP concentrations are low. Keynes
and Maisel (1954) were unablé'té demonstrate any effect of cyanide
upon sodium extrusion using frog muscle, and Akaike and Kowa (1970)
have found this to bé true for rat diaphragm also. Sodium-loaded .
muscles have been found to show reduced extrusion in the presence
of cyanide (Carey, Conway and Kernan, 1959) but this effect can be
abolighed if there‘is an adequate supply of potassium in the medium
(Conway, Kernan and Zadunaisky, 1961). Since low internal ATP
levels are likely to cause mﬁscles to go into rigor (Bendall,

1951) and sodium-loading also causes markéd changes in muscle
(see previous chapter) cyanide does not appear to be a suitable
tool.in the investigations reported here.

The discovery that the oxygen consumption of the
preparation was influenced by the oxygen content of the medium
was surprising considering the evidence to the contrary in other
tissues (see Creese, Scholes and Whalen, 1958). Hill (1948)

demonstrated that oxygen consumption in frog muscle was

independent of oxygen tension until very low levels were

reached. Consideration of the work of Creese and his associates R

and the evidence presented in the previous chapter, which

established that continuous oxygenation of the medium was not
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enough to support full activity of the diaphragm, even at rest,

but that a fine stream.of bubbles must envelope the preparation,
makes this linkage of oxygen consumption and oxygen teunsion much
more acceptable. Values of okygeﬁ consumption found here, up to
3.165 om> 0, n~ g-1 wet wt, are higher than have generally been
reported in the literature, and it is clear that adequate
oxygenation to meet this consumption camnot be achieved by simple
diffusion from an oxygenated medium. Rookledge (1971) has
observed that a perfused diaphragm preparation'under ideal
conditions exhibited evidence of metabolic changes indicating
hypoxia even though a high oxygen level remained in the effluent
perfusate. It would seem that a process requiring a very high
oxjgen supply deteriorates rapidly after excision of the diaphragm.
Fig. 3:5 shows that at high oxygen levels there is a proportionately
larger fall in oxygen consumption, so that after ten to fifteen
minutes of incubation oxygen consumption by the diaphragm is
similar at a wide range of oxygen concentrations. It is unlikely
that this oxygen consumption would be monitored by the Warburg
apparatus due to the time réquired to flush the flasks and
eéuilibrate them following introduction of the diaphragm.

The hypothesis that this rapidly-declining process might
represent a portion of oxygen consumption concérned with active
sodium transport was an attractive one, but was not subported by
the evidence.in Table 3:63 whilst oxygen consumption by the
hemidiaphragm in the normal saline was occasionally slightly
higher than that in the ﬁresence of ’IO-3 M ogabain, this was
not statistically significant. Since the effect of the glycoside

upon the metabolic processes is believed to be secondary to its
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action upon active transport, it is possible that the active procesé
had ceased before ouabain could exert its effect upon the oxygen
consumption, but this seems-unlikely in view of the demonstration
by Czaczkes et al (1969) that ouabain could still depress oxygen
consumption after a 90 minute leaching procedure.

The difficulty in demonstrating a marked reduction in
oxygen consumption could well be indicative that sodium transport
only involves a small proportion of the total oxidative metabolism.
Clausen (1966) demonstrated that though ouabain did not reduce
glucose uptake, it produced a marked change in glucose eatabolism,
with inhibited lactate production, and an increased glycogen pool;
this was also observed by Kypson, Triner and Nahas (1968). Since
ouabain caused a 30% reduction in glucose catabolism, and other
workers had measured a 30% reduction in oxygen consumption by other
tissues, e.g. kidney (Whittam and Willis, 1963), in the presence of
omabain Clausen suggested that active cation transport in the
' diaphragm requires about this proportion of oxidative energy
production. From their results Czaczkes et al suggest that in
their preparation the oxygen consumption of the muscle linked to
the pump is approximately 20% of the total, though the proportion
will vary with the conditions pertaining. Creese (1968), however,
has calculated the work required if active secretion of sodium
is utilized to remove all the sodium entering the resting muscle
fibre. Using oxygen consumption values of 7.07 cm3 O2 h-1 g—1
wet wt (Creese, Scholes and Whalen, 1958) he demonstrated that
less than 2% of the total métabolism could be used in secretory
work. This was an upper limit, since either higﬁer oxygen

consumption or movements of sodium which did not require the
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expenditure of energy would reduce the proportion of energy
required. |

It would seem, therefore, that mammalian muscle has a
high ﬁetabolic requirement, but that unlike brain and kidney,
which can be shown to have ouabain-sensitive oxygen consumption,
much of this energy requirement is not involved with

NaKMgATPase activity.



CHAPTER FQUR

ATITEMPTS TO ISOLATE A NaKMgATPase FROM

RAT DIAPHRAGM MUSCLE

Introduction

Since Skou (1957) identified the NaKMgATPase as an
important cation-transport enzyme it has been isolaied
and identified in a wide range of tissues (see Skou, 1965).
Its presence.in skeletal muscle was strongly implied by the
sensitivity of the cation balance of this tissue to the
cardiac glycoside ouabain, but attempts to isolate a
skeletal muscle fraction which edibited a clear, highly=-active
NaKMgATPase were complicated by the presence of a large
number of ATPases in the tissue.

In 1962 Skow, using a rabbit, and Benting et al, using
frog, reported low NaKMgATPasé activities in skeletal muscle
preparations. Other workers, however, were unable to
demonstrate an ATPase activity which was clearly the
'lNaKMgATPase, as their preparatiouns were not ouabainfsensitive,
or were not synergistically stimulafed by sodium and potassium
(e.g. Engel and Tice, 1966; Duggah,:1965). A ousbain-sensitive
ATPase was demonstrated in cardiac tissue (e.g. Schwartz,
1962; Lee and Yu, 1963).

Using bile salt, deoxycholate, Saméha and Gergely
isolated by centrifugation a fraction of human skeletal muscle
exhibiting the properties of the NaKMgATPase (Samaha and

‘Gergely, 1965, 1966). Again, others were unable to demonstrate
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such an enzyme using similar techniques (Radcliffe, 1968).

In view of the-uncertainty surrounding the presence of
this enzyme in skeletal muscle an investigation was undertaken
using the bile salt deoxycholate and the separation technigues
of Ahmed and Judah (1964). Shortly after the commencement of
this study Rogus, Price and Zierler (1969) published evidence
of a NaKMgATPase in a fraction of rat skeletal muscle using these

techniques, and their methods were adopted for the present work.

Materials

Male albino rats, weighing between 200 and 300 g, of the
CFHB strain, were used, fed and watered ad libitum as previously
described.

L-Histidine, tris(hydroxymethyl)aminomethane (Tris),
n-7-deoxycholic acid (as sodium salt), phosphatidylserine (bovine
brain extract type III - reputedly 80%'phosphatidylserine),
adenosine triphosphate (Sigma grade), bovine serum albumin
(Folch fraction V), L a lecithin (prepared from egg-yolk),
oawebain (strophanthin G), ethylenediaminetetra-acetic acid
(EDTA), and Fiske and Subba Row reducing agent were obtained
from the Sigma Chemical Corporation. All other chemicals

used were ‘'Analar' grade, obtained from British Drug Houses Ltd.

Methods

(a)-Extractions. A variety of extraction techniques, based on

those of Ahmed and Judah (1964), and Rogus, Price and Zierler
(1969) were used. A general description of the techniques will
be given here, and variations will be described alongside the

appropriate results in a later section.
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The rat was killed by a blow on the head fqlloﬁed by
cervical dislocation. Approximately 1 g of hind-limb muscle,
or the whole diaphragm (weight 0.6 -.1 g),vwas rapidly excised
and placed in a petri dish on a bed of ice. Tendonland
connective tissue, plus any adipose tissue, were cut away and
the remaining muscle fibres were minced using a pair of fine
scissors. This minced muscle was then transferred to a

3

homogenisation tube containing 10 cm” of extraction medium,
containing 0.25 M mannitol, 30 mM histidine, 5 mM EDTA, and
usually O.i% deoxycholate, the final pH being 6.8. An homogenate
was then prepared using a Potter~Elvehjem homogeniser with a
teflon pestle (clearance 0.1 mm - 0.15 mm); this generally took
three minutes, during which time the tube was surrounded by ice,
The homogenate was then centrifuged at 600 x g for ten minutes,
at 4°C, in a 32 x 10 cm3 angle-head of a Mistral 2L centrifuge
(Measuring and Scientific Equipment Ltd.) to remove a 'nuclear'
fraction, plus any unhomogenised fibres. The'supernatént was
decanted and submitted to two centrifugations at 10,000 x g
for twenty minutes each, at 4°C, in the 16 x 15 cm3 angle-héad
of a High Speed 18 centrifuge (M.S.E. Ltd.) to remove the
"mitochondrial' fraction. The remaining supernatant, corresponding
to Ahmed and Judah's 81 fraction, was carefully pipetted off and
was then either submitted immediately to higher speed
centrifugations or was frozen and stored at -20°C for various
time periods as part of the 'ageing' process.

Treatment of this 81 fractién varied to give differing
preparations. Generally the procedure of Ahmed and Judah was

followed, the 81 fraction being submitted to a further
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centrifugation of 100,000 x g for thirty~five minutes at 4°C

in an 8 x 10 cm3 angle-head of a Superspeed 40 centrifuge
(M.8.E. Ltd.) to give a pellet corresponding to the R1 fraction
of Ahmed and Judah. This pellet was resuspended in a medium
containing 0.25 M mannitol, 1 mM EDTA and %0 mM Tris-HCL

(pH 7.4) at 0°C using gentle homogenisation with a hand-held
pestle. The suspension was then centrifuged at 20,000 x g for
fifty minutes in the 8 x 10 cm3 angle-head of the Superspeed 40
centrifuge to give a pellet corresponding to the R2 fraction

of Ahmed and Judah, which was resuspended again in the same
medium. This preparation was then used for the enzyme assay,
either immediately or after storage at -20°C.

In some cases this 'R2' fraction was further submitted
to a lipoprotein extraction technique resembling that of Ahmed
and Judah. To the 'R2' pellet in 1 cm3 of the resuspension
medium, a solution éontaining 2.1 M sucrose, 5 mM EDTA and
20 mM Tris-HC1 (pH 7.4) was added drop by drop, with continuous
stirring, until the density of the medium was 1.22, and
homogenised gently to give a uniform preparation. Centrifugation
for three hours at 100,000 x g in the Superspeed 40 followed,
and after this treatment the surface layer was carefully removed
by means of a spatula, this fraction being the lipoprotein
fraction which was resuspended in the mannitol-tris-EDTA medium
described above.

(b) :Incubations. Incubations took place in boiling-tubes in
a water-bath maintained at 37°C. Each tube contained 1 cm3 of

incubation medium containing 60 mM Tris-HC1 (pH 7.4), 0.2 mM EDTA,



77,

plus two~fold concentrations of MgCla, NaCl and KCl as appropriate,
to which was added 0.5 cm3 of a four~fold concentration of Tris-ATP
(pH 7.0), prepared by passing the sodium salt through a Dowex
exchange resin and neﬁtralizing with Tris solution. These tubes
were equilibrated gt.3790 for 10 minutss before the incubation was
started by the addition of 0.5 cm3 of the membrane preparation,
except in the case of the control tubes when the enzyme was not
added until after the addition of trichloroacetic acid (see below).
In some experiments preincubation with various reagents preceded
the incubation, and details of this, along with details of
variations in incubation procedure and the.precise composition

of the incubafion media will be given with the results of each
experiment. Incubation was terminated by the addition of cold

trichloroacetic acid to give a final concentration of 6% w/v.

- (¢) Assay procedures. The amount of inorganic phosphate (Pi)

released during the incubstion was assayed by the technique of
Fiske and Subba Row (1925). The incubated preparations were
centrifuged at 2,000 x g for fifteen minutes to remove the

3

suspended protein, and then 1 cm aliquots were added to an equal

volume of the ammonium molybdate-sulphuric acid mixture. After

3

ten minutes 0.25 cm” of Fiske and Subba Row reducing agent was
added, and fifteen minutes later the absorption at a wavelength
of 660 um was read in matched glass cuvettes on a Hilger-Watts
Spectrophotometer. Zero readings were made using aliquots

from the control tubes which were incubated without addition of
the enzymes. Control tubes also monitored any possible

interference caused by additions to the incubation medium. The

values obtained were calibrated against determinations made on
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a standard phosphorous solution.
Protein content was determined by the method of Lowry et

al (1951) using bovine serum albumin (Folch fraction V) as standard.

Results

Initially, a series of experiments following the method
of Rogus, Price and Zierler (1969) were performed in an attempt
to produce an enzyme preparation exhibiting the characteristic
properties of a NaKMgATPase. A freshly prepared 'R2' fraction
was incubated in the presence of 3 mM MgCl, 100 mM NaCl or 10 mM
KCl alone or in combination. Results of two typical experiments
from each of two preparations are shown in Table 4:1.
Comparison of duplicate experiments performed on each pfeparation
showed that there was good replication between individual
experiments under the standard conditions. Comparison of
activity levels found in the two preparations revealed the wide
range of specific activity found in these extracts. When
activity was expressed as a percentage with reference to the
activity observed in the presence of Mg++, as the sole cation,
replication between both experiments and preparations was far
closer. In the presence of Na* alone, K* alone, or both Na*
and K¥ ATPase activity was never found, Typically, the ATPase
activity found in the presence of Mg++ alone was the highest,
with the addition of the monovalent cations inhibiting this
~activity some 20-.40% in the case of Na+, 5= 15% with K+, and
some 20-40% in the presence.of both Na* and k*. 1In a long
series of such experiments similar results were obtained, and
stimulation of ATPase activity in the presence of Mg++ by the

addition of either Na' or K+5 or both together, was never observed.
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TABLE 4 : 1 ATPage activity of the 'R2' fraction

of rat skeletal muscle in the presence of various cations

Incubation cations

Preparat- Expt. Mg++ Mg++Na+ Mg++K+ Mg++NaTK+
ion
(a) 41,96  30.47 38.43 31.40
(100)  (7%) (92) (75)
22.m (b) 42,65 31.17 38.43  31.89
(100) (73) (90) (75)
(a) 83.95 58.70 82.82 65.11
(100) (70) (99) (77)
28.11
(b) 82.95 58.23 78.20 64.25
(100) (70) (95) (77)
Activities expressed as m. moles Pi h‘1 g_1 protein.

Figures in parentheses are activity expressed as % activity

in presence of Mg alone.

All incubations at 37°C in 30 mM

Tris-HCL (pH 7.4), 0.1 mlf EDPA, 2 md ATP plus 3 mM MgCl,,

100 mM NaCl, 10 mM KCl as appropriate.

Determinations of activity with either 100 mM NaCl or

10 mM KCL, or 100 mM NaCl, 10 mM KCL, but in the absence

of MgCl2 revealed a total absence of ATPase activity in all

experiments.
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The addition of 107> M ogabain to incubations of an
enzyme preparation should inhibit any APPase activity due to the
actién of the NaKMgATPase. In a series of experiments in which
this inhibitor was added it failed to produce any significant
effect on the ATPase activity recorded (Table 4 : 2).

Various médifications of the basic method of preparation
were then tested in an attempt to reveal the presence of NaKMgATPase.

Varying the length of time thé preparatiar- 'R2!' was
stored at -20°C failed to reveal an increase in such activity.
ATPase activity declined over a period of storage (fig. 4:1 (a))
and in fact activity when measured in the presence of Na* and/or
x* had declined more rapidly than that measured in the presence of
Mg™" alone (fig. 4:1 (b)) so that a Na* & K* inhibition of 23%
was increased to 50% after storage for nine days.

Varying the sodium deoxycholate treatments of the
preparation was then tried: the reagent was added & a strength
of 0.1% to the extraction medium, or 0.05% in the case of the
incubation medium. The 'R2' fraction was then extracted as
described previously, with the exception that one half of the
muscle was extracted in medium containing the DOC, whilst the
other half was extracted in medium omitting this réagent.
Incubations were also performed in the presence or absence of DOC,
and typical results can be.seen-in Ta@}e 4:3, The treatments
failed to produce any marked effect on ATPase activity, though
the presence of DOC in the incubation medium did appear to lower
overall activity without markedly altering the effect of Na¥ and
K*. PFurther exploratory experiments with concentrations of

0.05 - 0.,2% DOC in the extraction medium, and of 0.025 = 0.1%
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TABLE 4 ¢ 2

The effect of ouyabain on the ATPase activity of the R2 fraction

of rat skeletal muscle

Incubation | Mg™ Y Mgtttk Mg Na K
conditions + cgabain
Preparation
12.1 85.3 (100) 49,6 (58) 48.0 (56)
12.2 59.4 (100) 47.9 (81) 48,6 (82)
12.3 46.4 (100) 39.2 (85) 36.5 (80)
12.4 51.8 (100) 37.6 (73) 39.6 (76)

Activity expressed as m; moles Pi h-lI g-1 protein.
Figures in parenthesis represent activity as a % activity
in presence of Mg alone. All incubations in 30 mM Tris-
HCL (pH 7.4), 0.1 mM EDTA, 2 mM ATP at 37°C, plus

3 mM MgCL,, 100 mM NaCl, 10 mM KCL and 10~ M cuabain

as appropriate.
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Fig, 4 : 1. Effect of ageing on AlPase activity of

R2 fraction of rat skeletal muscle

(a) Effect on ATPase activity in presence of Mg'' alone.

(b) Effect on ATPase activity in presence of Mg*t plus
monovalent cations (expressed as a % of activity

with Mg™ alone)

All preparations stored at -20°C in neutralised, deionised
water. All incubations at 37°C in;presence of 30 mM Tris=-
HCL (pH 7.4), 0.1 mM EDTA, 2 mM ATP, plus

3 mM MgCl2

3 mM MgClZ. 100 mM NaCl

3 mM MgCla, 10 mM KC1

og o b

5 mM MgCL,, 100 mM NaCl, 10 mM KC1
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TABLE 4 : 3,

Effect of sodium deoxycholate treatments on ATPase activity

of R2 fraction of rat skeletal muscle

Deoxycholate Incubation
Extract- Incub=~ Mg MgNa MgK
ion ation
- - 61.1 (100)  42.0 (69)  55.3 (91)
- + 56.3 (100)  41.2 (73)  50.7 (90) |
. - 65.2 (100) 48 (69)  65.7 (101)
+ + 57.4 (100)  40.6 (71)  51.6 (90)

Activity expressed as m. moles Pi h—1 g-1 protein.

Figures in parentheses represent activity as a % activity

in presence of Mg énly.

Preparations extracted in presence/absence of 0.1% sodium

deoxycholate. Incubations were performed at 37°C in

30 mM Tris-HCL (pH 7.4), 0.1 mM EDTA, 2 mM ATP, plus 3 mM

MgCiZ, 100 mM NaCl, 10 mM KC1 and 0.05% sodium

deoxycholate as appropriate.

83.

cations

MgNaK

4.5 (56)
22.6 (40)
29.7 (46)
24,1 (42)
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DOC in the incubation medium, produced similar results and in
no case was stimulation of ATPase activity in the presence of
Na© ana ¥* recorded.

Since the calcium ion is known to have a marked effeét on
many ATPases the preparation was incubated in various conditions
which included this ion (Table 4:4). The 'R2' fraction used was
found as ﬁsual to contain a MgATPase which waé inhibited some
4o% with the addition of 100 mM NaCl and 10 mM KCl. There was,
however, also present a Ca ATPase, with an activity level of about
one~quarter of that of the MgATPase. This CaATPase was stimulated
by some 20% in the presence of the monovalent cations. In the
presence of both calcium and magnesiﬁm the two ATPase activities
appeared to be additive.

Incubations with tannic acid in concentrations up to
5x 1Q-S'M failed to reveal any significant difference in
percentage inhibition of activity in the-ppgsen@e oF absence of
the monovalent cations (fig. 4:2). Activity was.reduced by 20%

6 M and some 60% in the

in a tannic acid concentration of 5 x 10
5 x ’IO-5 M concentration, with no observable effect of sodium or
potassium on this inhibition.

Since these experiments hadhfailed to reveal a NaKMgATPage
present in the 'R2' fraction, but had shown high MgATPase activity,
an attempt was ﬁadé to separate such an enzyme by further
purification of the preparation. A lipoprotein fraction was
prepared by means of a sucrose density gradient (see Methodé).

Table 4:5 shows the ATPase activities measured in five such

preparations in the presence of magnesium, sodium, potassium and
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Effect of calcium upon APPase activity of R2 Fraction

of rat skeletal muscle

Incubation

Mg

-+

++

Ca

++

cations
+ .+
- Na K

+

ATPase activity
m.uoles Pi ™ g-1 protein
0
44,62
27.25
11.86
14.35
57.72
58.97

All incubations at 37°C in presence of 30 mM Tris-HCl

(pH 7.4), 2 uM ATP, plus 3 mM CaCl,, 3 uM MgCl

100 mM NaCl, 10 mM KCl as appropriate.

21
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Fig, 4 : 2,
Effect of tannic acid on ATPase activity of R2 fraction

of rat skeletal muscle

A1l incubations at 37°C in presence of 30 mM Tris-HCL

(pH 7.4), 0.1 mM EDTA, 2 mM ATP, plus

O 3mM MgCl2

3 mM MgCl,, 100 mM NaCl, 10 mM KCl.
2

Activity expressed as a % of activity recorded in

control incubations in the absence of tannic acid.
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TABLE 4 : 5
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ATPage activity of lipoprotein fractions of rat skeletal muscle

Incubation
conditions

Expt. 1

2

U W

Mg

24%.1 (100)
19.9 (100)
26.8 (100)
32.0 (100)

25.9 (100)

MgNa

18.1 (91)
29.4(110)
18.0 (56)
20.2 (80)

Mgk | MgNaK

- 35.0 (145)
16.5 (83)20.8 (105)
- 31.3 (117)
24, 4(76) 23.2 (73)
22.7 (89 18.8 (73)

Values expressed as m. moles Pi h-1 g-1 protein.

Figures in parentheses are % activity in presence of

Mg only.

Incubations were performed at 37°C in the

presence of 30 mM Tris-HCL (pH 7.4), 0.1 mM EDTA,

2 mM ATP, plus 3 mM MgCl,, 100 mM NaCl, 10 ui KC1

and ’IO"3 M ouabain as appropriate.

MgNaK
oyabain

31.7 (132)
20.4 (103)

31.5 (118)

18.8 (59)
19.8 (76)
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cuabain. In the first preparation the monovalent cations did
stimulate activity by some 45%, and this was partly sensitive
to oyabain (29%). In further preparations however only slight
stimulation b& the monovalent cations, not ocuabain-sensitive,
was recorded. In some cases the ATPase activity of this
lipoprotein fraction closely resembled that of the R2 fraction

(e.g. expts. 4 and 5, Table 4:5.).

Discussion

Deoxycholate treatment followed by differential
centrifugation did not prove successful in producing a fraction
of rat skeletal muscle exhibiting the properties of the
NéKMgATPase. The ‘R2' fraction, as observed by Rogus, Price
and Zierler (1969), contained substantial MgATPase activity,
which was inhibited by the further addition of sodium or
potassium alone. Contrary to the findings of these authors,
however, this MgATPase activity was not further stimulated by
the addition of these two monovalent cations together, but
was in fact inhibited by such an addition. Furthermore 'IO'"3 M
olUabain, shown by these authors to completely inhibit the
monovalent cation stimulated portion of MgATPase activity,
failed to cause any significant alteration in such activity
here. Thus it seems that the present preparation, despite the
use of techniques apparently identical in all respects to those
of Rogus, Price and Zierler, does not contain a demonstrable
NeKMgATPase. This was also found by another worker in the
laboratory (Radcliffe, 1972). It seemed clear, therefore,

that as with the discrepancies reported earlier in the
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literature in this area a highly-active consiste?t NgKMgATPase
was not demonstrable by this technique. It seeméd likely,
however, that minor modifications might be successful in
revealing such activity.

Ahmed and Judah (1964) had observed that storage of their
preparations below 5°C led to a fall in total ATPase activity,
but that the decline in activity of the sodium and potéssium
stimulated portion was less marked, so that there was a
proportional increase in this activity. &Samaha and Gergely (1965)
and Rogus, Price and Zierler (1969) also recorded these changes -
in ATPase activity. In the present preparation the decline in
total ATPase activity was'cleariy seen with storage, but in fact
activity in the presence of sodium and potassium fell even more
markedly. This would appear to indicate a proportional increase
in MgATPasethich were inhibited by the monovalént cations, such
as the sodium-inhibited ATPase often seen in heart muscle (e.g.
Tashima et al, 1966). The presence of MgATPases which are inhibited
by monovalent cations would obviously hinder attempts to
demonstrate clear NaKMgATPase activity. i

Skou (1962) demonstrated that deoxycholate could produce
an increase in the NaKMgATPase portion of a brain preparation,

and the use of DOC and detergents to solubilize components of

cell membranes (see Penefsky and Tzagoloff,1971) has proved

useful for preparations from a wide variety of tissues. Samdha

and Gergely (1965) and.Rogus, Price and Zierler (1969) found

that deoxycholate treatment of skeletal muscle would reveal a

NaKMgATPase but this was cleaply not seen in the present study. %

It is probable that DOC acts by differentially removing protein

L.
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and lipid portions of the membrane, at low concentrations
removing inactive portions, but at higher ones inactivating

the NaKMgATPase itself, though this can be reversed by
reconstitution (Philipott, 1968). The extraction concentrations
used here covered the range which has been found successful
elsewhere. Incubation with DOC has been shown to inhibit
NeKMgATPase (Skou, 1962) but the inhibition of activity recorded
here is slight and could be gitributable to a wide variety of
mechanisms. .After the completion of this study Jorgensen and
Skou (1971) showed that preincubation of rabbit kidney medulia
microsomes with concentrations of DOC similar to those used in
the present study could produce marked activation of NaKMgATPase
after the DOC concentration was reduced. These authors have
suggested that DOC activates by exposing latent sites of NaKATPase
activity in the preparation, possibly by increasing permeability
of the microsomal vesicles to the substrates and activators.

It has been demonstrated that DOC does not act by conversion

of MgATPase to NaKMgATPase (Ellory and Smith, 1969), hence the
demonstration of DOG-exposed'NaKMgATPases in skeletal muscle

by other authors is not likely to be due to such an action.

The reason for it not being found here is unclear, but as several
authors have reported inconsistent results with these techniques
(e.g. McNamara, Sulakhe and Dhalla, 1971) it seems possible that
preparative stages such as homogenisation may well be critical

in producing a fraction containing this enzyme without
contamination from other fractions. Homogenisation is believéd
to lead to the formation of small vesicles of outer membrane

by a liquid shearing action (Novikoff, 1960). The complexity



91.

of muscle tissue, and the difficulty found in homogenisation,
may well lead to contamination of membrane vesicles from several
sources. This aspect has been reviewed recently (Wallach and
Lin, 1973). |

A variety of calcium-activated ATPases have been reported
in microsomal extractions from muscle, including one believed to
bring about relaxation of muscle by calcium uptake (e.g. Hasselbach
and Makinose, 1961; review Sandow, 1970). The CaATPase found in
the present preparation was not examined in detail, and may well
be a mixture of CaATPases, but with reservations consideration of
its response to cations may be informative. As it was stimulated
by high calcium levels alone, it was unlikely fo be the 'relaxing
factor' CaATPase, since this latter requires the presence of
added magnesium (Rubin and Katz, 1967; MacLennan, 1970) and is
stimulated by much lower calcium levels than used here (Lée,
Tanska and Yu, 1965; MacLennan, 1970). Nor was the present
fraction likely to be the CaATPase recorded in mammalian
sarcolemma, since if was additive to the.MgATPase and was
further stimulated by monovalent cations, unlike the sarcolemmal
CoATPase (Peter, 1970; McNamara, Sulakhe and Dhalla, 1971).
Lee aﬁd Yu (1963) found calcium exerted a diphasic effect upon.
the CaATPase activity of.a microsomal preparation from guinea

6.1 and 1073 M

pig heart, with optima at approximately 10~
calcium concentrations. The lower optimum probably represented
the 'relaxing factor' CaATPase whilst the higher, which was
stimﬁlated by the adéition of 100 mM sodium, closely resembles
the CaATPase recorded here. It is possible that the present

preparation may have also contained the relaxing factor CaATPase,
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and indeed a combination of several ATPases, but this was not
further examined.

Using a rat braih microsomal preparation Radcliffe,.Duncan
and Bowler (1971) were able to demonstrate a quantitatively4varying
effect of tannic acid upon the NaKMgATPase and the MgATPase.
Concentrations greater than 10—7 M tannic acid led to a fall in
the activity of the preparation, with MgATPase declining steadily
up to ’IO-'L+ M, where some 70% of the activity remained, whilst the
extra activity in the presence of sodium and potassium was not
affected up to 'IO"5 M tannic acid, above which it-rapidly declined
to zero at approximately 5 x 'IO-5 M tannic acide In the present
preparation activity declined in a similar fashion in the pfesence
or absence of sodium and potassium when exposed to tannic acid.
This, together with the failure of quabain to affect the
preparation, would appear to confirm the aﬁsence of an active
NaKMgATPase activity in this preparation.

Since Ahmed and Judah (1964) demonstrated that ATPase could
be floated on sucrose solutions, their suggestion that this may
imply the presence of lipoprotein has been verified by others,

e.g. Uesugi et al (1969). Some workers with muscle tissue have

been able to demonstrate a clear NaKMgAIPase activity, after removal
of inactive protein, and have used sucrose density gradients to
purify their preparations (e.g. Boegman et al, 1970; Kidwai et

al, 1973). The failure herelto demonstrate such a purification,

with the inconsistent results observed, may probably be attributed

to a certain extent to the relative &rudity of the technique employed,
but it also seems probable that adequate separation of inactive
protein had not occurred before the preparation was placed on

the suaose solution.
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CHAPTER FIVE

SODIUM IODIDE-TREATED PREPARATIONS OF RAT DIAPHRAGM MUSCLE

Section A Preliminary investigations

Introduction

In the light of the difficulty encountered in revealing
an NaeKMgATPase in rat diaphragm by use of DOC, an alternative
method was sought to isolate the enzyme.

In 1963 Nakao et al described the separation of MgATPase
from erythrocytes by use of differing concentrgtions.of Nal.
Nakao et al (1965) went on to show that exposure of various
tissue homogenates to Nal could help in the isolation of
NeKMgATPases from various tissues in the rabbit, including
cardiac muscle, and Tashima et al (1966) showed that the
preparation of NaKMgATPase obtained from cardiac tissue by
NaI.treatment was in several respects- superior to the one
derived by the use of déoxycholate.

In view of the success of these authors in isolating a
~ NaKMgATPase from cardiac muscle by use of the Nal, simiiar
experiments were undertaken using the rat diaphragm muscle
to see whether skeletal muscle would also respond to such a
treatment.

Materials

The rats were identical to those described in the previous
chapter, and maintained in a similar fashion. Sodium iodide
was obtained from B.D.H. Ltd. ('Analar') and lubrol W flakes
were kindly supplied by I.C.I. Dyestuffs Division. All other

chemicals were as prewiously described (Chapter Four).
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Methodg.

1. Extractions. The extraction methods used were
based on those of Ahmed and Judah (1964), accompanied by
treatments with sodium iodide developed from those described

by Nekao et al (1965).
| In preliminary experiments a microsomal fraction
corresponding to Ahmed and Judah's 'R1' fraction, prepared as
previously described, was exposed t6 2.M sodium iodide. The
microsomes were suspended in 10 cms of neutralized, deionised
water to which was added 10 cm3 of a double-strength sodium-.
iodide solution. This solution.wés prepared by mixing equal
volumes of a solﬁtion containing 8 M sodium iodide with one
containing 10 mM MgCla, 6 mM disodium ATP, and 20 mM EDTA (as
the tris salt), the pH being'adjusted to 8.0 with Tris~HC1l buffer.
The microsomes were exposed to this mixture for thirty minutes,
after which time 30 cm3 of distilled water was added to give a
final sodium iodide concentration of 0.8 M. All these
operations were performed in an ice-bath,

The microsomes were centrifug;d at 20,000 x g for thirty
minutes, and the pellet obtained was resuspended in a washing
medium containing 5 mM NaCl, 1 mM EDTA (pH 7.4). Recentrifugation
at 20,000 x g followed, and this washing procedure was repeated
twice more. The final pellet obtained was suspended in 10 cm3
of neutraliéed, deionised water and an assay of ATPase activity
was performed as described in the previous chapter.

In later experiments the two procedures were reversed,
exposure of the whole muscle homogenate to sodium iodide being

followed by extraction of the microsomal fractions.  The rat il
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diaphragm was removed, mixed and homogenized in 10 cm3 of a
medium containing 0.25 M mannitol, 30 mM histidine, 5 mM EDTA
and 0.1% DOC (pH 6.8). To this homogenate was added 10 cm
of the double-strength sodium iodide medium described above,
and the mixture was gently rehomogenised to give a uniform
suspension. After a period of exposure to the sodium iodide
(usually thrty minutes) in an ice-bhath, the homogenate was
diluted with distilled water to give a final sodium iodide
concentration of 0.8 M. Two centrifugations at 10,000 x g

for twenty minutes each followed to remove the 'mitochondrial;
fraction, then a 'heavy microsome' fraction was obtained by
centrifugation fof thirtj minutes at 50,000 x g. A 'light
microsome' fraction was separated by submitting the supernatant
of the 50,000 x g centrifugation to a further centrifugation of
100,000 x g for one hour. These two microsome fractions were
then washed three times as described above and the final pellets

3

again suspended in 10 cm” of neutralized, deionized water.

2. Incubations. Incubation techniques were similar to
those described in the previous chapter. Aliquots of 2 mM ATP
(0.5 cm3) were added to 1 cn’ of medium containing 60 mM
imidazole-HC1 buffer (pH 7.4) 0.2 mM EDTA, and twofold

concentrations of MgCl., NaCl and KCl (and any other additions)

2’
as appropriate. Incubations were started by addition of 0.5 cm3
of enzyme preparation to tubes after pre~equilibration to 37°C

for ten minutes, and continued for one hour.

3. Assay procedures. The amount of inorganic phosphate
released during the incubation was measured by a procedure

developed from that of Atkinson and Gatenby (private
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communication) (see Atkinson, 1970). Incubations were . terminated
by the addition to each tube of 4 cm3 of a mixture containing 1%
lubrol W ana 1%wa$m§nium chloride in 1.8 N'sulphuric acid at
room temperature. The tubes were then left at room temperature
for ten minutes before transfer to_an'icefbath, during which
time development of a yellow colouration indicated the presence
of inorganic phosphate. Aﬁsorption by these solutions at 390 nm
was measured on a Hilger-Watts spectrophotometer, and calibration
measurements performed using standard phosphorus solutions.
Activity calculations using this technique exactly matched those
made by the procedure of Fiske and Subba Row previously described.

Protein concentrations were again determined by the method

of Lowry et al (1951).

Results

The results of the preliminary experiments in which the
whole microsome fraction (equivalent to Ahmed and Judah's 'R1!
fraction) was exposed to the sodium iodide treatment caﬁ bé seen
in Table 5:1. In a series of such experiments increased activity
could be seen when either Na't or kKt was present in addition to
Mg++, but the synergistic stimulation typical of NaKMgATPase
activity was not seen. Furthermore it was found difficult to
harvest a pellet after exposure to the sodium lodide, due to the
number of centrifuge tubes in which the preparation was dispersed
prior to the final centrifugations.

In all further experiments other techniques were tried,
submitting the whole homoggnate to the sodium iodide procedure.
The ATPase activities of typical microsomal fractions obtained

after such treatments can be seen in Table 5:2.
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TABLE : 1
Effect of Nal treatment of rat skeletal muscle microgomes

(R1 fraction) on ATPase activity

Incubation cations ATPase activity

Mg Net K+ m.moles Pi h™ g-1 protein
- + + 0

+ - - 39.4 (100)

+ + - - 57.1 (145)

+ - + 53.0 (134)

+ + + 51.5 (131)

R1 fraction exposed to 2 M Nal for 30 min at 0°C.
Incubations performed at 37°C in 30 mM Tris-HC1
(pH 7.4), 0.1 mM EDTA, 2 mM ATP, plus 3 mM MgCl,,

100 mM NaCl, and 10 mM KC1l as appropriate.

Figures in parentheses are activity expressed as

% activity in presence of Mg only.
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TABLE 5 ¢ 2.

ATPase activity of microsomal fractions from NaI-treated

homogenates of rat diaphragm muscle

Incubation additions ATPase activity

Mgt Nat k% ouabain 10,-50,000 x g 50,100,000 x g
+ - - - 51.0 (100) 4.4 (100)
+ + - - 47.6 (93) 11.8 (82)

+ - + - k7.3 (93) 1.8 (82)

+ + £ - 54.1 (106) 21.7 (151)
+ + + o+ | 49.5 (97) 13.6 (95)

Whole diaphragm homogenate exposed to 2 mM Nal at 0°C for
60 mins, then heavy microsomes (10,000 - 50,000 x g;fraction

and light microsomes (50,000 -~ 100,000 x g fraction) obtained.

Values expressed as m. moles Pi h-1 g-1 protein.

Figures in parentheses are % activity in presence of Mg++ only.

Incubations performed at 37°C for 60 mins in 30 nM Tris-HC1
(pH 7.4), 0.1 mM EDTA, 2 mM ATP plus 3 mM Mgll,, 100 mM NaCl,

10 mM KC1 and ’IO—3 M ouabain as appropriate.
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In the heavy microsome fraction (10,000 ~50,000 x g fraction)
addition of either 100 mM Na' or 10 mM X+ resulted in slightiy
reduced levels of ATPase activity compared with that in the
presence of Mg++ alone, whilst in the presence of both
monovalent cations the level of activity was slightly enhanced.
In the light microsome (50,000 - 100,000 x g fraction),
however, though there was still slight inhibition of ATPase
activity by either monovalent cation alone, when both Nat and
K" were present thére was a marked sfimulation, of the order of
50%, of this activity. _ This stimulation could be completely
negatéd by the presence of ’IO-3 M ousbain in the iﬁcubation;
thus it appeared that.the preparations contained an enzyme
which exhibited the properties of a NaKMgATPase.

Some further investigations were made in an attempt to
~ increase the NaKMgATPase activity relative to the MgATPase
activity. Prolonging storage of the homogenised preparation
prior to the addition of sodium iodide failed to produce any
significant increase in the activity rate. Storage for 24 hours
at -20°C reduced overall ATPase activity by.some 40% in the
light-microsomal fraction though the stimulation by Na¥ ang
K" was unaffected. Prolongation of exposure of thethomogenate
to sodium iodide did increase the activity ratio, but a£ thé
expense of total ATPase activity (Table 533). With an
exposure time of thirty minutes to 2 mM sodium iodide ATPase
activity in the presence of Na+, k¥ and Mg++ was over twice
that in the presence of Mg++ alone, but after 24 hours storage
of the preparation in 2 M sodium iodide the ratio had increased

to about six to one. There had been a marked reduction in
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TABLE 5 1
Effect of prolonged exposure to 2 mM Nal on ATPase activity

of rat diaphragm muscle

Exposure | Incubation cations Activity ratio
?ﬁoﬁiﬁ) Mg MeNaK ' Mﬁgég
0.5 13.35  28.72 2.15
1.0 13.40 26.90 2.01
24 0.51 3.0k 5.96
Lo 0.27 2,02 7.48
48 0.23 1.75 7.61

Whole diaphragm homogenate exposed to 2 M Nal, then light
microsome fraction (50,000 -~ 100,000 x g) obtained for
activity determinations. Activity expressed as

m.moles Pi h"’I g-1 protein. Incubations performed at
37°C for 60 mins in 30 mM Tris-HC1l (pH 7.4), 0.1 mM EDIA,

2 mM ATP, plus 3 mM MgCl,, 100 mM NaCl and 10 mM KCl as

2’
appropride.
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activity however, with activity in the presence of Mg++ being

only some 4%, and with Mg++, Na¥ ang k* some 9% of the original

values. Further extension of exposure time increased this

ratio still further whilst again decreasing overall ATPase activity.
Attempts to store the final preparation of light-microsomes

at -20°C proved unsuccessful, so it was found that the ATPase

activity of the preparation in the presence of Mg++, Na* and K*

fell to only 10% of the values measured in the fresh preparation

within 24 hours.

Section B Studies on the NaKMgATPase in the light microsomal

fraction of Nal-treated rat diaphragm muscle

Introduction

It seemed likely that the results obtained in the previous
section could be explained best by the presence of a MgATPase and
a NaKMgATPase in the light microsomal preparation.

A standerd preparation procedure was now adopted, and some
studies of the properties of the preparation were undertaken in an
attempt to determine whether a NaMMgATPase was indeed present,

and to try to characterize this énzyme to some degree.

Materials and Methods

The rats used were described in the previous chapter, and
all reagents have been described earlier.

1. Bxtractions.  The rat diaphragnm was excised, homogenized,

exposed to 2 M sodium iodide for thirty minutes and then a 'light
microsome' fraction extracted as described in the previous
section. The final pellet obtained was resuspended in up to

3

20 cm” of neutralized, deionised water.

1 2 JUN 1975
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2. Pre-incubations., In a series of experiments to
determine the effect of rose bengal upon the preparations,

3 of preparation was added to 10 e of 60 mM

the entire 10 cm
imidazole buffer (pH 7.4) containing 3.33 x ’0—6 M rose bengal
in a foil-wrapped; stoppered tube. Subsequent operations were
performed in a dark-room under illumination by light reflected
from a single, dim safety-light. 0.5 cm3 aliquots of

3

preparation were added to 1 cm” aliquots of incubation medium
in a g}ass cuvette and placed in a light-tight box containing
a tungden-filament bulb, which could be moved to alter the
intensity of light falling on the cuvettes. Light intensities
of 500, 1,000, 2,000 and 3,000 lux on the cuvettes were
calibrated by means of an E.E.L. Lightmaster photometer.

After pre-incubations, performed at room temperature,
the contents of the cuvettes were transferred to fil-wrapped,
stoppered incubator tubes on ice prior to incubation.

3. Incubations. Incubations were performed as in the
previous section. In those incubations involving rose bengal
incubation was started by the addition of 0.5 cm3 aliquots of
ATP; elsewhere incubation was started by the addition of the

enzyme preparation.

L, Assay procedures. As described in section BA.

N.B. 1In this section the ATPase activity in the presence of

Mg++

as the sole cation will be referred to as 'MgATPase’
activity; activity in the presence of Mg++, Na* and K* will
be referred to as 'total ATPase' activity, whilst

'NaHMgATPase' act1v1ty will be calculated from 'total

ATPase' minus 'MgATPase' activities.
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Results

Although the preparative technique had been standardized
there remained a wide variation in the overall ATPase activity
of the preparation when expressed as millimdles of inorganic
phosphate released per gram protein per hour. Table 5:4 shows
the activities measured in fourteen different preparations.
‘Whilst the mean values in the Table reflect the type of
activation by Na* and x* generally found in these preparations,
the total ATPase activities ranged from 50% to 200% greater than
the MgATPase activity figure. | This made direct comparison of
results from two preparations extremely difficult, hence
indirect comparisons were generally used when attempting to
qualify the effects of various conditions'upon the ATPage
activities (see below). Typically, though, the NaKMgATPase
(total ATPase minus MgAT?ase) activity was greater than the
MgATPase activity, giving an activity ratio of betwegn_ﬁ:ﬂ
and 1.5:1.

| Because of the relatively large nuumber of incubation

tubes used in each experiment, hence the necessity for increésed
dilution of the preparation, incubation periods of one hour
were generallyused. To establish that the ATPase activities
were in fact constant over that period of time, a series of
incubations of different time-periods were tried (see fig. 5:1)
wﬁich revealed that the rates of ATP breakdown were indeed
linear over the one hour of incubation for both the MgATPase
and the NaKMgATPase.

In further characterizations it proved desirable to

combine the results from several preparations, often with



104,

TABLE 5 : 4.

ATPase activity of 'light microsomes' from NaIl-treated

homogenates of rat diaphragm

ATPase Activity

m.moles Pi b~ " g-1 protein

MgATPase 10.452 ¥ 0.77 (14)
Total ATPase | 21,98 T 1.75 (14)
NaKMgATPase 11.56 £ 1.19 (14)

| NaMgATPase 1.125 £ 0.09 (14)

Activity ratio MgATPase

Vélues expressed as means : S.E.M., based on determinations
from fourteen different preparations.

Incubations performed in 30 mM imidazole (pH 7.4),

0.1 mM EDTA, 2 mM ATP plus 3 mM MgClZ, 100 mM NaCl,

and 5 mM KC1 as appropriate.

A1l incubations for 1 hour at 37°C.
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Fig. 5 ¢ 1
MgATPase and NaKMgATPase activity of rat diaphragm

muscle light microsomes

Each point is a mean value of four determinations.
Preparation of light microsomes from Nal-treated
homogenate of rat diaphragm muscle.

Incubations at 37°C in presence of 30_mM imidazole

(pH 7.4), 0.1 mM EDTA, 2 mM ATP, plus

V 3 ulf NgCl,

O 3 mM MgCl,, 100 uM NaCl, 5 mM KCL.
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varying activity levels and ratios. Consequently the results
given are either expressed as a percentage of the maximum activity
observed or as a percentage of the activities recorded in the
absence of a reagent.

Previous experiments had demonstrated that the ATPase
activity of the preparation was not stimulated by the presence of
Na* or KV alone, but by the presence of both cations, and tests
were performed to discover the optimum concentrations of these
‘cations to give the greatest stimulation of NaKMgATPase activity.
As Table 5:5 shows, the highest stimulétion of activity was found
when the Na* concentration was 100 mﬂ and the K* concentration
was 5 mM, although greetly stimulated aétivity could be seen in a
wide range of N&" and K* concentrations. These concentrations -
100 mM Na® and 5 mM K¥ - were adopted as the standard concentrations
used in those incubation tubes where total ATPase_activity was
being measured for all the determinations in this section.

The effect of adding cuabain, ranging in concentration from
10-9 to 'IO-3 M to the incubation medium was then measured, and the
results are shown in fig. 5:2. Conéentrations of below 3.3 x
10-8 M failed to inhibit activity of either the MgATPase or the
NaKMgATPase. Higher concentrations produced an increasing
~inhibition of NaKMgATPase until at a concentration of 3.3 x ’lO-L+ M
it was abolished completely. SQ% inan#ivation was producéd by a
concentration of 5 x 10-7 M. Although in some instances there
appeared to be slight, though insignificant, falls in MgATPase
activity, this enzyme was probably basically unaffected by the

presence of the ouabain.
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TABIE 5 : 5
Effect of Na' and K™ on NeKMgATPase activity

of rat diaphragm muscle

Relative NaKMgATPase activity (as % optimum)

Nat conc. _
- conzf 25 50 75 90 100 110 120
(mm)
1.25 - - - 5 6h 47 59
2.5 - - - o & 8 6
5.0 76 87 91 9 100 96 95
10.0 56 68 84 89 92 90 84
25.0 37 by 65 - 72 - -
50.0 35 Ly 54 - 62 - -

NeKMgATPase activity expressed as a percentage of maximum
activity observed.
Incubations for 1 hr at 37°C, in 30 mM imidazole (pH 7.4),

0.1 mM EDTA, 2 mM ATP plus 3 mM MgCJ_. NaCl and KCl were added

2.

to give appropriate concentrations.
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Fig. 5 : 2. Effect of oyabain on MgATPase and

NeKMgATPase activity of rat diaphragm light microsomes

Each point is a mean value of four determinations.
Incubations were performed for 1 hour at 37°C, in
the presence of 30 mM imidazole (pH 7.4), 0.1 mM EDTA,

2 nM ATP, plus

O 3 mM Mgl

O 3 mM MgCl,, 100 M NaCl, 5 mM KC1.
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The effect of_varying the concentrations of Mg++ and ATP
in the incubation upon the MgATPase and NaKMgATPase activity
can be seen in fig. 5:3. Both enzymes showed activity
variations that were dependent upon not only the concentration
of these two substances but also on the relationship between
them. In the case of the MgATPase, whilst the highest activity
was recorded at concentrations of 4 mM Mg++, 6 mM ATP, activity
was almost equally as.high in 6 mM Mg'", 6 mM ATP, The
NaKMgATPase had a measured optimum of 4 mM Mg++, 4 mM ATP,
and increasing ATP concentration to 6 mM caused a reduction in
activity to some 80 - 90% of the maximum. The standard
concentrations of 3 mM Mg+f, 2 mM ATP used in the other
determiﬁatiqns performed in this section would appear therefore
to be close to the optimum for the NaKMgATPase.

The optimum pH for the NaKMgATPase also approximated to
that used throﬁghout the incubations. As fig. 5:4 reveals,
the NaKMgATPase had a measured optimum of pH 7.5, with a sharp
decline in activity in acid conditions until at pH 5 there was
no measurable activity by this enzyme: theré was also a sharp
decline in activity of this enzyme as alkalinity increased.

In the case of the MgATPase increased pH appeared to lead to
increased activity, with optimum activity recorded at pH 9, the
highest tested. Furthermore the decline in activity with
increased acidity was relatively slight, and appreciable
activity was still present at pH 5. Control measurements showed
that acid hydrolysis of AIP, noticeable at pH 5.5, increased
markedly below this value, making acéurate determinations of

enzyme hydrolysis difficult.
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Fige 5 3 3 . Effect of Mg++ and ATP concentrations

on MgATPase and NaKMgATPase of rat diaphragm muscles

MgATPase and NaKMgATPase values expressed as a
percentage of the maximum observed activity, each

point being the mean of four determinations.

All incubations in the presence of 30 mM imidazole

(pH 7.4), 0.1 mM EDTA (Tris salt), plus
A 1mM MgCL, O 4 mM MgCl,

V 2 mM MgCl, O 6 mi MgCl,
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Fig. 5 & 4, Effect of pH on MgATPase and

NaKMgATPase activities of rat diaphragm muscle

MgATPase and NaKMgATPése values expressed as
a percentage of maximum observed activity, each

point being the mean of four determinations.

All incubatione in the presence of 30 mM
imidazole (pH 7.4), 0.1 mM EDTA (Tris salt),

2 mM ATP, plus

V 3 mM MgCl,

O 3 ul MgCl,, 100 mM NaCl, 5 uM KCl.
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Preliminary invéstigations of the effect of ethacrynic
acid on the two ATPases revealed that marked inhibition of
NaKMgATPase was only achieved by high concentrations of the
acid. (Fig. 5:5) At concentrations of 10™> M and 10™° M
ethacrynic acid there appeared to be slight stimulation of
the NaKMgATPase activity but this was almost certainly due to
an excessively low MgATPase baseline recorded at these
concentrations. Higher concentrations of the acid caused a
gradually increasing inhibition of the NaKMgATPase activity
until at 10-4 M it was some 68% of that recorded in the absence
of ethacrynic acid. At ’IO_3 M ethacrynic acid there was a much
greater inhibition of the NaKMgATPase to about 6% of its
unmodified level. Despite fluctuations in the results,
ethacrynic acid appeared to have no effect on the MgATPase.

The effects of rose bengal and illumination upon the
preparation were measured by preincubations in varying
illumination intensities, and then incubation as usual for one
hour in complete darkness. Preliminary experiments showed
that 3.33 x 10-6 rose bengal did not affect either MgATPase
activity or NaKMgATPase activity in the absence of
illumination, nor did exposure of the preparation to the
levels of illumination, in the absence of rose bengél, which
were used in the subsequent tests. The combined effects of
rose bengal and illumination at various intensities can be
seen in fig. 5:6. At each intensity tested it became apparent
whilst 3.3 x 10'6 M rose bengal did inhibit the MgATPase
activity, this inactivation never exceeded some 30% of the

control activity, though the length of exposure required to

112.
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Fige 5 ¢+ 5 [Effect of ethacrynic acid on MgATPase
and NaKMgATPase activities of rat .

diaphragm muscle .

MgATPase (A——A ) and NaKMgATPase (QO~—Q) activities
expressed as a percentage of the activity. observed in the
absence of ethacrynic acid,

Incubation medium contained 30mM imidazole (pH 7;4),

0.1lmM EDTA (tris salt), 2uM ATP, plus :- .

A 3mM MgCl2

O 3mM MgCl,, 100mM NaCl, 5uM KCl

A1l incubations at 37°C for 1 hour. -
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Fig., 5 @ 6. Effect of rose bengal and illumination on

MgATPase and NaKMgATPase activity of rat diaphragm muscle

-
]

at 500 lux illumination

o
]

at 1,000 lux illumination

Q
1

at 2,000 lux illumination

(=
3

at 3,000 lux illumination

MgATPase (311 ) and NaKMgATPase (O—Q)
activities expressed as % residual activity after
exposure to varying light intensities in the presence
of 3.33 x 10-6 Mmse bengal.

Exposure and incubation in 30 mM imidazole (pH 7.4),

0.1 mM EDTA, plus

O 3 mM NgCL,

O 3 uM MgCl,, 100 mM NaCl, 5 mM KC1.

Exposure at room temperature (¢ 21°C).
Incubation at 37°C for one hour, started by addition

of 2 mM ATP,
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reach this. level of inactivation-did-generally.decrease as the
intensity of illumination increased. In the case of NaKMgATPase
activity,-however,-whenzplottedfas:percentage residual activity

on a logar&hmié scale against=tiﬁe of exposure there was an
obviously linear relationship, with the rate of. fall of

NaKMgATPase activity being greatest at the highest light intensity..
When the data is expressed as a double 1og.-p}ot of the reciprocal
of the intensity of illumination and the timeifor-BO% inactivation
of the NaKMgATPase a linear relationship is revealed (fig. 5:7),

the importance of which will be discussed below.

Section C. - Electron#microsco- of: isolated fractions of rat

diaphragm.muscle

Introduction

It was clear that Nal treatment of rat diaphragm muscle
homogenate prior to centrifugation led'to the: production of a
light microsomal fraction which exhibited the propgrties of a
NaKMgATPase, whilst.a similar. fraction isolated from homogenates
which had not been exposed to the Nal did not reveal such an enzyme.

Since the NaKMgATPase is known to be membrane-bound, it
seemed likely that the NAI treatment must. in some way be
altering the membranes in the light microsomal fraction, either
by alteration of the membrane structure itself or by altering. the
type of membrane isolated in this fraction. An electron-

microscopical study was undertake to examine the fractions



116.

Fige 5 3 7. Double log. plot : reciprocal of intensity
of illumination against time, for 30% inactivation of

NaKMgATPase activity of rat diaphragm muscle

Values derived from expts. shown in fig. 5i6.

6

Rose bhengal concentration 3.33 x 10~ M,

light intensities 500, 1,000, 2,000 and 3,000 lux.
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isolated from Nal-treated and non-NaI-treated preparations to
see whether there were obvibus physical differences in the

membranes isolated.

Materials

The rats and reagents used were as described in the
previous sections.

Epon 812, dodecenylsuccinic anhydride hardenef 964 (DDsA),
methyl nadic anhydride (MNA), 2,4,6-tri(dimethylaminomethyl)phenol
(DMP 30) and sodium cacodylate were obtained from TAAB
Laboratories. Osmium tetroxide was from Johnson Mathey Ltd.

All these.chemicals were specifically prepared for use in electron
microscopy. Propylene oxide (1,2,epoxypropane) and alcohol were

obtained from British Drug Houses Ltd. and were reagent grade.

Methods

A rat diaphragm was removed, divided into two, and then
each half was minced and homogenised as_previous;y described.
.One half was exposed to sodium iodide as usual, whilst the other
remained untreated, and 10,000 x g, 50,000 x g and 100,000 x g
fractions were prepared.

3

The pellets were each resuspended in 5 cm” of fixative
containing 1% osmium tetroxide and 0.1 M sodium cacodylate
adjusted to pH 7.2 by HCl, and recentrifuged for one hour to
ensure formation of a hard, discrete pellet for subsequent
treatment, as described by Glauert (1965).

After further fixation for one hour, the bellets were

removed whole and washed in 0.1 M sodium cacodylate buffer for

thirty minutes. Dehydration through a series of alcohols
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followed ~ fifteen minutes in 50% ethanol, overnight in 70%
ethanol, fifteen minutes in 95%, and thirty minutes each in
two changes of absolute alcohol.

The pellets Qere broken into pieces approximately 2 mm
square and embetlded in epon following the method of Luft (1961).
They were first soaked in two changes of propylene oxide for
fifteen minutes each, énd then overnight in a mixture of 50%
propylene oxide, 50% epon. The epon was made up as follows:-
Mixture A Epon 812 (62 o)

3
DDSA (100 cm”) Mixed in equal proportions

Mixture B Epon 812 (100 cmB) 2% DMP 30 added to final mixture

MNA (89 cm3)
The specimens were left overnight in epon solution and incubated
at 60°C for forty-eight hours. Thin sections of about 75 nm
were cut on a Reichert OmU2 ultrotome, and examined on an A.E.T.

8012 electron microscope.

Results

The mitochondrial fractions (10,000 x g) of both
preparations were a heterogenous collection of mitochondria and
general debris, and there was no obvious difference between the
two (see Plates 5:1 and 5:2). Whilst many of the mitochondria
appeared to be highly intact, there were some which had been
broken, and the upper portion of the mitochondrial pellet of
both Nal-~treated and non-Nal-treated preparations contained some
large fragments of double-membrane which were probably broken
portions from mitochondria.

The heavy microsomal fractions (10,-50,000 x g) were

vesicular, and careful examination failed to reveal portions
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which were obviously mitochondrial in origin. Comparison of the
Nal-treated and non-Nal-treated preparations showed that in the
former (plate 5:3) the vesicles were generally larger than those
in the latter (plate S3h) and-were much less regular in appearance
and size. The occurrence.of_'double vesicles', i.e. vesicles’
which had formed within another vesicle, was élso more frequent

in the Nal~treated preparation, and some had inclusions which may
have indicated a mitochondrial origin, though, as mentioned above,
the clear double-membrane seen in the mitochondrial fraction
(plate 5:1) was not seen. Both pellets were virtually
homogenous, though some non~vesicular debris was found at the
base of each, which probably indicated contamination from the
previous fraction. There Qas a general decrease in average
vesicular size from the base to the top of the pellets.

The light microsomal fractions (50,-100,000 x g) were
clearly dissimilar in the Nal~-treated and non-NaI—freated
preparafions. This fraction in the Nal-treated membranes was
- composed largely of vesicles which resembled those of the heavy
microsome fraction, though of a smaller size (plate 5:5).

There also occurred at the upper surface, and to some extent
among the vesicles, a certain amount of material which appeared
slightly filamentous but generally granular, without clear
structure, and definitely not membranous, probably being protein
material which had been precipitated along with the microsomes.
In the non-Nal-treated fraction there also occurred vesicles,
but these were much smaller than those seen in the NaI-treated
preparation and were relatively regular in size (plate 5:6).

There also occurred amongst these vesicles membrane fragments
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which appeared to have formed into fine tubules, incomplete in
some cases, a formation which was not seen in the Nal-treated
fraction. The non-membranous material deposited along with
the light microsomes was industinguishable from that seen in the
Nal-treated fraction. Light microsomal fractions of both
preparations failed to show any clear indication of

mitochondrial contamination.

Discussion

It was élear from the preliminary investigations (Section
A) that whilst Nal treatment of the microsomes led to monovalent
cation-stimulated ATPase activity, ei%her cation alone was
epally effective and the synergistic stimulation of ATPase
activity by Na' and K* which characterises the NaKNMgATPase
was not seen. Rogus, Price and Zierler (1969) found that
treatment of their microsomal pellet with 2 M Nal apparently
solubilised protein rich in MgATPase, since the proportion of
NaKMgATPase to MgATPase was increased with this treatment whilst
the protein content declined. Tashima et al (1966) also found
that a cardiac microsomal preparation yielded a NaKMgATPase
after treatment with 2 m Nal which resembled that obtained by
treatment of the whole homogenate. Since there was no
demonstrable NaKMgATPase present in the microsomal fraction
before treatment with Nai, it is possible that the microsomes
have differed in origin or activity from those prepared by
the above authors, hence no NaKMgATPase was present. An
alternative possibility is that the treatment with 2 M Nal
was not effective in the present preparation in separating

the MgATPase~rich protein which therefore remained to obscure
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NaKMgATPase activity. Whilst the latter explanation is rendered
less likely by the successful isolation of NaKMgATPase by the
séme technique from whole homogenates, it is supported by the
presence of detectable monovalent-cation stimulated acti&ity
following Nal tréatment of the microsomes. It is noticeable,
however, that the ouabain-sensitive NaKMgATPase derived from the
whole homogenate was not'stimulated by the presence of eithef
Na© or K* alone, hence even in this:respect the activity
recorded in Nai-treated microsomeé more closely resembles the
single-monovalent cation-stimulatéd activity recorded elsewhere
(e.g. Duggan, 1965; Engel and Tice, 1966) than the NaKMgATPase.
The Na+f and K+—stimulated activity from the Nal-treated
homogenates in the preliminary investigations much more closely
resembled the classical NaKMgATPase, consequently it was this
preparation which was selected for more detailed study (section B).
The specific activities of the AEPases recorded were
similar to those measured in a similar preparation from cardiac
muscle by Tashima et al (1966); MgATPase of 10.1 and NaKMgATPase
of 9.1 compared with values of 10.4.and 11.6 m.moles Pi h-1 g-i
protein respectively found in the present preparation. Both the
spegific activity of the NaKMgATPase and the NaKMgATPase H
MgATPase activity ratio of this preparation are markedly higher
than those seen in the DOC preparation of Rogus, Price and
Zierler (1969), which had an MgATPase of 6.5 and an
NaKMgATPase of 4.4 m.moles Pi h-1 g-1 protein. Whilst this
study was in progress other workers reported the successful
isolation of a NaKMgATPase fraction from skeletal muscle by

exposure to high salt concentrations. Boegman et gl{$j970)
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were able to separate MéATPase and NeKMgATPase activities in
frog skeletal muscle by means of high salt concentrations
followed by density gradient centrifugation, and Ash and
Schwartz (1970) used 0.6 M KCL treatment to obtain NaKMgATPase
activity in a fraction of rat skeletal muscle. The NaKMgATPase
activity recorded by these authors, 9.0 m.moles Pi h-1 g-1
protein is slightly lower than that found with the present
preparation, and the high MgATPase recorded by these authors
(19.7 m.moles Pi h™ " g-1 protein) meant that the activity ratio
of their preparation was relatively low.

It has been common pfactice to.store NaKMgATPase
preparations at -20°C, when it has generally been found that
actifity has remained steady for quite a time. Indeed, even
where a decline in ATPase activity has been recorded it has
often been noted that the MgATPase is more sensitive than the
NaKMgATPase; thus prolonged storage could lead to improved
activity ratios (e.nggéguse, Price and Zierler, 1969).

The present preparafgsn, however, showed a marked decline in
activity when stored at 5°C, or =-20°C, for pgriods as short as
twenty-four hours. This was also found to be the case for the
similar preparation of Ash and Schwartz (1970) who noted that
though the preparation was stable for several hours at 0°C,
overnight storage led to reduced activity levels.

Activation by monovalent cations (Table 5:5) resembled
that recorded for many other preparations (review, Skou;»1965),
with optima of ¢. 100 mM NaCl and 5 mM KCl. The preparation of
Rogus, Price and Zierler (1969), whilst similar in overall..
pattern of response.to monovalent cations, had a measurable

optimum of approximately 50 mM NaCl, 10 mM KCl, and the decline
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in acfivity éway from this optimum wés less marked than that seen

in the present preparation. Samaha and Gergely (1965) reportéd

an optimum of cation-stimulated activity at values of some 120

mM NaCl, 20 mM KC1L for NaKMgATPase from human striated muscle.
That the present preparation contained a true NaKMgATPase

was strongly reinforced by the response to ouabain (fig. 5:2).

The curve resembled that of Samaha and Gergely (1965) and was

virtually identicai with that recorded by Rogus, Price and Zierlgr

(1969), who showed inhibition of NaKMgATPase by oyabain

concentrations greater than 10-8 M, with 50% inhibition occurring

7

between 10™7 and 10~C M and 100% inhibition at about 10~ M.

These authors also recorded, as was found here, slight activation
of NaKMgATIPase activity by odabain concentrations lower than ’IO-8
M. Whilst the level of activation found here was very low, and
could be ascribed to experimental error, activation by low
concentrations of ouabain, below 'IO-3 M, has been reported in
the literature (Lee and Yu, 1963; review Lee and Klau§L_19?1.9:
The response of the enzyme to varying concentrations of

Mg++

and ATP also resembled the characteristic response to an
.NaKMgATPase. The finding that activity was generally greater

when the Mg++ and ATP concentrations were equal is in agreement

with other preparations (e.g. Boﬁrgoignie et al, 1969)%
Charnock and ?otter (1969) have shown that the incorporation of
P32 from YFATPBZ into the NaKMgATPase proceeded most quickly.
when the Mg++:—ATP ratio was 131, and it has been suggested that
a. Mg++-ATP complex may be the substrate for the reaction
(Epstein and Whittam, 1966).

The effect of pH upon the preparation also resembled that
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of the classic NaKMgATPase, with a PH optimum of appréximately

7.5 (review, Skou, 1965). Tashima et al (1966) observed a
similar pattern of NaKMgATPase activity with an optimum activity.
of ¢ pH 7.5, with a marked fall at pH 5.5 and pH 9, and of
MgATPase activity-which increased up to pH 9, for their cardiac
NaKMgATPase preparation, and basically similar patterns were
recorded for skeletal muscle preparations by Samaha and Gergely
(1966) and Rogus, Price and Zierler (1969); though the latter
measured a pH optimum of 7.0.

The reséonse, therefore, of the present preparation to
variatiéns in monovalent cations, olabain, Mg++, ATP.and pH was
in accordance with the presence in the preparation of the MgATPase
and NeKMgATPase combination now isolated from a wide variety bf
tissues, Whilst others (Samaha angd Gergely, 1965; Rogus, Price
and Zierler, 1969) have isolated such a preparation'using Doc,
their techniques have not easily been duplicated, and in view of
the present findings, and those of Boegman et al (1970), it would
seem that the use of high salt concentrations is a more reliable
method than DOC to reveal the NaKMgATPase, Others have used the
technique described here and have isolated a NaKMgATPase, where
other techniques have failed to do so, from chicken skeletal
muscle (Wareham, 1971) and the hindgut of insects (Peacock,
Wewler and Anstee, 1972). In the liéht of the findings of Peter
(5970) that an isolated preparation of sarcolemma from skeletal
muscle contains NeKMgATPase, it méy be that the role of the Nal is
to solubilize : away other portions of the muscle homogenate
which will contain high levels of ATPase activity which mask
the presence of the NaKMgATPage.

Since Duggan and Noll (1965) demonstrated that the
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NaKMgATPase from guinea. pig renal cortex was inhibited by the
diuretic ethacrynic acid, many other workers have been able to
demonstrate this inhibitory effect on NaKMgATPase preparations.

In view of its efficacy as d diuretic, work has largely centred
on preparations from renal material (e.g. Banerjee et al, 1970;
Charnock et al, 1970) but it has also been shown to inhibit
NaKMgATPases from other tissues, including turtle bladder
epithelium (Bourgoignie et al, 1969), insect hindgut (Peacock et
al, 1972) and canine cardiac muwle (Song and Scheuer, 1968), as
well as reducing active sodium efflux from a wide variety of tissues.
Whilst only preliminary investigations were made here, the pattern
of inhibition of NaKMgATPase by ethacfynic acid matched that
recorded elsewhere. Values of ethacrynic aéid above 10_7 M
appeared to slightly inhibit activity, marked inhibition was seen

at 10'4

M, and ’lO"3 M produced 94% inhibition. The requirement for
high levels of ethacrynic acid ( > ’IO"4 M) before marked inhibition
of NaKMgATPase is seen has been generally reported (e.g. Bourgoignie
et al, 1969; Charnock et al, 1970), though Song and Scheuer (1968)
5

reported that a concentration of 1.66 x 10°7 M ethacrynic acid
caused an inhibition of 37% in their cardiac preparation. Pre-
incubation of the enzyme with the diuretic has been reported to
increase inhibition (Duggan and Noll, 1965; Banerjee, Khanna and
Seﬁ, 1970); whilst there is still controversy as to whether the
inhibition of NaKMgATPase is responsible for tﬁg diuretic action
of ethacrynic acid (review, Suki et al, 1973) it is clear that in
the present preparation, as in many others, high concentrations of

the diuretic will cause such inhibition.

Both the MgATPase and the NaKMgATPase were also inhibited
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by photooxidation, using rose bengal, in a similar fashion to that
described for these activities in erythrocyte ghosts (Duncan and
Bowler, 1969). The enzymes in the present preparation were not
as éensitive as thpsé in the erythrocyte, the NaKMgATPase being
mofe sensitive than the MgATPase which only appeared to deciine

- by some 30%. As was found by Duncan and Bowler (1969) the
photodynamic inhibition of NaKMgATPase-appeared to follow the
Schwartzchild equation: I x t = K (where I = light intensity,

t = time for 30% inaé¢tivation, K and p are constants) which was
developed to_describe'photodynamic effects on photographic plates
(Schwartzchild, 1899). The value of p found in the preéent
preparation was 1.3, which is rather nearer unity, and the
Bunsen-Roscoe reciprocity law, than the 1.5 found for the
erythrocyte ghosts (Duncan and Bowler, 1969). This value of 1.3
matches that found by Blun and Hyman (1939) for photodynamic
haemolysis of erythrocytes. The Schwartzchild equation has also
been said to describe the photodynamic effect of rose bengal on
whole skeletal muscle (Lillie et al, 1935). |

Thus the response of the monovalent-cation stimulated MgATPase
activity to both ethacrynic acid and rose bengal is similar to the
responses of NaKMgATPases recorded from other preparations, giving
further support to the hypothesis that the activity recorded here
represents the existence-of such an NaKMgATPase.

The examination of the fractions by means of the electron
microscope revealed.that both Nal-treated and non-NaI-treated
light microsome fractions were composed mainly of vesicles of smooth
membrane. Whilst many of the mitochondria seen in the

mitochondrial éreparation appeared to be relatively intact,
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there was certainly some damage to mitochondria which may have

led to contamination by vesicles of mitochondrial membrane in

the light and heavy microsome fractions. The origin of the vesicle
fractions is difficult to determine since it is not possible to
distinguish between the plasma membrane, sarcoplasmic reticulum,
smooth endoplasmic reticulum,.outer mitochondrial membranes and
nuclear membranes with negative stéining. The non~Nal-treated
light microsome fraction resembles in appearance the 'sarcotubular!'
fraction of Muscatello et al (1962), which was composed of similar
vesicles énd contained numbers of 'tubules'. In view éf the
complexity of the muscle tissue, aﬁd the diffiqulty of homogenising
it, it seems likely that the vesicles originate from several
sburces. The different sizes of vesicle seen in the non-NaI-
treated and Nal-treated preparations may well in part be
attributable to the greater density of the Nal mixture even after
~dikution, and this may also explain the absence of the fine
tubules in the Nal-treated light microsome fraction. In view of
the solubilisation effect of the NaI,~however, it may be ihat
treatment with this salt has led to changes in the structure or
type of membrane isolated. In view of Peter's discovery of
NaKMgATPase activity in the sarcolemmal tubuie emptied of contenfs
(Péter, 1970), the general finding that the NaKMgATPase is located
in the plasma membrane (review, Whittam and Wheeler, 1970),

and the lack of demonstrable NaKMgATPase activity in the nonh-Nal-
treated preparation, it is tempting to speculate that the action
of Nal may lead to solubilization of other fractions of homogenate
so that the Nal light microsome fraction contains at least a large
proportion of plasma membrane whose NaKMgATPase is not megked by

other ATPases in other membrane fragments.
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CHAPTER SIX

IHE NaKMgATPase and RAT DIAPHRAGM MUSCLE

The successful isolation of a fraction of rat diaphragm
muscle which exhibited the characteristic properties of the.
NeKMgATPase confirmed the hypothesis that this enzyme was present
in mammalian skeletal muscle, playing a role in cation regulation.

It seems probable, however, that it is the complexity of muscle

tissue, with its several 'compartments' and variety of transport
.ATPases, that makes estimations of thelextent and importance of
the role of the sodium pump'extremely difficult.

Assuming that the action of oyabain in the 'in vitro!
experiments in Chapter Two is solely that gf an NaKMgATPase
inhibitor, it is clear that normal functioning of the 'sodium
pump’ is essential if the low intracellular sodium content is to
be maintained. As mentioned in Chapter One, muscle is believed
to maintain a constant electrochemical gradient for sodium, and
the uptake of sodium in the presence of owabain seen in Chapter
Two would indicate that the NaKMgATPase must normally have
ekercised a regulatory function, operating accordihg to the levels
of sodium on either side of the muscle membrane to help maintain
this gradient. This is in accordance with the role of the
'sodium pump' in. other tissues. |
“ The diécovery that it was not possible to demonstrate clearly
the activity of this pump by monitoring oxygen consumption was at
first surprising consideping the widespread success of this
technique when used on other tissues. As has been discussed in
Chapter Three, there are several possible reasons for this, but
the fact that the pump is 'powered' by ATP, which is found in

muscle 'in vivo', and hence presumably 'in vitro' in the conditions
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used here, and the rélatively low proportion of the 'energy budget'
of respiring muscle needed for sodium pumping would seem to be |
likely contributors.

This issue is further complicated by the fact that the tissue
used in these studies, the rat diaphragnm, though ideal in many
respects for 'in vitro' studies, cannot be comsidered as a uniform
tissue but rather an 'érgan' comﬁosed of a variety of muscle;types
with varying glycolytic, oxidative and ATPase enzyme activities.
Furthermore, there may well have been maturational changeé occurring
between the ages of the rats used in these 'in vitro' studies and
those used in the later work on the isolatea fractions, changes
which might have involved both oxidative metabolism and ATPase
activity.

It has long been realised that 'skeletal muscle' may be in
fact a mixture of tissue types. Difference in colour, 'red' and
'white', were described by Kilhne as long ago as 1865, and Ranvier
detected variations ih contraction speeds in 1873, The heterogeneity
of mammalian skeletal muscle was described by Griltzner in 1884,
and since this time a great deal of work has been concentrated
upon characterizing the various types of muscle fibres (for
general reviews see Peachey (1968), Sandow (1970), Close (1972),
Fuchs (1974)).

Various morpholoéical and cytochemical factors have been
used in the characterization processes, notably fibre diameter,
glycolytic and oxidative enzyme activities, ATPase activifies, in
addition to physiological characteristics such as contraction speed
and other constants, and electrical phenomena, e.g. hembrane

conductance, resistance, etc. Histochemically, fibres have been
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divided into two types based on reciprocal differences in
glycolytic and oxidative enzyme activities (Duﬁowitz and Pearse,
1960) and differences in myosin, ATPase activities (Engel, 1962),
though later work has tended to point to three main fibre types
(e.g. Padykula and Gauthier, 1967). Whilst the work is hindered
by dubious techniques, such as ATPase histochemistry which is
markedly pH sensitive in addition tq other problems, and variations
between one muscle and another in the same animal, in different
individuals and in different species, Close (1972) has postulated
that these three fibre types can be distinguished:-

(a) Fast-twitch white fibres, having relatively short
isometric twitch contraction fimes,_high myosin ATPase activity,
well-developed glycolytic enzyme systems, a low mitochondrial
content and oxidative activity, and which fatigue rapidly.

(b) Fast-twitch red fibres, having relatively short
isometric twitch coﬁtractibn times, high myosin ATPase activity,
moderately-developed glycohﬁb enzyme systems, a high
mitochondrial content and oxidative_activity, and which are
more resistant to fatigue than type (a).

(c) Slow-twitch intermediate fibres, with a dow speed of
contraction, low myosin ATPase activity, poorly-developed
glycolytic enzyme system, a high mitochondrial and oxidative
enzyme activity, and which show little or no susceptibility to
fatigue.

Gauthier (1969) determined that the rat diaphragm was
composed of 20% of white fibres, 20% of intermediate fibres and
60% of red fibres. The fibres appeared to be randomly distributed

throughout the diaphragm (Zolovick, Norman and Fedde, 1970), and
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these authors were unable to demonstrate any connection between
membrane constants and diameter in these fibres, though membrane
resistance and type of innervation did appear to be related.

That innervation plays an important part in muscle fibre function
has been known since 1958, when Eccles showed that denervation of
slow muscles caused them to change to an action similar to that

of fast fibres, and that crossinnervation led to the relevant
changes in contraction speeds. The influence of nerve on muscle
has recently been reviewed by Guth (1968) and Close (1972).
Zolovick, Norman and Fedde (1970) found that the small diameter
fibres (20 ~ 30 pm) in rat diaphragm muscle showed the high
oxidative enzyme activity characteristic of 'red' muscle, and
though speed of contraction in frog muscle may be related to its
myosin ATPase activity (Engel and Irwin, 1967) and certain membrane
constants (Adrian and Peachey, 1965), they were unable to find any
such relationships in the mature rat diaphragm.

It is therefore difficult to classify the 'type' of muscle .
found in the diéphragﬁ preparation used in the preéent study.
Furthermore, it has been shown that in the early post-natal period
the contractions of all muscle fibres in the rat are relatively
slow (Close, 1964) and that at the age of the rats used in the
experiments demanding thin preparations, i.e.lless than three weeks
old, 'fast' and 'slow' muscles were not fully differentiated
(Guth; 1968) : tﬁis ic not due to innervational changes only but
to some change in the muscle itself (Ridge,'1967). Much of the
maturation of myofibres in the hind~limb muscles of the rat occur
postnatally (Bergman, 1962) but is virtually complete at birth in

the inter-costal muscles (Kelly and Zacks, 1969), and there appears
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to be a cephalo-caudal gradient of maturation. Close (1964)
suggested that these changes were possibly linked to changes

in the biochemistry of the excitation-céontraction coupling of
the muscle, and Bo&thuis (1969) has demonstrated a cephalo-caudal
gradient for the development of the muscle membrane potential,
the neck muscles reaching the high potentials recorded in the
adult well before the hind-limb muscles. Many of the changes
which occur appear to be related to the contraction mechanism,
e.g. the myosin MgATPase of fast muscle increases in activity
over the first five post-natal weeks (de Villafranca, 1954),
and Trayer and Perry (1966) have suggested fhat these myosin
ATPase changes may reflect changes of isoenzymes or combinations
of isoenzymes as required for the muscle activity. Other
maturation changes appear to act directly at the membrane level,
and may well be extremely important in the present study.
Fudel-Osipova and Martynenko (1964) showed that the resting
potential of gracilis membrane 'in vivo' was low at birth and
did‘not reach a maximum until after more than 15 days, and
Hazelwood and Nichols (1967) showed that the resting potential
in rat gastrochemins had not reached the mature level after 27
days. These authors also found that the internal potassium
concéntration did not change significantly from birth, hence the
change in resting potential was not attributable to this.
Vernadakis and Woodbury (1964) also found that nitracellular
potassium and water did hot change significantly but that there
was a marked fall in intracellular sodium post-natally. Luff
and Goldspink (1970) believe however that there is a high

intracellular water content which diminishes post-natally, and
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which is also complicated by changes in the volume of the
extracellular space. A major maturational membrane change was
demonstrated by Diamond and Miledi (1962) when they showed that
in neonatal rats the entire muscle membrane was sensitive to
acetylcholine, but that this sensitivity declines to the adult
stage, where oniy the neuromuscular junctions are sensitive, a
few_weeks afterwards. This process can be reversed by
denervation, when sensitivity will gradually spread from the
neuromuscular junctions until the entire muscle is again
receptive.

The type of innervation is also known to affect the
ATPase activity of muscle. CaATPase, myosin ATPase and myo-
fibrillar ATPase activities afg’all higher in 'fast' muscle
than 'slow', but will decline to the lower levél affer cross—
innervatioﬁ (Buller, Mommaerts and Seraydarian, 1965). The
hypothesis that neural influences may determine dynamic
properties of muscle via effects on the ATPases is strongly
supported by the work of Barany and Close (1971). Dockry,

Kernan and Tangney (1966) have demonstrated that the nerve exerts
a positive trophic gffect on sodium extrusion and potassium
uptake in rat muscle, and Akaike (1971) has shown that acetyl-
choline will accelerate this exchange.

In the light of these findings it is possible that
lack of maturity and of peuronal stimuli may mean that the rat
diaphragms involved in the hemidiaphragm incubations were

- different in certain respects from those used in the
NaKMgATPase extraction experiments. Certainly the neonatal

changes in resting potential, in other ATPase activities, and
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in ionic content may well suggest that those membrane structures
controlling permeability, possibly including the NaKMgATPase, had
not yet aftained the adult state. Choice of the diaphragm, rather
than limb muscles, has lessened this probability though the ion
contents recorded in Chapter Two would seem to suggest that the
mature state had not yet been acquired.

The simple 'in vitro' studies used in Chapters Two and
Three cannot, taken in isolation, tell much about the mechanism of
the 'sodium pump'. The use of radiocactively-labelled ions,
along with detailed histochemical and anatomical studies of the
tissue, might assist in shedding more light on this issue, but as
yet these approaches have not produced a clear-cut picture (zigg
infra), for example, analysis of 24Na loss from muscle cannot be
accurate until it is known what portion the ion can enter freely.
Nor is it possible to interpret the role of the NaKMgATPase.until
its location, or locations, in the muscle membranes have been
identified with certainty.

Interpretation of these 'in vitro' studies is greatly
assisted, however, if the results are considered along with the
evidence obtained from the isolated NaKMgATPase preparations in
Chapter Five, and in the light of the most recent advances in
the field of muscle morphology and histochemistry. Furthermore,
during the course of the present study, and during the time it
has been in preparati&ﬁ, other workers have successfully isolated
NaKMgATPase fractions from skeletal muscle, and a study of their
preparations will also help in the interpretation of this work.
Conéideration of the roles of auabain, ethacrynic acid and rose
bengal on the present preparations will therefore be made

following an examination of these recent devélopments.
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In 1970, Peter, using the. isolation techniques of
Roseﬁthal et al (1965), was able to obtain a preparation of
- sarcolemma from rat skeletal muscle thch had been emptied of
contractile protein and was not visibly contaminated by other
subcellular components of muscle fibre. This preparation had a
MgATPase activity of some 10 m.moles Pi h-1 g—1 protein, with a
NaKMgATPase of some 10 - 72% (mean value 3%) of the MgATPase.
There was also a CaATPase in the preparation which was not
additive to the MgATPase. |

Most authors, however, have utilised techniques which
incorporafed exposure to high salt concentrations before an
extraction procedure. Ash and Schwartz (1970) exposed rat skeletal
muscle homogenates to 0.6 M KCl before centrifugation. They
obtained a 10,000 x g fraction with a MgATPase activity of 19.7
m.moles Pi b~ 3'1 protein, and a NaKMgATPase of 9.0 m.moles Pi
h—1 g_1 protein which was stable for some hours at 0°C but
declined overnight. Boegman et al (1970) used a sophisticated
technique involving exposure of frog muscle homogenate to O.4 M
LiBr and 0.6 M KC1 before sucrose density gradient extraction
procedures which largely separated Na' and K*—sensitive activity
from the MgATPase, with a high, widely-varying activity which
could be inhibited up to 9#% by 0.25 mM czabain. Sulekhe et al
(1971) used a similar technique of exposure of hamster skeletal
muscle homogenate to 0.5 M LiBr and 0.6 M KCl, but without sucrose
density gradient centrifugation, to give an MgATPase of around
40 m.moles Pi b~ g~1 protein, with an NaMgATPase of some

18 m. moles Pi h~1 g~1 protein. These authors also recorded.

elevated NaKMgATPase activities of 40 = 55 m.moles Pi h™ g-1
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protein in preparations from génetically-dystrophic hamsters,
Bray (1973) exposed muscle fibre fragments, obtained by strainipg
minced muscle through terylene mesh, to 1M NaI for 2 hours, before
centrifigation. He detected NaKMgATPase activity in all fractions
but found the greatest activity in the microsomal fraction (8,000 -
100,000 x g). Tﬁe high concentrations of salts, such as LiBr, KCl
and Nal, which are effectiVe in solubilising proteins, may well also
disrupt the membrane-bound proteins such as the NaKMgATPase (see
Penefsky and Tzagoloff, 1971). Kidwai et al (1973), however,
have developed a preparative tecﬁnique which avoids the use of these
salts. They removed the unwanted contractile protein elements by
a filtration device before sﬁbmitting the membranes to sucrose
density—gradient centrifugation. The interface of the medium and
the sucrose gradient yielded a membrane fraction with an MgATPase
activity of some 60 m. moles Pi h-/'I g-1 protein with ouabain-sensitive
NaKMgATPase of some 15 m. moles Pi h-1 g-1 protein, |

It seems clear, therefore, that skeletal muscle does
contain an NaKMgATPase which is membrane-bound and ouabain-sensitive,
but that it is necessary to remove - either by filtration or
solubilisation -~ a large froportion of the muscle before this
activity can be clearly demonstrated. The locatioﬁ of the membranes
upon which this enzyme is found is, however, by no means certain.

The preparation of Peter (1970) indicates clearly that at
least some, if not all, of the NeKMgATPase is situated in the
sarcolemma. The sarcolémma is known to consist of four layers
(Mauro® and Adams, 1961): (a) an outer layer of fine filaments,
randomly orientated, up to 10 nm in thickness; (b) a layer of

collagen filaments approximately 30 nm thick; (c) an amorphous
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}ayer resembling basement membrane matrix, 30 -'50 nm thick;

(d) the plasma membrane. In view of the finding thét plasma
membrane in other tissues are ricbhin NaKkMgATPase it would

appear likely that this layer contéins this enzyme in muscle

alsp. This does not rule out thé possibility that other membranes
may also contain NaKMgATPase.

Many of the workers-produciﬁg NaKMgATPase breparations
have mentioned homogenisation as a critical factor in producing
successful results (e.g. Kidwai et al, 1973) and it has been
pointed out (Wallach and Lin, 1973) that homogenisation can lead
to vesicles from a wide variety of sources within the cell. The
difficulty of mofphological identification of smooth membranes
has also been pointed out (Boegman et al, 1970; Wallach and Lin,
1973). Whilst certain enzymes are said to be biochemical markers
of particular membranes, their presence or absence cannot be used
" to show that all of a_fraction originates from a particular
locality within the cell, merely that a portion of a fraction is
from that locality, or occasionally that it is ﬁrobable that a
particular organelle is absent from the fraction. Nevertheless,
several of those isoléting'membrane fractions exhibifing
NaKMgATPase activity have tentatively identified them as being
plasma membrane in origin. Boegman et al (1970) treated his
membrane fragments with saponin, since Dourmashkin et al (1962)
had shown that etternal cell membranes so treated formed a clearly-
visible hexagonal lattice struc£ure. This was also clearly
visible in their preparation of NaKMgATPase, and was definitely
not shown in mitochondrial preparations, but a fraction

tentatively identified as sarcoplasmic reticulum also showed
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this lattice structure in parts, thus positive identification of
plasma membrane as the sole site was not made. Sulakhe et al
(1971) identified their preparation as sarcolemmal in origin
since preparations of nuclear, mitochondrial and myofibrillar
fractions obtained by conventional techniques did not contain
such activity, microsomal fragments may be contaminated with
sarcoleﬁma, and the fact that the majority of workers believe
that 'transport' ATPase is a constituent of the ceil membrane
(Whittam and Wheeler, 1970). Bray (1973) has also suggested that
his preparation is probably sarbolemmal in origin,.in view of the
large numbers of workers who have demonstrated the absence of
Na+, K+-stimulated, ouabain-sensitive activity in preparations
from myofilaments, mitochondria and sarcoplasmic reticulum.
Kidwai et al (1973) have claimed that the sucrose density
gradient employed in their preparation will separate plasma
membrane from sarcoplasmic reticulum, as the former, being less
dense, will stay upon the surface of the gradient, whilst fhe
sarcoplasmic reticulum, though morphologically similar, will
enter the gradient to give a distinct lower band. They found
NaKMgATPase activity to be associated with the 'plasma membrane'
fraction; other workers have found that NaKMgAT?ase activity is
associated with 'light' membranes which formed the upper fraction
on density gradiénts (é.g. Ahmed and Judah, 196k4; Uesugi et al,
19“69) because of their lipoprotein nature. Kidwai et al (1973)
have however pointed out that the complex linkage of sarcolemma,
T-tubule system.and sarcoplasmic reticuium could mean that
connected portions of plasma membrane and sarcoplasmic reticulum

could occur in each preparation fraction. The proximity of
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the two membranes does not imply similarity, however, since it
has been shown that the T-tubule system arises from invaginations
of the sarcolemma, whilst the sarcoplasmic reticulum is formed by
tubular évaginations of the endoplasmic reticulum (Ezerman and
Ishikawa, 1967). This problem of cross~contamination is not
restricted to the plasma membrane preparations from musclej;
Korn ( 1969) has pointed out that even preparations of plasma
membrane of the much-studied liver cells are often contaminated,
with more than 25% of preparations containing more than 5% of
‘membranes originating from the endoplasmic reticulum.
Recently Schapira et al (1974) reported a careful study of the
membrane fractions obtained by treatment of skeletal muscle
with high salt concentrations folloWed by sucrose density
gradient centrifugation. They also found the length and
strength of homogenisation to Se critical if mitochondrial
damage was not to occur, and using a variety of techniques,
| including marker enzymes, electron-microscopy and cholesterols
phospholipid ratio, they reported that the salt treatments
eliminated most of the sarcoplasmic reticulum, so that the
light fraction that they obtained by density gradient
centrifugation was relatively rich in NaKMgATPase activity,
and appeared to be composed of plasma membrane vesicles.
.These authors again reported absence of NaKMgATPase activity
in mitochondrial and sarcoplasmic reticulum fractions.

Whilst the preparative techniques in the present work
. and those reported above vary in several ways, an overall

look permits some speculation. Schapira et al (1974) have
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not published their electron-microgrephs, but the NaKMgATPase-
containing preparations of Kidwai et al (1973), Bray (1973) and
to some degree Boegman et al (1970) resemble the 'light microsome'
fraction found here to contain the NaKMgATPase. lThe preparations
of Kidwai et al (1973) are particularly interesting, since these
authors have included electron-micrographs of their 'sarcoplasmic
reticulum' fréction, and comparison with the present work shows
that the appearance of this fraction closely resembles the 'light
microéomé' fraction of the non-Nal-treated preparation, whilst
the 'plasma membrane! preparation is similar to the Nal 'light
microsomes'. Since these authors did not use salt treatments
but filtration and sucrose density gradient centrifugation, this
would appear to lend support fo the hypothesis ?hat the strong
salt solutions play a major role iﬁ separating sarcoplasmic
reticulum from plasma membrane, whilst differential centrifugation
following salt treatment leads to purification of the fraction by
separating the lighter plasma membrane fractions from rémaining
contaminants, as proposed by Schapira et al (1974). Fricke and
Klaus (1974) have aléo produced an active NaKMgATPase fraction
from cardiac muscle very similar in appearance to that shown in
the electron micrograph in Chapter Five (fig. 53 13c).
It is difficult to see & the present time how there can be
conclusive proof that the NaKMgATPase resides solely in the
plasma membrane of mﬁscle tissue, but the direct and indirect
evidence available at this time would point to this being the
case.

Consideration of these various preparations, with the

effects of the NaKMéATPése inhibitors ouabain, ethacrynic acid
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and rose bengal upon the isolated preparation here, can give some
indication as to the role these drugs may play in bringing about
'the increased intracellulér sodium concentrations and decreased
intracellular potassium concentrations recorded in Chapter Two.

Oyabain ié well known as a specific inhibitor of
NaKMgATPases (Skou, 1965; Whittam and Wheeler, 1970) and at
’IO"3 M the NaKMgATPase from rat diaphragm muscle was completely
inhibited. Ouabain inhibition is generally enhanced by sodium,
and decreased by potassium, and Matsui and Schwartz suggested
that cuabain bound to the phosphorylated intermediate (Mataui
and Schwartz, 1968); this was supported by the findings of
Alvers, Koval and Siegel (1968) and Sen, Tobin and Post (1969).
Some conflicting evidence as to the performance of ouabain in
the presence of various ligands has made an exact definition of
its effects difficult (see e.g. Erdmann and Schoner, 1973a).
Tobin et al (1974) have added weight to the evidence in favour
of an effect upon the phospho-enzyme,.éo that K -induced
dephosphorylation is inhibited.

Extension of the finding that 10-3 M ouabain is sufficient
to cause 100% inhibition of the NaKMgATPaée in an extracted form
to an 'in vitro' preparation of whole muscle, as used in Chapter
Two, ié made difficult by the unknown variables of, firstly,
the proportion of NaKMgATPase binding sites in proportion to
the concentration of ouabain, and secondly, the amount of non=-
specific ousbain binding, i.e. to sites other than NaKMgATPases,
that will occur in the gross tissue preparation. However, the

apparent specificity of the drug action upon this enzyme would
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support the hypothesis that the sodium gains and potassium
losses reported in Chapter Two can be attributed to ouabain~-
inhibition of the NaKMgATPase.

The effects of ethacrynic acid upon the whole preparation
are not so easily explained. Whilst the unknown variables of
binding ratios still cloud the issue, it seems unlikely that a
concentration of ethacrynic acid shown to be far less effective
an inhibitor of NaKMgATPase than ’IO-3 M ouabain could cause
effects in the whole tissue so different frqm those of the cardiac
glycoside merely by a single action upon the NaKMgATPase. The
marked sodium accumulation, though lower than that with the
glycoside, and the vast increase in intracellular water, greater
than that with the glycoside, would apparently indicate that
other processes concerned with permeability are iqvolved.

It is clear that ethacrynic acid is a NaKMgATPase
inhibitor but there is still controversy as to whether the
diuretic effects of this drug 'in vivo' can be attributed to
this action (for review, see_Sﬁki et gl, 1973). Duggan and
Noll (1972) and Nechay and Contreras (1972) have shown that
enzyme inhibition follows 'in vivo' administration of ethacrynic
acid in the dog, but Landoﬁ and Fiézpatrick (1972) were unable
to find inhibition 6f NaKMgATPase.activity after high levels
of ethacrynic acid in rabbits led to natriuresis. Furthermore,
concentrations of ethacrynic acid far higher than those reguired
to produce dinretic effects 'igﬁxigg' have been needed to
cause inhibition of NaKMgATPése, thoﬁgh it has been shown that -

‘renal tissue can accumulate ethacrynic acid (Charnock and
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Almeida, 1972). Hence it is possible that the ssdium and water
uptake recorded in Chapter Two may not be attributablé to a
direct effect upon the NaKMgATPase.

| There is evidence that ethacrynic acid may exert an effect
upon cellular metabolism, with mitochondrial inhibition (Landon
and Forte, 1971) and reduction of lactate formation (Klahr et

al, 1971). Whilst this could lead to indirect effects on the
NaKMgATPase by altering ATP availability, there is once again
controversy as to whether ethacrynic acid exerts a direct effect
upon metabolism (seé Suki et al, 1973). It has also been
suggested that ethacrynic acid may increase the passive
permeability of cell membranes to bring about its effects, though
as yet evidence for such a mechanism has not been produced (Suki
.33.3}, 1973). However, some workers have producéed fesultS'which |
appear to indicate that ethacrynic acid may exert its effects by
inhibition of a sodium pump other than the NaKMgATPase. The
existence of such a pump was proposed by Hoffman (1966) to
explain the ouabain-insensitive uphill movements of Na® from
erythrocytes, movements also seen in frog muscle (e.g. Sjodin

and Beaug8, 1958). Inhibitignzoﬁ'Naf:Na+ exchange in red blood
cells by ethacrynic acid-inlthe presence of'quabain has been
demonstrated by Lubowitz.and Whittam (1969) and in frog muscle

by BErlij and Leblance (1971), and Whittem and Wheeler (1970)
believe that such movements represent a passive carrier-mechanism
rather than a true pump. On the other hand, Whittembury and
Proverbio (1970) demonstrated that ethacrynic acid appeared to
inhibit Na' extrusion accompanied by CL~, rather than Na*tek*

exchange or Na‘t:Nat exchange, and postulated a sodium pump



150,

which was balenced cyinqvements'cf'Cl- and watef, which would
obviously play a majcn'ro;e:in'Volume regulation, a tempting
hypothesis in view of the dinretic role of ethacrynic acid.
Whilst not conclusive, the dose-response effects on ion
movements in leached and rewarmed kidney sllces in the .
presence of onabaln or ethacrynlc acid (Proverblo et al, 1970)
strongly supports the suggestion that ethacrynic acid exerts
its physiological effect via Nat and C1~ movements rather
than upon the characteristic Na':k* exchange of the NaKMgATPase
or the Na™ :Na* exchange mentioned above.

The entry of water into the rat dlaphragm, 80 much
greater than that seen in the presence of dnabaln, would appear
to support this separate action of ethacrynic acid, but the
results must be viewed with care since it is not clear as to
what portion of the complex muscle tissue is taking up the water.
The reduction in inulin-space, along with water uptake, would
appear to point to.entry.of sodium and water into the fibre, but
outside the true 'intracellular! space in which low levels of
sodium are mahtained. Whilst the present study will not permit
such a distinction to be made, there is evidence in the
literature that such an enlargement of a space may play at least
some part in the action of ethacrynic acid seen here.

Water mevements in muscle are extremely complex, and
changes in the tomicity of the bathing medium lead to volume
changes which are not predictable by the Van't Hoff equations
(Rothstein, 1968). Determination of 'extracellular' space using
different molecules gave different results, with small molecules

apparently entering a space not reached by larger ones, and the
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degree of entry varying with the topicity of the bathing medium
(Tasker et al, 1959). Dydynska and Wilkie (1963) and Blinks
(1965) found that exposure of muscle to varying bathing media
showed discrepancies between changes in the calculated volume of
fibre water, from weight and sucrose space determinations, and
the cell volume as calculated by optical studies. These
discrepancies could be explained by a portion of the muscle,
within the fibre 'optically', being freely permeable to sucrose
and hence acting 'extracellularly'. Mbvéments of labelled ions
: from muscles give rise to similar discrepancies. Levi and
Ussing (1948) and Carey and Conway (1954) reported a muscle
compartment, other than'the extracellular-space, which could
rapidly exchange Na+, with a high Na* and low K* content.
This could also be explained by the existence of an
'intracellular' compartment freely accessible to 'extra-
cellular' ions (Simon et al, 1957). Hodgkin and Horowicz
(1960) postulated that the T-tubule system could be this
compartment, but Harris (1963) calculated that such a comp%rtment
should comprise about 12% of the volumé,.énd suggested that
the sarcoplasmic reticulum @shown by Peéchey, 1965, to be
some 13% of muscle volume at normal osmotic pressure)-might
form such a compartment. In his studies on the 'EE.XEEEQ'
rat diaphragm preparation, Creese (1968) has assumed that muscle
is composed of merely two compartments, the intraceliular, |
sodium-regulated compartment, and the extracellular compartment
with ionic conditions resembling those of the surrounding medium.

This treatment was also adopted for the present'study.
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‘Recently, however, Rogus and Zierler (1973) have suggested that
two intracellular compartments exist, the sarcoplasm, containing
less than 4% of the intracellular Na+, a slowly-exchanging
component, and the sarcoplasmic reticulum, a rapidly-exchapgiﬁg
.component containing over 96% of the intracellulér Na+.. If
this is the case, then quantitative evaluation of fhe incﬁbﬁﬁion
experimenté in Chapter Two, including the amabain and rose bengal
experiments as well as those-involving ethacrynic acid, is
renderéd extremely difficulf, since it cénnot be established
~ whether the changes in 'intracellular' cation and wéter contents
represent alterations in volume of a.non-régulated sarcoplasmic
reticulum or actual uptake by a regulated sarcoplasm, or a
combination of both. Furthermore the various drugs used may
well be exerting different effects upon these two components.
There is strong evidence from elsewhere that the
sarcoplasmic reticulum may well form such a separate component.
Keynes and Steinhardt (1968) found that such a model fitted
better the washout of 24Na observed in frog muscle. The |
difficulty of explaining access of medium to the sarcoplasmic
reticulum has apparently been resolved by the demonstration of
bridge-structures between the T-tubules and the sarcoplasmic
reticulum at the triad sacs (Birks and Davey, 1969; Franzini-
Armstrong, 1970). Birks and Davey (1969) also demonstrated that
the sarcoplasmic reticulum swelléd with increasing osmotic
pressure, thagh Freygang et al (1964) showed in their preparation

that T-tubule swelling occurred but not swelling of the
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sarcoplasmic reticulum. Birks and.Davey (4972) showed that
these differences could be explained by the different fixation
methods used on the preparations, and that the sucrose treatment
and osmium fixation used by Freygang et al (1964) led to T-
tubule swelling, whereas their fixation technique using
aldehyde appeared to be less damaging. Free access to the
sarcoplasmic reticulum by extracellular medium has been further
supported by the finding'that horseradish peroxidase, an
extracellular marker; will enter this muscle component
(Rubio and Sperelakis, 1972; Kulczycky and Mainwood, 1972).
This, in turn, has significance when considering the
site of NeKMgATPase action. As has been pointed out by Birks
and Davey (1969), free access of extracellular medium to the
sarcoplasmic reticulum would suggest that a similar potential
difference should exist across the sarcoplasmic reticulum
membrane és exists across the sarcolemma, and that depolarisation
of the sarcoplasmic reticulum should spread through the muscle.
This has been supported by the observations of Constantin and
Podolsky (1966) that local depolarisatidn of the triad sacs
appears to lead to muscle contractiocn. It would then éppear
likely that there should exist.in the wells of the sarcoplasmic
reticulum a sodium pump to help maintain this potential
difference, in all probability the NaKMgATPase. Rogus and
Zierler (1973) have put forward such a hypothesis, pointing
out that the sole effect of ’IO-5 M ouab%in is to increase the
sodium content of the sarcoplasm, nbt the reticulum. They

also cite their earlier finding that NaKMgATPase was associated
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with microsomes of probable sarcoplasmic retfculum origin
(Rogus, Price and Zierler, 1969), and Constantin and
Podolsky's (1967) demonstration that muscles from which the
sarcolemma has been removed are still sensitive to cardiac
glycosides.

There is also evidence of NaKMgATPase activity in the
sarcoplasmic reticulum from histochemical studies. 1In
experiments not reported here, using histochemical techniques
based on those of McClurkin (1964) for demonstration of
NeKMgATPase, it was found impossible to demonstrate such
activity in the rat diaphragm muscles used in the present
study. These procedures involvgd fixation processes which
have been shown to cause inhibition of NaKMgATPase (Moses et
al, 1966) but even modifications and omissions of such processes
were found to be unsuccessful here in permitting demonstration
of a NaKMgATPase. Other serious objections to these techniques
have been raised, however, Rosenthal et al (1966) demonstrated
that lead, present in the incubation medium used (Wachstein
and Meisel, 1957) to deposit at the site of ATP hydrolysis,
was itself capable of causing ATP hydrolysis, and Moses et al
(f966) showed that the localisation of lead deposits could be
radically altered by altering the concentrations of ATP and
lead nitrate used. Tormey (1966) studied the technique
carefully, and concluded that it could not possibly be used
to localise NaKMgATPase, and there is no doubt that much
evidence from the literature supports his claim. Recently
the technique has been improved by the'iptroduction of the

medium of Schulze and Wollenberger (1969), composed of
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35 mM sodium potassium tartrate, 2.5 mM lead acetate, 30 mM
Tiron, 2.5 mM ATP, 65 mM Nacl,"" o-.a M sucrose and 0.1 M trig-
maleate buffer. (pH 7.2). The loQ concentration of lead, along
with the sodium potassium tartrate, tris-maleate and Tiron
which will complex the lead, is believed to greatly reduce
inhibition of NaKMgATPase and the spontaneous hydrolysis of ATP,
Forbes and Sperelakis (1972) have studied NaKMgATPase
histochemistry in rat skeletal muscle, combining techniques of
short fixation time, the avoidance of inhibitory buffers and of
the freezing and re-thawiﬁg of the preparation, with the
Schulze and Wollenberger incubation medium. Their preparations
showed clear, ouabain-sensitive lead deposition in the
sarcoplasmic reticulum, particuiérly in the terminal cisternae,
along with~some deposition at the sarcolemma and in the T-
tubules. Whilst many of the criticisms leveiled at histochemical
techniques, such as the presence of artefacts and possible
movement of the pfoducts should be borne:in mind,.nevertheless
this would appear to lend supporf to thé_hypothesis that the
sarcoplasmic reticulum contains NaKMgATPase in addition to the
plasma membrane.

This runs contrary to the hypothésis put forward earlier
in the chapter based on the evidence from'membfane preparations
of rat muscle. As has been stated previqusly, however, the
positive identification of the membranes obtained in such
preparations is extremeiy difficult, and while most workers
have postulated that their preparations were of plasma membrane

origin, the presence of sarcoplasmic reticulum has not been
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ruled out. Indeed, Rogus and Zierler (1973) have suggested
that sarcoplasmic reticulum vesiéles in all probability do
contain the NaKMgATPase that they have recorded. It is
difficult to explain, hoﬁever, why in the present study, and

in those of many workers, it has not been possible to
demonstrate NaKMgATPase activity in preparations which would
clearly contain a 1argé proportion of sarcoélasmic reticulum,
nor why optimum NaKMgATPase activity has been said to depend
oﬁ minimum homogehisation;'which would tend to increase the
proportion of plasma membrane and decrease the proportion of
sarcoplasmic reticuluﬁ, found in the final preparations.

It is clear that a much fuller understanding of the_techniques
of histochemistry, salt extraction, centrifugation etc. is
required before the answer to this problem can be msolved

" with certainty.

That whole muscle preparations were sensitive to photo=-
~ oxidation, with a site of action which was probably at the
surface membrane, was well known (e.g. Tillie, Hinrichs and
Kosman, 1935). Yu et _al (1967) demonsﬁrated that in an isolated
preparation of sarcotubular fragments both MgATPase and Ca’-
sequestering activity were inhibited by photooxidative agents
sucﬁ as rose bengal. In the present preparation it has also
been demonstrated that the NaKMgATPase is sensitive to rose
bengal, with this enzyme being more sensitive than the MgATPase,
as was found in red blood cells (Duncan and Bowler, 1969).

It would seem unlikely, however, that simple inactivation of
the active cation transport by the NaKMgATPase complex was

solely responsible for the changes observed in the whole muscle
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preparation in Chapter Two. The rapid Na™ uptake and Kkt 1oss
observed, greater than was observed with '10"3 M_@gabain, would
imply other sites of action, and Duncan and Bowlef (1969)
have demonstrated that rose bengal must affect other sites
- controlling permeability, suggesting the MgATPase as a possible
contender. It seems likely, however, in view of the variety of
ioﬁ-transport mechanisms which are now emerging (Whittam and
Wheeler, 1970) that photooxidative damage may well be affecting
several such enzymes present within.the cell membrane. The
mechanisms of photooxidative effects are not yet fully
understood. Akera and Brody (1968) suggested that the
synergistic effect of ultraviolet illumination and
chlorpgbméainae upon inhibition of rat brain NaKMgATPase was
due to the formation of a free radical of chlorpromazine
which was unstabie but pharmacologically active. Duncan and
Bowler (1969), however, suggested that the photooxidative
effect of rose behgal may be related to the conformational
changes of enzymes such as the NaKMgATPase. Sun (1972) has
also produced evidence that photooxidation may cause
configurational changes. _He has suggested that oxidativé
membrane damage is probably due to:changes in phospholipid
poly-unsaturated fatty acids important in membrane
configurations. He showed that lipoxygenase and hydrogen
peroxide produced synergistic inhibition of NaKMgATPase,
and a conformational change, with a major effect probably
at the K" site, was suggested by kinetic studies.

The_importance of phospholip%d integrity for normal

NaKMgATPase activity is well known. Schatzmann (1962) and
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Swanson, Bradford and McIlwain (1969) showed that treatment with
phospholipase C would reduce NaKMgATPase activity, and Oﬁnishi
and Kawamura (1964) and Emmelot and Bos (1968) thaf phospholipase
A wouid also have this effect. Controversy over the reactivation
of NeKMgATPases by phospholipids (see Whittam and Wheeler, 1970)
has been resolved by the recent findings of Stahl (1973),
Chipperfield and Whittam (1973) and Specht and Robinson (1973).
These authors demonstrated that at least in part the effect of
phospholipids could be simulated by EGTA, that this was due to
calcium sequestration, and that calcium contamination of
phospholipid samples may explain variability of results.
Taniguchi and Tonomura (1971) and Stahl (1973) have clearly
deﬁonstrated that phOspholipids play an important function in
the activity of the NaKMgATPase other than mere calcium binding,
and Specht and Robinson (1973) have suggested that the excellence
of phosphatidylserine in activating NeKMgATPase preparations may
be due to its efficgcy in both chelation'andhin restoration of
the lipid enviromnment. It has been suggested that the presence
of the charged membrane phospholipids is essential for correct
conformation of some membrane proteins (Wallach, 1972). The
increasing evidence for conformational changes of proteins in
membranes, and the possible sites of photodynamic action have
also been reviewed by this author (Wallach, 1972).

The discovery that chelators can play an important part
in maintenance of membrane protein function may have relevance
to the role of serum in helping preserve 'in vivoe' ionic
conditions in muscles incubated 'in vitro'. Gabei et al (1970)

have demonstrated that serum is effective in preventing the
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mild fatigue normally seen in ipcubated muscle due to weakening
of the intensity of the active state, and deterioration of the
preparation in more marked fatigue was reduced, though it was
not effective in major stress. The addition of serum to saline=-
incubated muscles led to improved performance, and the serum
need not be species=-specific. These authors found that the
effective factor in the serum was heat-stable, extractable in
chloroformiethanol, and chromatographed like a phospholipid.
They suggested that the action of the factor was probably sited
at the muscle membrane, and that it affected calcium mobility.
In view of the increasing evidence of the importance of calcium
in controlling active and passive movements of monovalent
cations at the cell membrane (Whittam and Wheeler,_1970)_it
may well be that factors in the serum are important in controlling
calcium levels at the ﬁembrane_sites.;

Thus, as has-been found elsewhere, the NaKMgATPase
enzyme of muscle requires a specific conformation on the membrane
dependent upon phospholipids, and is sensitive to photooxidation
and the presence of calcium. Various models have been
proposed to explain the structure and function of these enzymes,
a notable example being the tetrameric model of Stein (Stein et
al, 1973) which appears to fit the available data on the sodium
pump enzyme.
| The present study has shown that in skeletal muscle the
NeKMgATPase plays an important role in the regulation of cation
balance. If this enzyme is inhibited when the muscle is 'in
vitro' there follows a marked uptake of sodium and loss of

potassium, though the precise portion of the tissue affected
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requires further examination. The tissue does not lend itself
to studies of the metabolic requirements of the pump yia the
measurement of oxygen consumption due to the practical
problems in making a suitable preparation, though studies of
changes in biochemical content may be possible. Production
of an isolated membrane fraction bearing NaKMpATPase activity
has permitted some aﬁalysis of the characteristics of this
enzyme in mammalian skeletal muscle, which have shown it to
resemble closely the NaKMgATPases isolated from other tissues.
The response of the isolated preparation to the diuretic
ethacrynic acid, and the photooxidant rose bengal, would

seém to indicate that fhough the NaKMgATPase is inhibited by
these reagents, that it is not likely to be the sole site of
action in the whole muscle, as evidenced by changes in cation

and water contents in the 'in vitro' studies.



161.
REFERENCES

FIRST AUTHOR ARRANGED ALPEABBTICALLY AND CHRONOLOGICALLY

- ADLER, S., ROY, A., RELMAN, A.S. (19652) Intracellular Acid-Base
regulation. I. The response of muscle cells to changes in 002
tension or extracellular bicarbonate concentration.

J. Clin. Invest. 4h: 8-20.

ADLER, S., ROY, A., RELMAN, A.S. (1965b) Intracellular “Acid=Base T

regulation. II. The interaction between CO_ tension and extra-
~ cellular bicarbonate ion in the determination of muscib‘é.- ¢ell pH..-

ADRIAN, R.H., PEACHEY, L.D. (1965) The membrane capacity of frog
twitch and slow muscle fibres. J.Physiol. Lond. _’1§_1 + 324-336.

AEBI, H. (1953) Elektrolyt~Akkumulierung und Osmoregulation in
Gowebeschnitten. Helv. Physiol. Acta 11t 96~121. :

AHMED, K., JUDAH, J.D. (1964) Preparation of iipo-protein_s
containing cation-dependent ATPase. Biochim. Biophys. Acta

.93 603-613. -

AKATKE, N., KOWA, Y. (1970) Active transport of sodium and .
potassium in Nat-loaded skeletal muscles of potassium~deficient

AKAIKE, N. (1971) Maintenance of sodium and potasskum ions in
rat skeletal muscle fibres by serum. Jap.J.Physiol. 21: 201-208.

AKERA, T., BRODY, T.M. (1968) Inhibition of brain sodium- and
potassium-stimulated adenosine triphosphatase activity by
chlorpromazine free-radical. Mol. Pharmacol. k4: 600-612.

ALBERS, R.W., KOVAL, G.J. (1966) Sodium~potassium-activated
-adenosine triphosphatase of Electrophorus electric organ.
III. An associated potassium-activated neutral phosphatase.
J. biol. Chem. 2412 1896-1898. :

ALBERS, R.W., KOVAL, G.Js, SIEGEL, G.J. (1968) Btudies on the
_interaction of ouabain and other cardioactive steroids with
sodium~-potassium-activated adenosine triphosphatase.

Mol. Pharmacol. ks 324=336.

ALLEN, J.C., SCHWARTZ, A. (1969) A possible biochemical
explanation for the insensitivity of the rat to cardiac
glycosides. ~J. Pharmac.exp. Therap. 168: Lk2-h6.

ALLISON, A.C., MAGNUS, I.A., YOUNG, M.R. (1966) Role of
lysosomes and of cell membranes in photosensitization.
Nature, Lond.: 209: 874-878.

ASH, A.S.F., SCHWARTZ, A. (1970) Sodium-plus-potassium ion=-
.activated adenosine triphosphatase in a heavy membrane
fraction isolated from rat skeletal muscle.
Biochem. J. 1183  20P.



162,
ATKINSON, A. (1970) Ph.D. Thesis, University of Manchester.

ATKINSON, A., GATENBY, A.D., LOWE, A.G. (1971) Sub-unit
-structure of the Na,K-dependent transport ATPase.
Nature (New Bio.) Lond. 233: 145-146, '

“BADER, H., SEN, A.K. (1966) (K*)-dependent acyl phosphatase as .
part of the (Nat+K*)-dependent ATPase of cell membranes.
Biochim. Biophys. Acta 118: 116=123.

BANERJEE,; SoP., KHANNA, V.K., SEN, A.K. (1970) Inhibition of
-sodium- and potassium-dependent adenosine triphosphatase by
ethacrynic acid: two modes of action. Mol. Pharmacol. 6: 680-690.

BANERJEE, .S.P., WONG, S.M.E. (1972) Effect of potassium on sodium-
dependent adenosine diphosphate-adenosine triphosphate exchange
activity in kidney microsomes. 'J.biol.Chem. 247: 5409-5413,

BANERJEE, S.P., WONG, S.M.E., SEN, A.K. (1972) TInhibition of
sodium- and potassium-dependent adenosine triphosphate by
N-ethylmaleimide. III. Effects on sodium-activated
- transphosphorylation. Mol. Pharmacol. 8: 18-29,

BARANY, M., CLOSE, R.I. (1971) The transformation of myosin in
cross~-innervated muscles. J. Physiol. Lond. 213: 455-47k.,

BARSTAD, J.A.B., LILLEHEIL, G. (1968) Transversely cut diaphragm
“preparation from rat. Arch.Internat -Pharmacodyn.Therap. 175:
373-390. )

BENDALL, J.R. (1951) The shortening of rabbit muscles during
rigor mortis: its relation to the breakdown of adenosine
triphosphate and creatine phosphate and to muscular
contraction. J. Physiol. Lond. 114: 71-88.

BERGMAN, R.A. (1962) Observations on the morphogenesis of rat
skeletal tissue. Bull.John Hopkins Hosp. 10: 187-201.

BIRKS, R.I.; DAVEY, D.F. (1969) Osmotic responses demonstrating
- the extracellular character of the sarcoplasmic reticulum.
J. Physiol. Lond. 202: 171-188.

BIRKS, R.I., DAVEY, D.F. (1972) An analysis of volume changes
' in the T-tubes of frog skeletal muscle exposed to sucrose.
Jo. Physiol. Lond. 222: 95-111.

BITTAR, E.E. (1966) Effect of inhibitors and uncouplers on the
Na* pump of the Maia muscle fibre. J.Physiol.bLond. 187: 81-103.

BLINKS, J.R. (1965) Influence of osmotic strength on cross-
section and volume of isolated single muscle fibres.
J. Physiol. Lond. 1773 42-57.

BLUM, H.F., HYMAN, C. (1939) Photodynamic hemolysis IV,
J. Cell Comp. Physiol. 13: 281-285.



163,

BLUM, H.F. (1941) Photodynamic action and diseases caused
by light., (Reinhold, New York)

BOEGMAN, R.J., MANERY, J,F., PINTERIC, L. (1970) The separation
and partial purification of membrane~bound (NI+K*)-dependent
Mg+ ATPase and (Na*t+K*)Mg2*ATPase from frog skeletal muscle.
Biochim. Biophys. Acta 203t 506~530.

BORTHIUS, J. (1969) Resting membrane potential in neck and leg
muscles of young rats. Acta Physiol. Scand. 753 253=254.

BONTING, S.L., SIMON, A., HAWKINS, N.M. (1961) Studies on sodium-
-potassium activated ademosine triphosphatase. I. Quantitative
-distribution in several tissues of the cat. .
Arch. Biochem. Biophys. 953 416-423,

BONTING, S.L., CARAVAGGIO, L.L., HAWKINS, N.M. (1962) Studies on
sodium-potassium=-activated adenosine triphosphatase. IV.
Correlation with cation transport sensitive to cardiac
glycosides. Arch. Biochem. Biophys. 98: 413-419.

BOURGOIGNIE, J., KLAHR, S., YATES, J., GUERRA, L., BRICKER, N S.
(1969) Characteristics of ATPase system. of turtle bladder
epithelium. Amer. J. Physiol. 217: 1496-1503.

BRAY, G.M. (1973) A comparison of the ouabain-sensitive (Nat+K )
ATPage of normal and dystroph:.c skeletal muscle.
Bidchim. Biophys. Acta 298: 239-245.

BULBRING, E. (1946) Observations on the isolated phrenic nerve
diaphragm preparation of the rat. Brit. J .Pharmacol. 1: 38-61.

BULLER, A.J., MOMMAERTS, W.F.H.M., SERAYDARIAN, K. (1969)
Enzymic properties of myosin ¢n fast and slow twitch muscles
of the cat following cross-innervation. J.Physiol.Lond. 205:

1581-59?.

BURNELL, J.M. (1968) In vivo response of muscle to changes in
CO, tension or extracellular bicarbonate.
Amér. J. Physiol. 215: 1376-1383,

CALDWELL, P.C. (1968) Factors. governlng movement and distribution
-of inorganic' ions in nerve and muscle. Physiol.Rev. 48: 1-64,

CAIKINS, E., TAYILOR, I.M., HASTINGS, A.B. (1954) Potassium
exchange in the isolated rat diaphragm; effects of anoxia
and- cold. - Amer. J. Physiol. 177: 211-218.

CAREY, M.J., CONWAY, E.J. (1954) Comparison of various media
- for. immersing frog sartorii at room temperature and ev:Ldence
for: the regional distribution of fibre Nat,
Je. Physiol. LOnd. 125: 232-250."

CAREY, M.J., CONWAY, E.J., KERNAN; R.Py (1959) Secretion of
sodium ions by the frog's sartorius. J.Physiol.Lond. 148: 51-82.



164,

CHARNOCK, -J.&, POTTER, H.A. (1969) The effect of Mg>" and
giabain on the incorporation of P32 from -ATP32 into Na*
-and’ K*<activated adenosine triphosphate.

Arch, Biochem. Biophys. 13k: 42-47.

CHARNOCK, J.8., POTTER, H.A., McKEE, D. (1970) Ethacrynic acid
inhibition of (Nat+K+) activated adenosine trlphosphatase.
. Biochem. Pharmacol. 19: 1637-1641,

CHARNOCK, J.S., ALMEIDA, A. F. (1972) Ethacrynic acid
accumulation by renal tissue. ' Biochem.Pharmacol. 212 647-655.

CHIPPERFIELD, A.R., WHITTAM, R. (1973) Reconstitution of the
sodium pump from protein and phosphatidylserine: features of
‘ouabain binding. J. Physiol. Lond. 230! 467-476,

CLARK, L.C. (JUN) (1956) Monitor and control of blood and tissue
oxygen tensions. Trans.Amer.Soc.Artif.Internal Organs 2: 41-65.

CLAUSEN, T. (1966) The relationship between the transport of -
‘glucose and cations across cell membranes in isolated tissues.
II. Effects of Kt-free medium, ouabain and insulin upon the
fate of glucose in rat diaphragm. Biochim. Biophys. Acta
1203 361-368. S

CLOSE, R.T. (1964) Dynamic properties of fast and slow skeletal
muscles of the rat during development. J.Physiol.Lond. 173: 74-9_5.

CLOSE, R.I. (1972) Dynamic properties of mammalian skeletal
muscle. "Physiol. Rev. 52: 129~197.

COLE, K.S. (1968) Membranes, Ions and Impulses. (Univ.
California Press, L.A.) .

CONSTANTIN, L.L., PODOLSKY, R.J. (1966) Evidence for
-depolarisation of the internal membrane system in activation
of frog semi-tendinosus muscle. ~Nature, Lond. 210: 483-436.

CONSTANTIN, L.L., PODOLSKY, R.J. (1967) Depolarisation of the
internal membrane system in the activation of frog skeletal
muscle.  J. Gen. Physiol. 50: 1101-112k,

CONSTANTINE, V.S., KOSTYO, J.L.. (1961) Potassium content of rat
diaphragms following hypophysectomy and incubation with growth
hormone. Proc.Soc.Bxptl.Biol.Med. 1072 349-35k.

. CONWAY, E.J., HINGERTY, D. (1948) Relations between potassium .
-and sodium levels in mammalian muscle and blood plasma.
‘Biochem.: J.- 423 572-376

CONWAY, E.J. (1957) '.'Nature and significance of concentration
relation of potassium and sodium ions in skeletal muscle.
Physiol. Rev. 37: 84-132.



165.

CONWAY, E.J., KERNAN, R.P. ZADUNAISKY, J.A. (1961) The sodium
pump in skeletal muscle in relation to energy barriers.
J. Physiol. Lond. 155: 263=279.

CREESE, R. (1950) Bicarbonate ion and striated muscle.
Je Physiol. Lond. 199:-450-457;

CREESE, R. (1954) Measurement of cation fluxes in rat
-diaphragm. Proc.Roy.Soc. (B) 142: 497-513.

CREESE, R., SCHOLES, N.W., WHALEN, W.J. (1958) Resting potentialé
of diaphragm muscle after prolonged anoxia. J.Physiol. Lond.
2402 301-317.

CREESE, R., NORTHOVER, J. (1961) Maintenance of isolated
diaphragm. with normal sodium content. J.Physiol.Lond. 155%: 345~35%.

CREESE, R. (1968) Sodium fluxes in diaphragm muscle and the
effects of insulin and serum proteins. J.Physiol.Lond. 397: 255-278.

CZACZKES, J.W., AVIRAM, A., NISSAN, S., ULLMANN, T.D. (1969)
Influence of ouabain and lack of potassium on Q0. of rat
- diaphragm- in hypertonic sodium: chloride solutionS.
Isracl J. Med.: Sci. 5: 10k4=1047,

DAHL, J.L., HOKIN, L.E. (1974) The sodium~potassium adenosine
-triphospatase. Ann. Rev. Biochem. 43: 327-356.

DAVIES, P.W., BRINK, F. (1942) Microelectrodes for measuring
Jocal: oxygen tension in animal tissues. Rev. Scient.
Instruments 13:: 524-533.

DAVSON, H. (1940) The permeability of the erythrocyte to cations.
Cold Spring Harb. Soc.Symp. Quent. Biol.: 8: 255-268.

DEAN, R.B. (1940) In discussion. Cold Spring Harb. Soc.
‘Symp. Quant. Biol. 8: 252 and 266.

DE VILLAFRANCA, G.W. (1954) - Adenosine triphosphatase activity in
developing rat muscle. <J. exptl. Zool. 127: 367-388.

DIAMOND, J.M., MILEDI, R. (1962) A study of foetal and newborn
rat muscle fibres. J. Physiol. Lond. 162: 393-408.

DICKERSON, J.W.T., WIDDOWSON, E.M. (1960) Chemical changes in
skeletal muscle during development. Biochem.d. 7Ph4: 247-257.

DOURMASHKIN, R.R., DOUGHERTY, R.M., HARRIS, R.J.C. (1962)
Electron microscopic. observations on Rous sarcoma virus
and cell membranes. Nature, Lond. 194: 1116-1119.

DUBOWITZ, V., PEARSE, A.G. (1960) A comparative histochemical
study of oxidative enzyme and' phosphorylase activity in
skeletal muscle. Histochemie 23 106-117, -



166.

-DUGGAN, D.E., NOLL, R.M. (1965) BEffects of ethacrynic acid
and cardiac glycosides upon a membrane adenosine
triphosphatase of renal cortex. - Arch. Biochem. Biophys.

-109: 383-396.

DUGGAN, D.E., NOLL, R.M. (1972) Effects of ethacrynic acid upon
membrane ATPase of dog kidney in yivo and in vitro.
. Proc. Soc. exptl. Biol. Med. 1 §2 762-767.

DUGGAN, P.F. (1965) Some properties.of the monovalent-cation-
stimulated adenosine triphosphatase of frog sartorius
microgomes. Biochim.Biophys.Acta 99: 144=155.

DUNCAN, C.J., BOWLER, K. (1969) Permeability and photooxidative
damage of membrane enzymes. dJ. cell.Physiol. 1’1: 259=271.

DUNHAM, E.T., GLYNN, I.M. (1961) ATPase activity and the active
movements of alkali metal cations. J.Physiol. Lond. 1563 274-293. .

DYDYNSKA, M., WILKIE, D.R. (1963) The osmotic properties of
striated muscle fibres in hypertonic solutions.
J. Physiol. Lond. 169: 312-329.

DYSON, J.E.D., ANDERSON, W.B., NORDLIE, R.C. (1969) Inhibitory
effect of physiological bicarbonate ion levels on the
-activities of glucose-6~phosphate phosphohydrolase.

J. - biol. Chem. 2ik: 560-566.

EDWARDS, C., HARRIS, E.J. (1957) Factors influencing the sodium
movement in frog muscle, with a discussion on the mechanism
-of sodium movement. J. Physiol. Lond. 135: 567-580.

ELLORY, J.C., SMITH, M.W. (1969) Deoxycholate stimulation of
goldfish intestinal (Na*+K+)ATPase and its relation to
digoxin binding. Biochim. Biophys. Acta 193: 137=145.

EMMELOT, P., BOS, C.J. (1968) Studies on plasma membranes. V.
On the lipid dependence of some phosphohydrolases of isolated
-rat liver plasma membranes. Biochim.Biopliys.Acta 150: 34 +353.

ENGEL; A. G.,'I‘ICD, LiW, - (1966) ‘Cytochenistry .of phosphatases of the
sarcoplasm:.e ‘reticulum.  I. Biochemica.];.-'studies.
Je cell B:Lol., 2_: 473=48T+"

-ENGEL, W.K. (1962) The essentiality of histo- and cyto=-chemical
studies of skeletal muscle in the investigation of
neuromuscular disease. Neurology 12: 778-78L.

ENGEL, W.K., IRWIN, RL. (1967) A histochemical~-physiological
¢ correlation of frog skeletal muscle fibers.
Amer. J. Physiol. 213 511-518.

EPSTEIN, F.H.,, WHITTAM, R. (1966) The mode of inhibition by
calcium of cell membrane adenosine triphosphatase activity.
Biochem. J. 99: 232-239.



167.

ERDMANN, E., SCHONER, W, (1973a) Ouabain-receptor interactions
in (Na"+K")-ATPase preparations. IL. Effects of cations and
nucleotides on rate constants and dissociation constants.
Biochim. Biophys. Acta 3303 302-315.

ERDMANN, E.,+SCHONER, We (1973b) Ouabain receptor interactions
in (Na'+K")-ATPase preparations. III. On the stability of
the ouabain receptor against physical treatmdnt, hydrolases

-and SH reagents. Biochim. Biophys. Acta 3303 316-32k.,

ERLLJ, D., LEBLANC, G. (1971) The effects of ethacrynic acid and
other sulphydryl reagents on sodium fluxes in frog muscle.

EZERMAN, E., ISHIKAWA, H. (1967) Differentiation of the
sarcoplasmic reticulum and T-system in developing chick
skeletal muscle in vitro. J. Cell. Biol. 35:405-470.

FAHNS., KOVAL, G.J., ALBERS, R.W. (1966) Sodium-potassium
activated adenosine triphosphatase of Electrophorus electric
organ. I. An associated sodium activated transphosphorylation.
J. biol. Chem. 241: 1882-1889.

FISKE, C.M., SUBBA ROW, Y. (1925) The colorimetric determination
of phosphorus. J. biol. Chem. 66: 375-400.

FrllckIgER, VON. Ee, VERZKR, F. (1954) Der Einfluss der Kohlen-
‘hydratstoffwechsels auf den Natrium und Kalinmaustasch des
berlebenden Muskels. Helv. Physiol. Acta 12: 50-56.

FORBES, M.S., SPERELAKIS, N. (1972) (NafK*)-ATPase activity in
tubular systems of mouse cardiac and skeletal muscles.
Z. Zellforsch. 134: 1-11.

-FOZZARD, H.A., KIPNIS, D.M. (1967) Regulation of intracellular
sodium concentrations in rat diaphragm muscle. :
Science N.Y. 156: 1257-1260.

FRANZINI-ARMSTRONG, C. (1970) Studies of the triad. I. The
structure of the junction in frog twitch fibres.

Je cell Biol. 47: 488-499,

FREYGANG, W.H., GOLDSTEIN, D.A., HELLAM, D.C., PEACHEY, L.D,
(1964) The relation between the late after-potential and
the size of the transverse tubular system of frog muscle.
J. gen. Physiol., 48: 235-263."

FRICKE, U., KLAUS, W. (1974) Simple preparation technigque for
a microsomal (sodium-potassium=ion)-activated ATPase from
cardiac- tissues of different species. Preparative Biochen.,
"": 13-29.

FUCHS, F. (1994) Striated muscle. Aun. Rev. Physiol.36: 461-502.
FUDEL~OSIPOVA, S.I., MARTYNENKO, O.A. (1964) Early ontogenic

development of membrane potential of muscle fibres in rats.
Fed. Proc. 23: T28~T30.-



168.

G GABEL, L.P., VANCE, E., TRUAX, C. (1970) Effect of serum on
fatigue of normal and dystrophic muscles.
Amer. J. Physiol. 218: 1495-1499.

GAUTHIER, G.F. (1969) On the relationship of ultrastructural
and cytochemical features to color in mammalian skeletal
muscle. Z. Zellforsch. 953 462-482.

GLAUERT, AM. (1965) The fixation and embedding of biological
specimens. In: Techniques for electron microscopy.
D.H. Kay (ed.) 2nd edit. p.166-212 (Blackwell).

GOODFORD, P.J., LEACH, E.H. (1966) The extracellular space of
-the smooth muscle of the guinea-pig taenia coli.
J. Physiol. Lond. 136: 1-10.

erUTZNER, P. (1884) Zur Anatomie und Physiologie der -
quergestreiften Muskeln. Rec.Zool. Suisse 33 665-684.

GUTH, L. (1968) "Trophic" influence of nerve on muscle.
Phy51ol. Rev, 43: 645-687.

H HARRIS, E.J., BURN, G.P. (1949) The transfer of sodium and
potassium ions between muscle and the ‘surrounding medium.
Trans. Farad. Soc. 45: 508-528.

HARRIS, E.J. (1963) Distribution and movement of muscle
chloride. J. Physiol. Lond. 166: 87-109.

HASSELBACH, W., MAKINOSE, M. (1961). Die Calciumpumpe der
'Erschlaffungsgrana'’ des Muskels and ihre Abhlngigkeit
von der ATP-Spaltung. Biochem.Z. 333t 518-528.

HAZELWOOD, C.F., NICHOLS, B.L. (1967) In vitro investigation
. of resting muscle membrane potentlal in preweanllng and
weanling rats.  Nature, Lond. 2133 935-936.

HILL, A.V. (1928) The diffusion of oxygen and lactic acid
through tissues. Proc.Roy.Soc. (B) 104: 39-96.

HILL, D.K. (1948) Oxygen tension and respiration of resting
frog's muscle. J. Physiol. Lond. 107: 479-495.

HODGKIN, A.L. (1951) The ionic basis of electrical activity
in nerve and muscle. Biol. Rev. 26: 339-409.

HODGKIN, A.L., KEYNES, R.D. (1956) Experiments on the
injection of substances into squid giant axon by means of
a microsyringe. J. Physiol. Lond. 131: 592-616.

HODGKIN, A.L., HOROWICZ, P. (1960) The effect of sudden
changes in ionic concentrations on the membrane potential
of single muscle fibres. J. Physiol. Lond. 153: 370-385.

HODSON, S. (1971) Evidence for a bicarbonate-depdndent sodium
pump in corneal epdothelium. Exp. Eye Res. 11: 20~29.



169.

HOFFMAN, J.F. (1966) The red cell membrane and the :
transport of sodium and potassium. Amer.J.Med. L1: 666-680.

HOLLANDERS, F.D. (1968). The production of lactic acid by the
perfused rat diaphragm. Comp. Biochem. Physiol. 26: 907-916.

HOROWICZ, P., GERBER, C.J. (1965) Effect of external potassium
-and strophanthidin on sodium fluxes in frog striated muscle.

HOROWICZ, P., TAYLOR, J.W., WAGGONER, D.M. (1970) Fractionation
of sodium efflux in frog sartorius muscles by strophanthidin
‘and removal of external sodium. dJ. gen. Physiol. 55: 401-425,

JARNEFELT, J. (1968) (ed) Regulatory functions of biological
membranes. (Elsevier, Amsterdam) o :

JOHNSON, J«4. (1956) Influence of ouabain, strophanthidin angd
dihydrostrophanthidin on sodium and potassium transport in
frog sartorii. Amer.J, Physiol. 1873 328-332,

JORGENSEN, P.L., SKOU, J.C, (1971) Purification and
characterization of (Na'K' )ATPase, I. The influence of
detergents on the activity of (Na'k™)ATPase in preparations
from the outer medulla of rabbit kidney. Biochim. Biophys.
Acta 233: 366-380.

KELLY, A.M., ZACKS, 8.I. (1969) The histogenesis of rat
intercostal muscle. J. cell Biol. 42: 135-153,

KERNAN, R.P. (1960) Resting potentials in isolated frog
sartorius fibres at low external potassium concentrations.
Nature, Lond.:185: 471,

KERNAN, R.P. (1963) Resting potentials of isolated rat muscles
measured in plasma. . Nature, Lond. 200: 474-475,

KEYNES, R.D., MAISEL, G.W. (1954) The energy requirement for
- sodium- extrusion from a frog muscle. Proc.Roy. Soc. (B)
d42: 383-392. :

KEYNES, R.D., SWAN, R.C. (1959) The effect of external sodium
concentration on the sodium fluxes in frog skeletal muscle.
« Physiol. Lond. -147: 591-625.

KEYNES, R.D., STEINHARDT, R.A. (1968) 'The components of the
sodium efflux in frog muscle. .J. Physiol. Lond. 12§= 581f599.

KIDWATI, A;M., RADCLIFFE, M.A., LEE, E.Y., DANIEL, E.E. (1973)
Isolation and properties of skeletal muscle plasma membrane.
Biochim. Biophys. Acta 298: 593-607.

KIPNIS, D.M., CORI, C.F. (1957) Studies of tissue permeability.
ITI. The effect of insulin on. pentose uptake by the diaphragm.
J. biol, Chem. 224: 631-693.



170.

KLAHR, S., BOURGOIGNIE, J.J., YATES, J., BRICKER, N.S. (1971)
Inhibition of glycolysis by ethacrynic acid and furosemide.
Fed. Proc. 30: 608.

KLEINZELLER, A., KNOTKOVA, A. (1964) Electrolyte transport in
‘rat diaphragm. Physiol. Bohemoslov. 13: 317=326.

KORN, E.D. (1969) Cell membranes: structure and synthes:.s. .
Ann. Rev. Biochem. 38: 263-288.

KOSTYO, J.L., SCHMIDT, J.EB. (1963) 1Inhibitory effects of
cardiac glycosides and adrenal steroids on amino acid
transport. -Amer. J. Physiol. 204: 1031-1038.

KREBS, H.A., HENSELEIT, K. (1932) Untersuchungen hber die
Harnstoffbildung in Tierk8rper. Hoppe-Seylers Z. 110t 33-66.

KRNJEVIC, K., MILEDI, R. (1958) Failure of neuromuscular
propagation. in rats. J. Physiol. lond. 140: 440-461,

KUHNE, W. (1865) Ueber den Farbstoff der Muskeln.

KULCZYCKY, S., MAINWOOD, G.W. (1972) Evidence for a functional
connection between the sarcoplasmic reticulum and the
extracellular space in frog sartorius muscle.

Can. J. Physiol. Pharmacol. 50: 87-98.

KYPSON, J., TRINER, L., NAHAS, G.G. (1968) The effects of
cardiac glycosides and their interactions with catecholamines
in glycolysis and glycogenolysis in skeletal muscle.

J. Pharmacol. exp. Therap. 164: 22-30.

' LANDON, E.J., FORTE, L.R. (1971) Cellular mechanisms in renal
pharmacology. Ann. Rev. Pharmacol. 11t 171-188.

LANDON; E.J., FITZPA‘I‘RICK, D.Fe (1972) Bthacrynic acid and
kldney cell metabollsm. Biochem. Pharmacol. 21: 1561-1568.

IEE:, K.S., YU, D.H. (1963) A study of the sodium- and potassium-
act:.vated adenosinetriphosphatase activity of heart microsomal
fraction. Biochem. Pharmacol. 12: 1253-1264.,

LEE, K.8., TANAKA, K., YU, S.H. (1965) Studies on the adenosine
triphosphatase, calcium uptake and relaxing act:l.v:Lty of the
microsomal: granules from skeletal muscle. J. Physiol. Lond.

179: 456-478,

-LEE, K.S., KLAUS We (1971) The subcellular basis for the
-mechanism of inotropic action of cardiac glycosides.
Pharmacol. Rev. 23: 193-261.

- LEUPIN, E., VERZAR, F. (1950) - Kalium~ und Kohlenhydrat-
Stoffwechsel des ﬂberlebenden Muskels.,
Helv. Physiol. Acta 8: 827-C30.



171.

LEVI, H., USSING, H.H. (1948) The exchange of sodium and
chloride ions across the fibre membrane of the isolated
frog sartorius. Acta Physiol. Scand. 163 232-249.

LILLIE, R.S., HINRICHS, M.A., KOSMAN, A.J. (1935) The
influence of neutral salts on the photodynamic stimulation
of muscle. J. Cell Comp. Physiol. 6t 487-503.

LING, G.N., FERGUSON, E. (1970) Studies on ion permeability.
II. Does excnange diffusion make a significant contribution
- to Nat efflux in frog muscles? Physiol.Chem.& Physics 2: 516~522.

. LIPPAY, F. (1929). Uber Wirkungen'des Lichtes auf den
quergestreiften Muskel. I. Mitteilung. Versuche mit
gsicht barem Licht an sensibilisierten Kaltblitermuskeln.
Pflug. Arch. 222: 616-639. '

LIPPAY, F. (19%0) Hber Wirkungen des Lichtes auf den-
quergestreiften Muskel, IIl. Mitteilung. Versuche mit
sichtbarem Licht an sensibilisierten Kaltbl#termuskeln.
Fortsetzung. Pflug. Arch. 22hs- 58?-599

LOWRY OIH., ROSEBROUGH, N.J., FARR, A.L., RANDALL, R.J. (1951)
Proteln measurement with the Folln phenol reagent.
J. biol. Chem. 193: 265~275.

LUBOWITZ, H., WHITPAM, R. (1969) Ton movements in human redt. _
cells independent of the sodium pump. J.Physiol.Lond. 202: 111-131.

LUFF, A.R., GOLDSPILNK, G. £1970) Changes in the water and
electrolyte content of skeletal muscles of the mouse during
‘post-natal development. Comp. Biochem, Physiol. 32: 581-592.

LUFT, J.H. (1961) Improvemeﬁts in epoxy resin embedding methods.
J. Biophys. Biochem. Cytol. 9: 404-41k,

LUNDBERG, A., OSCARSSON, O. (1953) Anoxic depolarisation of
mammalian nerve fibres. Acta Physiol. Scand. 30 Suppl.111: 99-100,

MACLENNAN, D.H. (1970) Purification and properties of an
adenosine triphosphatase from sarcoplasmic retlculum.

J. biol. Chem. 2453 4508-4518.

MANNINEN, V. (1970) Movements of Nat and E+ ions and their
tracers in propanolol-treated red cells and diaphragm muscle.
Acta Physiol. Scand. Suppl. 355: 7-76.

MATSUI, H., SCHWARTZ, A.+(1968) Mechanism of cardiac glycoside
inhibition of the (Na +K*)-dependent ATPase from cardiac tissue.
Biochim. Biophys. Acta 1513 656-663.

MAURO, A., ADAMS, W.R.- (1961) The structure.of the sarcolemma
of the frog skeletal muscle fibre.
J. Biophys. Biochem. Cytol. 10 Suppl.: 177-185.



172,

McCLURKIN, I.T. (1964) A method for the cytochemical
demonstration of sodium-activated adenosine triphosphatase.
J. Histochem. Cytochem. 12: 654-658.

McNAMARA, D.B., SULAKHE, P.V., DHALLA, N.S. (1971) Properties
of the sarcolemmal calcium-ion stimulated adenosine
triphosphatase of hamster skeletal muscle.

Biochem. Je. 125: 525-53%0.

MOSES, H.L., ROSENTHAL, A.S., BEAVER, D.L., SCHUFFMAN, S.S.
(1966) Lead ion and phosphatase histochemistry. I. Non-
enzymatic hydrolysis of nucleoside phosphates by lead ion.
J. Histochem. Cytochem. 14t 702-710. -

MUSCATELLO, U.,.ANDERSSON-CEDERGREN& E., AZZONE, G.F. (1962)
The mechanismlof;mnsble-fiber-relaxation adenosine
triphosphatase and relaxing activity of the sarcotubular
~system. Biochim. Biophys. Acta 63: 55-74,

NAGELIL, C., CRAMER, C. (1855) Pflanzenphysiologische Unter-
suchungen, Heft I. (P. Schultess, Zurich)

NAKAO, T., NAGANO, K., ADACHI, K., NAKAO, M. (1963) Separation
- of two adenosine triphosphatases from erythrocyte membrane.
Biochém. Biophys. Res. Comm. 13: 4h4-448,

NAKAO, T., TASHIMA, Y., NAGANO, K., NAKAO, M. (1965) Highly
specific sodium~potassium-activated adenosine triphosphatase
from various tissues of rabbit. -
Biochem.Biophys. Res. Comm. 19: 755-758.

NECHAY, B.R., CONTRERAS, R.R. (1972) In vivo effect of
ethacrynic acid on renal adenosine triphosphate in dog and rat.
‘J. Pharmacol. exp. Therap. 183: 127-136.

NISSAN, N., AVIRAM, A., CZACZKES, J.W., ULLMANN, L., ULLMANN, T.D.
- (1966) Increased O consumption of the rat diaphragm by
elevated NaCl concentmtions. - Amer.J.Physiol. 210: 1222-122k,

NOVIKOFF, A. (1960) Cell Physiology of Neoplasia.
(Univ. Texas Press, Austin)

OGSTON, A.G., PHELPS, C.F. (1960) The partition of solutes
between buffer solutiens and solutions containing hyaluronic
acid.  Biochem. J. 28 827-833.

OHNISHI, T., KAWAMURA, H. (1964) Rdle des phosphatides dans
“1'adenosine triphosphatase sensitive & 1'ouabaine localisde
dans les membranes d'erythrocyte. JeBiochem. (Tokyo) 56: 377-378.

OXENDER, D.L. (1972). Membrane Transport.
Ann. Rev. Biochem. 41: 777-814.



173.

PADYKULA, H.A., GAUTHIER, G.F. (1967) Morphological and
cytochemical characteristics of fiber types in normal
mammalian skeletal muscle. Int: Explanatory Concepts in
Muscular Dystrophy. Milhorat A.T. (ed): 117-128 (N.Y.:
Excerpta Med. Found.)

PEACHEY, L.D. (1965) The sarcoplasmic reticulum and transverse-
tubules of the frog sartorius. J. Cell Biol. 253 209-231.

PEACHEY, L.D. (1968) Muscle. Ann. Rev. Physiol. 30: 401-440.

PEACOCK, A. J., BOWLER, K., ANSTEE, J.H. (1972) Demonstration
of a Nat K+-Mg2+ dependent ATPase in a preparatlon from
hindgut and malpighian tubules of two species of insects.
Experientia 283 901-902.

PENEFSKY, H.S., TZAGOLOFF, A. (1971) Extraction of water-
R SQ*;ble enzymes and proteins from membranes. In: Methods
'in Enzymology XXII. Colowick, S.P., Kaplan, N.O.
(Ja.koby, W.B. ed.): 204-219. :

PETER, J.B. (1970) A (Na*s K¥)ATPase of sarcolemma from skeletal
muscle. Biochem. Biophys. Res. Comm. 40: 1362-1367.

PHILIPPOT, J. (1968) Reconstitution de 1l'activite de 1'ATPase
de transoort aprés solubilisation par le désoxycholate de
sodium. RGle des ions Nat et K+ dans la structure du complexe
lipo-protéique enzymatique.. Bull.Soc.Chim.Biol. 50: 1481~ 1485.

POST, R.L., HEGYVARY, C., KUME, S. (1972) Activation by adenosine
triphosphate in the phosphorylation kinetics of sodium and
potassium ion transport adenosine triphosphatase.

Je biol. Chem. 247: 6530~6540.
PRINGSHEIM (1954) Cited in WALLACH (1972)

PROVERBIO, F., ROBINSON, J.W.li., WHITTEMBURY; G. (1970)
Sensitivities of the (Na K+)ATPase and Na~ extrusion
mechanisms to ouabain and ethacrynic acid in the cortex of
the guinea~pig kidney. Biochim.Biophys. Acta 211: 327-336.

RADCLIFFE, M.A. (1968) Personal communication, Uni#ersity of Durham.
RADCLIFFE, M.A., DUNCAN, C.J., BOWLER, K. (1971) The effect

of tannic acid on membrane enzymes and on permeablllty.

Comp. Biochem. Physiol. 39A: 583-598.
RADCLIFFE, M.A..(1972) Ph.D. Thesis, University of Durham.

‘RANDLE, P.J. (1956) Anaerobic uptake of glucose in vitro by
the isolated rat diaphragm. Nature, Lond. 178: s 083-08k.

RANVIER, L. (1873) Proﬁriétés et structures différentes des
-muscles: rouge et des muscles blancs chez les lapins et
chez les raies. Compt. Rend. 77: 1030~-1043.



174

RIDGE, S.M.A.P. (1967) The differentiation of conduction
velocities of slow twitch and fast twitch: muscle motor -
innervations in kittens and cats.

Quart. J. exp. Physiol. 52: 293-30k4.

ROBINSON, J.D. (1970). _Phosphatase-acti}"rity. stimulated by Na©
plus K+: implications for the (Na +K )dependent adenosine
triphosphatase. Arch. Biochem. Biophys. 1393 164=~171.

ROGUS, E., PRICE, T., ZIERLER, K.L. (1969) Sodium plus
potassium-activated, ouabain~inhibited, adenosine triphos-
phatase from a: fraction of rat skeletal muscle, and the lack
of insulin effect on it. J.gen. Physiol. 54: 188-202.

ROGUS, B., ZIERLER, K.L. (1973) Sodium and water contents of
sarcoplasm and sarcoplasmic reticulum in rat skeletal
muscles: effects of anisotonic media, ouabain, and external -
sodium. J. Physiol. Lond. 2332 227-270..

RONA, P., NEWKIRCH, P. (1912) Experimentelle Beitrlge sur
Physiologie des Darmes III., Pflug. Arch. 148: 273-284.

ROOKLEDGE, K.A. (1971) Comparison of some metabolic parameters
in the perfused and the incubated rat diaphragm muscle with
diaphragm muscle in vivo. Biochem. J. 125: 93-96.

 ROOS, A. (1971)  Intracellular pH and buffering power of rat
muscle. Amer. J. Physiol. 2213 182-188.

ROSENTHAL, A.S., MOSES, H.L., BEAVER, D.L., SCHUFFMAN, S.S.
(1966) Lead ion and phosphatase histocihemistry. III.
Effect of adenosine triphosphate hydrolysis by lead ion
on the histochemical localisation of adenosine triphosphatase
activity. J. Histochem. Cytochem. 14: 698-701.

ROTHSTEIN, A. (1968) Membrane phenomena. Ann.Rev.Physiol.
2: 15-72.‘ :

ROWLANDS, S.D. (1969a) Oxygen consumption, citrate levels -
‘ and lactate production of the perfused rat diaphragm.
Comp. Biochem. Physiol. 29: 1215-1221.

ROWLANDS, S.D. (’1969b) The lactic acid production and glycogen
content of the perfused rat diaphragm. Comp. Biochem.
Physiol. 30: 193-208.

RUBIN, B.B., KATZ, A.M. (1967) Sodium and potassium effects
on skeletal muscle microsomal adenosine triphosphatase and
calcium uptake., Science, N.Y¥. 158: 1189-1190.

RUBIO, R., SPERELAKIS, N. (1972) Penetration of horseradish
peroxidase in the terminal cisternae of frog skeletal
‘mus¢le fibres and blockade of caffeine contracture by

- Ca*” depletion. Z. Zellforsch. 12k: 57-71.



175.

SACHS, G., ROSE, J.D., HERSCHOWITZ, B.I. (1967) Acetyl
-phosphgtage-in brain microsomes: A partial reaction of
the Na +K -ATPase. Arch. Biochem. Biophys. 119: 277-281.

SAMAHA, F.J., GERGELY, J. (1965) Na'- and K*-stimulated
ATPase in human striated muscle. Arch.Biochem.Biophys.

1093 76-79.

SAMAHA, F.J., GERGELY, J. (1966) Studies on the Na'- and K*-
activated adenosine triphosphatase in human striated muscle.
Arch. Biochem. Biophys. 114: 481-487.

© SANDOW, A. (1970) Skeletal muscle. Ann.Rev.Physiol. 32: 87-137,

SCHAPIRA, G., DOBOLZ, I., PIAU, J.P., DELAIN, E., (1974) An
improved technique for preparation of skeletal muscle cell
plasma membranes. Biochim.Biophys.Acta 345: 348-358.

SCHATZMANN, H.J. (1962) Lipoprotein nature of red cell adenosine
triphosphatase. Nature, Lond. 1963 677.

- SCHULZE, W., WOLLENBERGER, A. (1969) Zytochemische
Lokalisation und Differenzierung von Na -K*- und anderer
membranstindiger ATPase-Akt1v1t&t im Herzmuskel.
Histochemie 19: 302-318.

SCHWARTZ, A. (1962) A sodium and potassium-stimulated adenosine
triphosphatase from cardiac tissue. I. Preparation and
properties. - Biochem. Biophys. Res.Comm. 9% 301-306.

SCHWARTZCHILD (1899) Cited in LILLIE et al.(1935)

SEN, A.K., TOBIN, T., POST, R.L. (1969) A cycle for ouabain
inhibition of sodium-~ and potassium-dependent adenosine
triphosphatase. J. biol. Chem. 244: 6596-660k.

SIEGEL, G.J., GOODWIN, B. (1972) Sodium~potassium-activated
adenosine triphosphatase: Potassium regulation of enzyme
phosphorylation. J. biol. Chem. 247: 3630-3637.

SIMON' S‘E" SHAW' F.H.’ EENNETT, S., MULLER, Mo (1997).
The relationship between sodium, potassium and chloride
in amphibian muscle. J. gen. Physiol. 40: 753-777.

SIMPSON, D.P., ANGIELSKi, 8. (1973) Regulation by bicarbonate
ion of intramitochondrial citrate concentration in kidney
mitochondria. Biochim. Biophys. Acta 298: 115-123.

SJODIN, R.A., BEAUGE, L.A. (1968) Strophanthidin-sensitive
components. of potassium and sodium movements in skeletal
muscle as influenced by the internal sodium concentration.
J. gen. Physiol. 523 389-407.

SKOU, J.C. (1957) Influence of some cations on adenosine
: triphosphatase from perlpheral nerves. Biochim.Biophys.

Acta 2 _2 394=-401.



176.

SKOU, J.C. (1962) Preparation from mammalian brain and kigney
of the enzyme system involved in active transport of Na
and K+. Biochim. Biophys. Acta 58: 314-325.

SKOU, J.C. (1965) Enzymatic basis for active transport of Nat
and K* across the cell membrane. Physiol.Rev. 45: 596-617.

SONG, S.Y., SCHEUER, J. (1968) The effects of pharmacologic
agents on myocardial sodium and potassium stlmulated ATPase.
Pharmacol. 1: 209-217.

SPECHT, S.C., ROBINSON, J.D. (1973) Stimulation of the (Nat+k')-
dependent- adenosine triphosphatase by amino acids and
- phosphatidylserine: Chelation of trace metal inhibitors.
‘Arch. Biochem. Biophys. 154: 314-323.

STAHL, W.L. (1973) Role:of phospholipids in the Na'K'-stimulated
adenosine triphosphatase system of brain- microsomes.
Arch. Biochem. Biophys. 154 56-57.

STEIN, W.D., LIEB, W.R., KARLISH, S.J.D., EILAM; Y. (1973)
A model for active transport of sodium and pota551um ions
as mediated by a tetrameric enzyme.
Proc. Nat. Acad. Sci. U.S.A. 703 275-278.

STEINBACH, H.B. (1940) Electrolyte balance of animal célls.
Cold Spring Harb. Soc. Symp. Quant. Biol. 8: 242-25h.

STEINBACH, H.B. (1951) Sodium-extrusion from isolated frog
muscle. Amer.J. Physiol. 167: 284-287.

STEINBACH, H.B. (1952) On the sodium and potassium balance
of isolated frog muscles. Proc.Nat.Acad.Sci.U.S.A. 38: 451-455.

SUKI, W.N., EKNOYAN, G., MARTINEZ-MALDONADGM.(1973). Tubular
sites and mechanisms of diuretic action.
Aun, Rev, Pharmacol. 13t 91-106.

SULAKHE, P.V., FEDELSOVA, M., McNAMARA, D.B., DHALLA, N.S.
(1971). Isolation of skeletal muscle membrane fragments
.containing active Na' -K¥-stimulated ATPase: comparison of
normal and dystrophic. muscle sarcolemma.
Biochem. Biophys. Res. Comm. 422 793-800.

SUN, A.Y. (1972) The effect of lipoxidation on synaptosomal
(Na"+K" )ATPase isolated from the cerebral cortex of
-squirrel monkey. Biochim. Biophys. Acta 266: 350-360.

SWANSON, P.D., BRADFORD, H.F., McIIWAIN, H. (1964) Stimulation
-and solubilisation of the sodium=-ion activated adenosine
triphosphatase of cerebral microsomes by surface-active
reagents, especially polyexyethylene ethers: Actions of
phospholipases:and a neuraminidase. Biochem.J. 92: 235-247.



177.

TANIGUCHI, K., TONOMURA, Y. (1971) Inactivation of the Nat-k*-
- dependent ATPase by phospholipase treatment and its
reactivation by phospholipids. J.Biochem.(Tokyo) 69: 543-557.

TASHIMA, Y., NAKAO, T., NAGANO, K., MIZUNO, N., NAKAO, M. (1966)
Partial purification and characterization of sodium=- and:
potassium~dependent adenosine triphosphatase from rat-heart
muscle. - Biochim. Biophys. Acta 117: 54-62.

. TASKER, P., SIMON, S.E., JOHNSTONE, B.M., SHANKLY, K.H.,
SHAW, F.H. (1959) The dimensions of the extracellular space
in sartorius muscle. J. gen. Physiol, _2 20-5%,

TOBIN, T., AKERA, T., LEE, C.Y., BRODY, T.M. (1974) Ouabaln
b:.nd:mg to (Na'+K")ATPase: Effects of nucleotide analogues
and ethacrynic acid. Biochim. Biophys. Acta 345: 102-117.

TORMEY, J.M. (1966) BSignificance of the histochemical
demonstration of ATPase in epithelia noted for active
- transport. Nature, Lond. 2103 820-822.

TOWLE, D.W., COPENHAUER, J.He (1970) Partial purification of
a soluble (Na'+K )-dependent ATPase from rabbit kidney.
Biochim, B:Lophys. Acta 2033 124-132.

TRAYER, I.P., PERRY, S.V. (1966) The myosin of developing
skeletal muscle. Biochem. Z. § 5: 87-100,

UESUGI, S., KAHLENBERG, A., MEDZIHRADSKY, F., HOKIN, L.E. (1969)
Studles on the characterisation of sodium-potassium transport
adenosine triphosphatase. IV. Properties of a lubrol-
solubilised beef brain microsomal enzyme.

Arch. Biochem. Biophys. 130: 156-163.

UMBREIT, W.W., BURRIS, R.H., STAUFFER, J.F. (1964) ‘Manometric
techniques: 4th. edition (Burgess Publ. Comp., Minneapolis).

USSING, H.H. (1949) Transport of ions across cellular membranes.
Physiol. Rev. 29: 127-155.

VERNADAKIS, A., WOODBURY, D.M. (1964) Electrolyte and nitrogen
-changes in skeletal muscle: of developing rats.
-Amer.:J. Physiol. 206t 1365-1368.

WACHSTEIN, M., MEISEL, E. (1957) Histochemistry of hepatic
phosphatases at a physiological pH. Amer.d.Clin.Pathol. 27: 13-23.

WALLACH, D.F.H. (1972) The plasma membrane: Dynamic
' perspectives, genetics and: pathology. (English Univ.Press,
London) '

WALLACH, D.F.H., LIN, P.S. (1973) A critical evaluation of
plasma membrane fractionation. Biochem.Biophys.Acta 300: 211-25k.

WAREHAM, A.C. (1971) Personal communication, University of
Durham.



178.

WAREHAM, A.C., DUNCAN, C.J., BOWLER, K. (1973) Bicarbonate -
ions: and the resting: potential of cockroach muscle: .
implications for the development of suitable saline media.
Comp. Biochem. Physiol. 45A: 239-246,

WHITTAM, R., WILLIS, J.S. (1963) Ion movements and oxygen
consumption in kidney slices.. J.Physiol.Lond. 168: 158~177,

WHITTAM, R. (1964) The interdependence of metabolism and
active transport. . In: The cellular functions of membrane
transport. J. Hoffman (ed): 139 (Prentice~Hall, N.J.)

WHITTAM, R., WHEELER, K.P. (1970) TIransport across cell
membranes, Ann.Rev. Physiol. 32: 21-60.

WHITTEMBURY, G., PROVERBIO, F. (1970) Two modes of Na*
extrusion in cells from guinea~pig kidney cortex slices.
Pflug. Arch.: 3163 1-25. -

WILLIAMS, J.A., WITHROW, C.D., WOODBURY, D.M. (1971a)
Effects of ouabain. and diphenylhydantoin on transmembrane
potentials, intracellular electrolytes and cell pH of
rat muscle and liver in yivo. JoPhysiol.Lond. 212: 101-115.

WILLIAMS, J.A., WITHROW, C.D., WOODBURY, D.M. (1971b) Effects
of nephrectomy and KCl on transmembrane potentials,
intracellular electrolytes and cell pH of rat muscle and

- liver in vivo. J.Physiol. Lond. 212: 117-128.

WILLIS, J.8. (1968) Ouabain inhibition of ion transport and
respiration in renal cortical slices of ground squirrels
and hamsters. Biochim. Biophys. Acta 163: 506-515.

YU, B.P., MASORO, E.J;, DEMARTINIS, F.D. (1967) Imidazole
and sequestration of calcium ions by sarcoplasmic

reticulum. Nature, Lond. 216: 822-824.

ZAIMIS, E. (1962) Experimental hazards and artefacts in the
-study of neuro-muscular blocking drugs. In: Curare and
Curare-like Agents. de Reuck A.V.8. (ed): 75-81.
(Little, Brown & Co., Boston)

ZIERLER, K.L. (1957) Increase in resting membrane potential
of skeletal nmuscle produced by insulin.
Science N.Y. 126: 1067-1068. :

ZOLOVICK, A.J., NORMAN, R.L., FEDDE, M.R. (1970) Membrane
constants of muscle fibres of rat diaphragm.
-Amer. J, Physiol. 219: 654-657,



