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adrenocorticotrophic hormone

adenosine 5'-diphosphate
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Mg~ -ATPase
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magnesium-dependent adenosine 5'-triphosphatase
(E.C. 3.6.1.3)

sodium- and potassium-stimulated, magnesium-
dependent adenosine 5'-triphosphatase
(E.C. 3.6.1.3)

packed cell volume

inorganic phosphate; orthophosphate

residual (as in Elafl B

ribonucleic acid
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standard error of the mean

specific pathogen free

Tris(hydroxymethyl)-aminomethane

thyroid stimulating hormone
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ABSTRACT

This thesis initially proposes an hypothesis which relates clinical
findings of abnormal body monovalent cation distribution and adrenocorti-
costeroid secretion in subjects suffering affective disorders to the
regulation of plasma membrane cation permeability. The hypothesis is
partially examined by direct investigation of the sodium and potassium
content and membrane magnesium-dependent adenosinetriphosphatase activities
of erythrocytes from normal and affectively disordered human subjects.
Thus, whilst erythrocyte sodium content remains normal, potassium content
and monovalent cation-stimulated, magnesium-dependent adenosinetriphos-

phatase activity are elevated in manic depression.

Further investigations are concerned with determining the influence of
adrenocorticosteroids upon these and related factors in rat skeletal

muscle, kidney, erythrocytes and brain. They reveal that, whilst mono-
valent cation-stimulated, magnesium-dependent adenosinetriphosphatase
activity remains uninfluenced by adrenocorticosteroid depletion in rat

brain, it is reduced in skeletal muscle and kidney, and elevated in
erythrocytes. Despite evidence for an associated significant decrease in
the sodium content of rat erythrocytes, the rate of sodium efflux is reduced,
and the activity of another membrane-associated enzyme (acetylcholinesterase)
remains uninfluenced. Although the dietary adminisyration of isotonic sodium
chloride solution is shown to counteract a number of the effects of adreno-
corticosteroid depletion upon rat tissues in a manner which suggests that
renal sodium reabsorption is the principal hormone-sensitive target process,
certain results obtained in skeletal muscle and erythrocyte studies are
interpreted in terms of an extra-renal regulatory influence of adrenocorti-

costeroids upon plasma membrane characteristics.

Experimental observations are discussed throughout in association with those
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established by previous workers, and in connexion with the extent to

which adrenocorticosteroidal control of monovalent cation distribution

may be implicated in the aetiology of manic-depression. This finally
leads to a reconsideration of the clinical evidence for abnormal monovalent
cation distribution in mania and depression, and of the hypothesis

initially proposed.







SECTION I

INTRODUCTION TO THE SYSTEM UNDER STUDY
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The differential distributions of inorganic ions in mammalian (and other
vertebrate) body fluids is of great physiological significance. The major
functional division of body fluid is into extra-cellular fluid (E.C.F.)
and intra-cellular fluid (I.C.F.) compartments, and these are regarded as
being physically separated by the bounding or 'plasma' membranes of cells.
Amongst other ways, I.C.F. is differentiated from E.C.F. by its relatively
low Naf content and high x* content, and there is now much evidence to
show that the control of the differential distribution of these (and other)

cations may be attributed to plasma membrane properties.

It is widely appreciated that the maintenance of differential Na' ana K*
distributions is essential to the functional integrity of virtually all
cells, and particularly to the electrical properties of excitable cells.
Studies with Na' and K* radioisotopes reveal that considerable trans-membrane
fluxes of these ions do, in fact, occur. Membrane ion sorption and transport
theories have been propounded to account for their net differential distri-
butions. With regard to ion transport, the transfer of ions across cell
membranes has broadly been resolved into passive and active components.
Passive transfer is characterized by ion species movement down its chemical
activity gradient or an electrical potential gradient, and active transfer
by the converse. The rate of transfer is thus dependent upon the gradient
characteristic, the permselectivity and masgnitude of permeability of a

membrane, and the mobilities of permeating ion species.

One of the most widely studied active transport systems is that responsible
for the active transfer of Na' and K across plasma membranes against their
chemical activity gradients, and this system is thought to play a very
significant role in determining the Na' and K* content of I.C.F. and E.C.F.
compartments. Studies in giant nerve axons of cephalopods indicate that
Na' extrusion is closely coupled to the metabolic supply of ATP, in these

cells at least (Hodgkin & Keynes, 1955; Caldwell, 1956, 1960; Caldwell,



Hodgkin & Shaw, 1959; Caldwell, Hodgkin, Keynes & Shaw, 1960). Of great

relevance to this finding is the discovery by Skou (1957) of an ATP-

hydrolysing enzyme system (ATPase; E.C. 3.6.1.3) in a particulate fraction

of Carcinus nerve. The enzyme system was found to be Mg2+-dependent, and

stimilated by varying proportions 6f Na' and K'. Skou (1957) suggested that
2+

this Naf+K+-Mg -ATPase is involved in the active extrusion of Na' from

the nerve fibre.

It is of great interest, therefore, that Post, Merritt, Kinsolving & Albright
(1960) subsequently showed that the Mg?*|, [Na*|, ana [K*] which gave nars-
maximal activation of this enzyme in human erythrocyte membrane fragments

were similar to those mediating half-maximal transport of Na® and K* in intact
erythrocytes, and that both mechanisms were inhibited by similar concentrations
of the cardiac glycoside ouabain. Na++K+-Hga+-ATPase has subsequently been
studied in membrane preparations from many other tissues, and its activity

has been found to correlate with active Na'-K' flux over a wide range (see,

for instance, Bonting & Caravaggio, 1963). Furthermore , by suitably adjusting
the intra- and extra-cellular [Naﬂ and E("' of resealed human erythrocyte
ghosts, it has been claimed that it is thermodynamically possible to reverse
the normal course of ATPase function, and thereby synthesize ATP from ADP

and P, (Garrahan & Glynn, 1967d).

In addition to the ouabain-sensitive Naf+K?-Mga+-ATPase, all tissues so far

investigated exhibit a Mgz+-ATPase component which is ouabain-insensitive
and not monovalent cation stimulated. This component has often been dis-
regarded or considered as a contaminant of Naf+Kf—MgZ+-ATPase preparations,
although the important question arises whether Mga+- and Naf+Kf—M52+-ATPhse
activities are properties of a single enzyme system or two distinct enzymes.
The evidence may be taken to favour the latter, particularly because their

activity ratio varies widely from tissue to tissue, because they possess

different temperature semsitivities and activation energies in such widely



divergent tissues as rat brain (Bowler & Duncan, 1968) and liver (Bakkeren

& Bonting, 1968), and because their activities have been shown to alter
differentially in E@a@ﬂ -sensitive tissues such as freshwater- and saline-
adapted duck hasal secretory glands (Fletcher, Stainer & Holmes, 1967; Ernst,
Goertemiller & Ellis, 1967). The enzymes are therefore differentiated in
incubations by employing M52+- and M32++Naf+Kf-containing incubation media,
or by the extent to which ouabain inhibits ATP hydrolysis in the presence of

Mgz

*iNatekt. Since these Mg?+- dependent ATPases have been found to hydrolyse
ATP to ADP and orthophosphate (Pi), their activities are usually expressed
as the number of moles of Pi released from ATP on unit weight of plasma

membrane protein and unit time bases.

The fact that Na'+K'-Mg®"

~ATPase activity adapts to the demands made upon
[:Nacil -sensitive tissues such as duck nasal glands (see above) shows that Na*
aveilability is at least one factor determining its activity. However, since
plasma membranes may be regarded as good candidates for the structural targets
of a number of hormones, it is not surprising that some evidence for hormonal

2+-ATPhse is also available.

regulation of Nat-x* transport and Na++Kf-Mg
Examples include the stimulation of the enzyme in rat ventral prostatic
microsomal preparations by testosterone (Farnsworth, 1968), in pig thyroid
gland by T.S.H. and certain oestrogens (Takagi, 1968), in rat uterus by
oestradigl-17@ (Karmakar, 1969), and in rat liver and kidney by tri-iodothy-
ronine (Ismail-Beigi & Edelman, 1971). There::is also evidence showing that
the Nat reabsorptive capacity of mammaliaﬁ kidney is regulated by adreno-
corticosteroids in a manner which involves altered Naf+Kf-M32+-ATPhse activity
(see, for instance, Chignell & Titus, 1966): this is particularly interesting

in view of the general influence of adrenocorticosteroids upon electrolyte

metabolism (see, for instance, Lipsett, Schwartz & Thorn, 1961).

In view of the strong evidence implicating Naf+K+—Mga+-ATPase in the control

of Na' and K* distribution between E.C.F. and I.C.F., it is clear that alter-



ations in its enzymic characteristics could constitute the primary lesion
in diseases involving abnormal electrolyte distribution. No evidence for
this was available when the work reported in this thesis began, but one very
interesting instance of apparently systemic Na' redistribution had received

recent attention in the literature.

The association of feelings of mental depression and attitudes of futility

or hopelessness in human subjects was found to be associated with decreased
rates of urinary water, Na* and K* excretion by Schottstaedt, Grace & Wolff
(1956). Subsequent investigators applied isotope dilution techniques in
studies of Na© and K’ distributions in subjects regarded as suffering the
affective disorders depression and mania. Evidence was found for Na® retention
during the course of depression (Gibbons, 1960; Coppen & Shaw, 1963; Shaw,1966)
and mania (Coppen, Shaw, Malleson & Costain, 1966; Shaw, 1966), and this
evidence implicated a body [ﬁaé] component which included the I.C.F. compart-
ment in particular. Similar studies of K' distribution in depressed subjects
revealed no detectable abnormality (Coppen & Shaw, 1963; Shaw, 1966; Shaw &
Coppen, 1966). However, the change in Na® distribution was very marked in
both depression and mania: the respective data showed mean 50% and 200%
increases in the Na' content of the component involved (Shaw, 1966). Since this
component was regarded as especially including the I.C.F. compartment, it

appeared that the change was systemic.

The apparently very marked alteration of body Naf distribution in dep;ession
and mania is of interest, partly because there is evidence for abnormal active
Na* transport in depression. Thus, the rate of transfer of Na* from blood

to C.S.F. is reported to be reduced in depressive subjects (Coppen,1960),

and that of parotid salivary duct Na' reabsorption lowered in manic-depressives
(Glen, Ongley & Robinson, 1968). The question therefore arises whether reduced
active Na‘ transport is related to altered Naf+Kf—Mga+-ATPhse characteristics.

It is indeed known that this enzyme is involved in C.S.F. formation in the



cat (Vates, Bonting & Oppelt, 1964), and in Na' reabsorption in dog and
sheep parotid glands (Schwartz, Laseter & Kraintz, 1963; Filsell & Jarrett,
1965). Altered C.N.S. cation distributions would be the basis of the

behavioural manifestations of mania and depression.

Of additional interest in this context is evidence for altered adrenocorti-
costeroid secretion in human subjects suffering affective disorders. This
evidence is widely scattered and difficult to assess, although it is relevant
because c¢linical studies show that significant proportions of patients with
Cushing's syndrome and Addison's disease do suffer symptoms of euphoria and
depression (Bleuler & Stoll, 1962). Thus, increased plasma and urinary
11<hydroxycorticosteroid and 17-hydroxycorticosteroid levels have been generally
observed in depression, returning to normal upon recovery (see, for instance,
Dewhurst, El Kabir, Exley, Harris & Mandelbrote, 1968; Rubin, Young & Clark,
1968; Bunney, Fawcett, Davis & Gifford, 1969; Sclare & Grant, 1969). There is
also evidence for altered adrenocorticosteroid secretion patterns in patients
suffering affective disorders (Conroy, Hughes & Mills, 1968; Fullerton,
Wenzel, Lohrenz & Fahs, 1968; Lohrenz, Fullerton, Fahs & Wenzel, 1968; Ellman
& Blacker, 1969). Indeed, it has been shown that increased 22Na+ retention
is a correlate of elevated 17-hydroxycorticosteroid excretion in depression
(Baer, Durell, Bunney, Levy & Cardon, 1969), although Moody & Allsopp (1969)

failed to distinguish such a pattern.

It is most frequently believed that the elevated adrenocorticosteroid secretion
which accompanies depression is a special example of the adrenocortical
activation which occurs in suit ably aroused healthy subjects. However, there
is evidence of pituitary-adrenocortical resistence to dexamethasone feedback
inhibition in severe depression (Butler & Besser, 1968), and this has been
observed in association with hypothalamo-pituitary insensitivity to hypo-
glycaemia in depressive subjects (Carroll, 1969). There are also reports

which suggest that such patients suffer from relative adrenocorticosteroid



deficiency (Cumming & Kort, 1956; Kurland, 1965; McClure & Cleghorn, 1968).
It is possible, therefore, that altered adrenocorticosteroidal output is not
secondary to the affective changes characterizing mania and depression, but

instrumental in their aetiology.

It seems possible that the observations set out above may be considered
together with regard to the aetiology of certain affective disorders. It is
therefore proposed that the Na© redistribution which occurs in mania and
depression is related to changes in the mechanism of plasma membrane permea-

bility control, most probably of the enzyme Na++K+-Mg2+

-ATPase; furthermore,
that these changes are related to the degree of adrenocorticosteroid avail-

ability and interaction with plasma membranes.

For the purpose of the investigations reported in this thesis, it has been
decided to examine this hypothesis in terms of the electrolyte content and
plasma membrane ATP-hydrolysing characteristics of tissues from human subjects
suffering affective disorders, and animals undergoing adrenocorticosteroid

depletion.

Initial studies involved skeletal muscle, which was selected because it is

a bulk tissue, and therefore one most likely to reflect the Na' redistribution
apparent in subjects suffering mania and depression (see above). For reasons
given in the text, these studies were extended to kidney, erythrocytes and
brain. With tissue specialization in mind, detailed evidence for and against
the involvement of adrenocorticosteroids and ATP hydrolysis in the control

of Na' and xt distribution is considered for each tissue in turn. Finally,
this evidence is reconsidered in association with that giving rise to the

above hypothesis.



SECTION II

GENERAL MATERIALS AND METHODS




This Section contains a description of materials and methods common to
the experimental work considered in Sections III - VI. The techniques

used in studies of specific tissues are given in the relevant Sections.

MATERIALS

a) Animals: 6 CFE (of remote Sprague-Dawley origin) and CFHB (of remote
Wistar origin) rats were bred from S.P.F. breeding nuclei supplied by
Carworth Europe, Alconbury, Huntingdon. Animals of 150-200g body weight
were used.

b) Reagents: All reagents used were of the purest available grade;
inorganic salts were usually of AnalaR grade. Solutions were made up

in glass-distilled or deionized water, except where otherwise stated.

METHODS

a) Treatment of glassware: All glassware was soaked in a 2% solution

of 'Quadralene' laboratory detergent (Fisons Scientific Apparatus Ltd.)

or in 'Decon 75' (I.C.I. Ltd.), rinsed 6 times in tapwater and 6 times

in distilled water. It was then oven dried. When appropriate, 6 deionized
water minses followed the distilled water rinses.

b) Technique of adrenalectomy:

(i) Anaesthetic: 5mg sodium pentobarbitone (Boots Pure Drug Co, Ltd.)/
100g body weight in NaCl injection, B.P. (Evans Medical Ltd.), adminis-
tered intraperitoneally, or anaesthetic ether (Macfarlan Smith Ltd.) by
vapour inhalation.

(ii) Adrenal ablation: Hair was shaved on both sides of each animal
from the area in the region of the last rib. Prior to operating, this
area was swabbed with an antiseptic solution. Adrenalectomy proceeded on

a heated operating table. Incisions were made in the skin and body wall



10

musculature consecutively, those on the animal's right side being made
high in the angle formed hy the last rib and vertebral column, and those

on the left slightly further latero-chordad. After incisions had been

made on either side, a glass tube of suitable diameter was placed under

the animal in order to display the adrenal gland. Retractors were
introduced, when necessary, to displace the kidney and liver so that the
connective tissue associated with the gland could be grasped with curved
forceps. The adrenal gland was then detached, without noticeable
haemorrhage, by introduction of a second pair of curved forceps to grasp
and tear the connective tissue between the kidney and the initial pair

of forceps. Special care was taken to avoid rupture of the kidney capsule
or of the adrenal gland itself. The excised gland was inspected for
entirety. (If the success of the operation was doubted at this stage,

the animal was discarded.) The body wall incision was closed with a
single thread suture, and the skin incision with two 12mm silver wound
clips (Messrs. H. Hauptner, Solingen, Germany). The wound was then
treated with a transparent 'Nobecutane' sgpray dressing (B.D.H. Pharmaceuticals
Ltd.). Newly adrenalectomized animals were placed in a chamber at

2693?00 to recover from anaesthesia. There was no evidence of subsequent
wound infection in any case.

(iii) Post-mortem examination: Since the presence of accessory adreno-
cortical tissue has been noted in rats (Deane, 1962), animals were examined
for evidence of this. Peri-adrenal fat, not removed during the::ocourse of
adrenalectomy, was examined in particular. No evidence of accessory tissue
or adrenal rest formation were found.

c) Maintenance of rats: All animals were exposed to a 12hr light:12hr

dark artificial photoperiod, the period of illumination commencing at
0700 hrs.

(i) Stock rats: Rats were maintained in cages containing not more than
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6 individuals, and were placed in stock rooms at 23?1 2°c. They
received a diet consisting of Laboratory Small Animals Diet (Spillers
Ltd.) in pellet form and tapwater, both ad lib.

(ii) Adrenalectomized rats: These were individually caged at 2591200.

Their diet consisted of Laboratory Small Animals Diet (as above) and
distilled water or 0.9% NaC1l, all ad lib.

(iii) Maintenance and sacrifice of rats in chronic experimental series:

Control animals, whether intact or sham-adrenalectomized, were kept under
the same conditions as adrenalectomized rats during the course of an
experimental series. Animals were sacrificed, whgnever possible, between

0900 and 1000hrs.

d) Tissue homogenization and microsomal resuspension technigue: Both

processes were carried out in Potter-Elvehjem pyrex glass tube mortars
with Teflon pestles, having a clearance of 0.10-0.15mm. For tissue
homogenization the pestle was rotated at 1000rpm by use of an MSE Ltd.
Homogenizer motor, and a suitable number of passes was made through the
entire tissue suspension (for details, see Sections III - VI). In the
case of microsomal resuspension, a similar procedure was adopted, but the
pestle was not rotated.

e) Estimation of inorganic phosphate: This procedure was adopted in

the assay of M52+-dependent ATP hydrolysis, in which ADP and Pi were
formed. Pi was estimated by the method of Fiske and Subbarow (1925),

using a proprietary phosphorus standard solution (Sigma Chemical Co.).

Microsomal protein was precipitated by the addition of 1ml of 12% (w/v)
trichlorcacetic acid (BDH Ltd. AnalaR gradc) at thc completicn of
incubation periods, and the tubes immediately shaken and transferred onto
crushed ice. The protein precipitate was then sedimented by centrifugation
in an MSE Ltd 'Mistral' 2L centrifuge, rotor no. 6885 at 2000xg for 15min,
and at 0°-4°C. Duplicate 1ml aliquots of each supernatant, kept on ice,

were then dispensed into 1ml aliquots of a freshly made up solution of
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1 volume 5% (w/v) (NH4)6M07024.4H20: 1 volume 5N stoh' This mixture

was allowed to thermoequilibrate at 18°-21°C for 10min, when 0.25ml

aliquots of Fiske & Subbarow reducer (Sigma Chemical Co.), freshly dissolved
in distilled water, were added. After 15min at 18°-21°C, the optical
density of the blue coloured solution was determined versus a distilled
water blank at 660nm in a Hilger & Watts Ltd. spectrophotometer, using a
tungsten filament lamp operating through a 1cm light path. The Picontent
was determined by reference to calibration lines drawn from values obtained
by applying the above technique to serially diluted stock phosphorus
standard solution, containing 20pg P (as KHZPOA) / ml.

f) Estimation of microsomal protein: The method of Lowry, Rosebrough,

Farr & Randall (1951) was used, and bovine serum albumin (Fraction V)

(Sigma Chemical Co,) taken as the standard.

Aliquots of microsomal resuspensions were sedimented in an MSE Ltd.
'Automatic Superspeed 40' ultracentrifuge, rotor 2409, at 107 000xg for
1hr, and at 0°-4°C. After discarding the supernatant, the pellets were
washed in deionized water by alternate withdrawal into and expulsion from
a Pasteur pipette. The pipette was further washed out with deionized
water, and the washings added to the microsomal resuspension. The suspension
was then re-centrifuged (see above), the supernatant discarded and pellet
resuspended in a known volume of deionized water by means of a small-volume
Potter-Elvehjem apparatus (see above). This resuspension was scrutinized
for homogeneity. Duplicate or Priplicate O.2ml aliquots of such resus-
pensions were added to 3ml aliquots of a reagent consisting of 50 volumes
2% (ufv) Na2003 in 0.7N NaCH: 1 volume 0.5% (w/v) CuSO4.5H20 in 1% (w/v)
K-Na tartrate. After 30min at 18°-21°%c, 0.3mL aliquots of a 33% (v/v)
solution of Folin & Ciocalteu's phenol reagent (BDH Ltd.) were added to
each tube. The tubes were agitated anq left for 1hr at 18°-21°C. The

optical density of the resultant solution was then determined versus a
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distilled water blank in a Hilger & Yatts Ltd. spectrophotometer, using

a tungsten filament lamp operating through a 1cm light path. Calibration
lines were drawn from values obtained from serially diluted stock mg/ml
bovine serum albumin (Fraction V) in deionized water. Under these
conditions, optical density was a linear function of protein concentration.
It was arranged that the protein concentration of the microsomal resus-
pensions taken for analysis fell within this range. The protein content
of stock solutions of bovine serum albumin was periodically checked by
determining their absorbancy at 280nm in the spectrophotometer, using

a deuterium arc lamp and silica cuvettes.

g) Statistical treatment of results: The methods employed are given in
the text of Sections III - VI. Where appropriate, reference was made

to the statistical tables of Fisher & Yates (1963).



SECTION III

SKELETAL MUSCLE STUDIES

14
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CHAPTER 1

The Control of Monovalent Cation Distribution in Skeletal Muscle

The structure of skeletal muscle is reviewed by Davson (1970), and will
not be discussed here, except in the case of certain ultrastructural
elements thought to be directly involved in the control of ionic
permeability. Fenn (1936) and Conway (1957) have reviewed electrolyte
distributions in this tissue. However, accurate determination of intra-
and extra-cellular [ﬁaﬁ] and [kf] has been fraught with difficulties -
based, as it must be, upon estimates of compartmental volume, water
content and ion sequestering capacity. Determinations of total tissue

water and monovalent cation content have been comparatively simple.

Compartmental volume was initially calculated from tissue [b:l'j values

(Fenn, .1936), on the basis that extra-cellular fluid is a plasma
ultrafiltrate and the assumption that C1~ was entirely extra-cellular.

The assumption has proved incorrect (Conway, 1957), and it is also likely
that a fraction of muscle [C:l-] is associated with connective tissue.
(Cotlove & Hogben, 1962). Experimental estimation of extra-cellular

fluid space has come to depend upéﬁ in vivo or in vitro tissue

equilibration with high molecular weight compounds such as sucrose,

mannose and inulin. Even then, as Ling & Kromash (1967) have shown, estimates
are larger the lower the compound's molecular weight, the greater its
concentration, and the longer the exposure period. Their analysis of
marker uptakes revealed an initial rapid and subsequent slow component;

the latter was considered to represent cell uptake. In the case of
polyglutamate it was possible to recognize and compensate for cell membrane
penetration and tissue alisorption. However, the possible osmotic influence
of such compounds is not accounted for. Adami¥ (1968) derived compartmental
[Naﬂ values in rat diaphragm muscle by analysis of wash-out curves for

auNa—loaded strips, though difficulty in estimating extra-cellular space
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again arose because of suspected leakage from damaged fibres. In these
circumstances it is clear that ho single technique can be favoured in
estimations of muscle monovalent cation distributions, and it is disturbing
that the availability of precise figures cannot be expected. With
appropriate reservations, the accompanying table (TABLE III-1) is pre-
sented as a summary of Na' and k* distributions in mammalian skeletal

muscle, according to several authors.

The table shows that Sréter & Woo (1963) have reported two groups of
values in a series of rat muscles treated by their standard procedure.

The data strongly suggest that the intra-cellular ionic composition is

a correlate of a muscle's complement of the histologically identifiable
slow (red) and fast (white) fibre types. The ratio ( [Kﬂ i/[Na"'] i) is
proportionately greater the larger the complement of white fibres.

Sréter (1963) also observed large changes in [Na+]i and [K+]i upon indirect
low;frequency stimulation of muscles with predominamtly white fibres.
Prolonged stimulation (6hr) resulted in extreme cationic debt to the
extent of a 1204% increase in [Naﬂi and 37.8% decrease in [K+]i for
white gastrocnemius fibres as compared with respective values of 395%

and 8.9% for the red fibres. Further work upon these fibre types in

rat (Locke & Solomon, 1967) has revealed that topical or intra-venous
ouabain administration simulates the effects of denervation in reducing
Em from -83.5 mV in gastrocnemius, and -68.8 mV in soleus to the -60 mV
level. (These authors do not note whether their recordings were from
surface gastrocnemius fibres.) Locke & Solomon concluded that denervation
and ouesbain effects involved a common mechanism, probably that of active
monovalent cation transport. Thus, the Em increment above -60 mV would
‘be attributed to this component. In addition, Williams, Withrow & Woodbury
(1971), working with rat gracilis muscle, report that intraperitoneal

ousbain administration results in an E fall from -95 mV to -65 mV,



[ELECTROLYTH] , mM
Intracellular fluid [Extracellular fluid
(plasma
MAMMAL MUSCLE. [we], [x*] .| 1] K l . REFERENCE
rat diaphragm ' 23.0 152.7 W 4 4.4 Sréter & Woo (1963)
soleus. 22.6 153.8 141.0 k2
extensor digitorum longus 1%4.0 168.9 139.7 4.3
vastus lateralis 12.3 166.2. 138.7 b2
gastrocnemius (deep) 16.26 160433 148.45 k.15
(surface) 9.69 | 168.81 | 148.55 4.15
extensor digitorum longus 14.0 165.0 - - Dockry, et al. (1966)
diaphragm 6.22 - - - Creese, et al. (1968)
gracilis 26.3 166.8 7.5 3,8 [Williams, et al. (1971)
man gastrocnemius: 13.0 153.0 - - Mokotoff, et 1. (1952)

- 16.9 152.7 - - Talso, et al. (1953)

- [ 540 169.0 - - Cort & Matthews (1954)

- 13.1 16547 - - Wilson (1955)

- 26.1 150.0 - - Barnes, et al. (1957)
quadriceps. femoris 10.8 164.3 - - Litchfield & Gaddie (1958)

| vastus Iateralis 19.0 167.0 141.0 k,55 |Graham, et al. (1967)

TABLE III-1.. VALUES FOR MAMMALIAN SKELETAL MUSCLE. [Na*] anp IK*‘] DERIVED FROM DATA IN THE LITERATURE.
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concomitant with Na+ and K+ redistributions.

In this context, Dockry, Kernan & Tangney (1966) had shown that the
extent of redistribution of Na® and k' during recovery in Na*-loaded rat
extensor digitorum longus and soleus muscles was enhanced if the muscles
remained innervated throughout loading and recovery periods; further,
that the addition of acetylcholine to the recovery fluid resulted in a
similar response in denervated extensor. This points to the possibility
that an active transport component is the adaptive feature through which
fibre types are differentiated, and that this may be influenced by their
types of innervation, Guth & Brown (1965) showed that decrease and
subsequent regeneration of rat sternomastoid cholinesterase activity
occurred upon denervation and reinnervation, and it is known that a general
surface sensitivity to acetylcholine develops after motor nerve section
(Axelsson & Thesleff, 1959). These aspects of nerve/muscle inter-
relationship are reviewed by Thesleff (1960) and Guth (1968). However,
it is interesting to note that Kernan (1966) showed that denervation of
frog sartorius resulted in an increased Em' despite a decreased rate of
Na+ extrusion in Na+-loaded muscles; he thought this could be due to a

concomitant decrease in K' uptake.

Before considering possible definitions of the active transport component

in muscle, it is appropriate to mention other components thought to govern
monovalent cation availability within intra- and extra-cellular compartments.
By using special Na' and K* glasses, some workers have devised ion-selective
micro-electrodes with which actual ion activities mey be measured. Whilst
Ling (1955, 1962) has proposed a fixed charge or sorption hypothesis
explaining differential Na* and K* distributions in terms of preferential
K+—binding by non-diffusible intra-cellular anions of low field strength,

the experimental evidence available for Kt mobility indicates that it is

not restrained.
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Lev (1964) essentially repeated Hinke's (1959) findings for Homarus
muscle fibres when he found that the K' activity coefficient in frog
fi?res was in the range 0.751 - 0.795, close to that determined in KC1
solutions of similar molarity and to theoretical predictions by Nanninge
(1961). Unfortunately, values are not available for mammalian muscle.

As regards Nat activity, Hinke (1959) found unexpectedly low values in
Homarus; Lev (1964) estimated that 70% of [ﬁaﬁli was unavailable to the
electrode in frog fibres. These observations point either to a sorption
phenomenon, e.ge. that incorporated in Ling's proposal, or to the existence
of a secondary intra-cellular compartment. Using radio-isotopes of
supposedly inert solutes and certain ions, Kushmerick & Podolsky (1969)
demonstrated that the rates of migration of all but Ca2+ were similar after

micro-injection into Rana pipiens semitendinosus fibres. The ratio.

(diffusivity in muscle/diffusivity in water) was about 0.5, although for
Ca2+ it was 0.01. Hence it seemed likely that Ca.2+ is chemically bound

in the fibre, whilst the small reduction in diffusivity of otheér substances
could be explained in physical terms of the viscosity of intra-cellular
fluid. TFrom monovalent and divalent cation binding studies in a microsomal
preparation of rabbit sarcoplasmic reticulum and transverse tubular system,
Carvalho (1966) concluded that there was a considerable caZ* binding
capacity, and that other ions could compete for the sites concerned.
However, Na+ and Kt affinities were lowest of all. The author considered
that the imidazole group of histidine and phosphoryl groups of lecithin
and phosphatidyl serine were likely candidates for involvement in the cation

exchange mechanism.

By histochemical use of the Na"'-specific reagent pyroantimonate, Zadunaisky
(1966) revealed that Na' could be located in high concentration inside the

transverse tubules of Rana pipiens sartorius T-system. This result might

be accepted with reservation in that other structures appeared to be Na'-free:
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it is known, for instance, that intra-cellular organelles such as
mitochondria do contain Na®. However, it does indicate that the T-system
is an important Na* compartment, likely to be involved in restricting its
availability to microelectrodes in the studies of Hinke (1959) and Lev (1964).
It is relevant to note that the volume of the T-system is thought to vary:
Foulks, Pacey & Perry (1965) noted an increase in frog muscle under x*
end C1 depletion (Na* loading), and similar observations have been made
for other isolated muscles. Akaike (1971), for instance, has found that
Na* gain and K* loss occur during saline storage of rat soleus and extensor
digitorum longus, and may be counteracted by the addition of rat, cat, cow
or rabbit serum to the solution. It is possible that additional extra-
cellular Na* could be retained in the intermediate T-system compartment and
assayed as if it were intra-cellular. If this were so, it might resolve
the problem of the Na* activity coefficient without resort to a sequestration

hypothesis.

On the assumption that intra-cellular Na' and K* are not substantially
bound, it is appropriate to consider cell membrane permeability mechanisms
for an explanation of their distributions. Of indirect relevance here is
the work of Caldwell, Hodgkin, Keynes & Shaw (1960a,b) on giant axons of
Loligo. They demonstrated that active Nat ana K* transport could be
restored in CN -poisoned preparations by intra-cellular injection of ATP

or a phosphagen - e.g. phosphoenolpyruvate, ADP. Conway (1960) pointed out
that the effectiveness of metabolic inhibitors in reducing muscle monovalent
tation fluxes was dependent upon the tissue's metabolic state, i.e. upon
the extent of {ts ATP and phocphagen reservoirs. This work hes shown that
monovalent cation fluxes are indeed associated with an ATP-requiring

mechanism.

Concerning the identity of the mechanism, several workers have investigated

the ATPase characteristics of skeletal muscle in the attempt to distinguish
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an enzyme with monovalent cation requirements similar to those of

Skou's (1957) crab nerve microsomal enzyme. The presence of an enzyme

of this type that could be readily demonstrated is essential for its
investigation in the context of adrenocorticosteroid regulation and
affective disorders. The subject of skeletal muscle NaT+K+-stimulated
H32+—ATPase has been reviewed by Bonting (1970), though he mekes little
mention of mammalian muscle. Bonting, Simon & Hawkins (1961) first
demonstrated e Na++K+-stimu1ated, ouabain-inhibited enzyme in the recon-
stituted aqueous lyophilized homogenate of cat muscle, and reported a

very low activity of about 1.8% of that in a similar preparation of grey
matter. Further studies by Bonting, Caravaggio & Hawkins (1962) and
Bonting & Caravaggio (1963) reported the enzyme in frog sartorius and
extensor digitorum longus IV preparations. Duggan (1964, 1965), however,
repeated this type of experiment on frog sartorius and could not demonstrate
synergistic monovalent cation stimulation or ouabain-sensitivity. Corrie

& Bonting (1966) then reported the ouabain and erythophthleine reduction

of Em in frog sartorius and claimed that the concomitant decrease in [?f] i
and increase in Eaj ; Were consistent with the presence of the classical
enzyme. In subsequent publications (Duggan, Ryan & Harrington 1967;
Heffron & Duggan, 1967; Duggan, 1968a, b), Duggan and co-workers have
reported the absence of this Skou-type enzyme, and Manery, Riordan & Dryden
(1968) reported the failure to distinguish such a surface ATPase in

Rana pipiens muscle. Giacomelli, Bibbiani, Bergamini & Pellegrino (1967),
using‘a histochemical lead phosphate deposition technique, meanwhile
reported that the enzyme was present in triad lateral sacs and sarcolemma
of frog ideofibularis and rat extensor digitorum longus.

As regards mammalian muscle, Sameha & Gergely (1965, 1966) reported the

o+

presence of Na® + K*- Mg~ - ATPase in human cadaver muscle samples, whilst Lee

Tanaka & Yu (1965), Fratantoni & Askari (1965), and Engel & Tice (1966)



reported the absence of a synergistically stimulated enzyme in rabbit
muscles. Buckley, Evans & Nowell (1968) found no evidence for the
ATPase in a rat d;aphragm preparation. It seemed that the solution
to this dilemma might well lie in the preparative techniques applied

to muscle, a matter which receives subsequent attention.

21
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CHAPTER 2

Experiments upon the Enzymatic Control of Skeletal Muscle Monovalent
Cation Distribution

The presence of a number of membrane systems in skeletal muscle fibres,

in addition to the myofibrillar component, presents a considerable

problem in the investigation of tissue homogenates. The plasma membrane
proper appears to be the innermost, osmiophilic component of a composite
bounding sarcolemma (Andersson-Cedergren, 1959; Mauro & Adams, 1961).
Sarcolemmal invaginations, the transverse tubules of the T-system, may

be regarded as extensions of the plasma membrane and therefore of the
extra-cellular compartment (Franzini-Armstrong & Porter, 1964). They are
closely associated with the endoplasmic reticulum (sarcoplasmic reticulum,
LI-system) at characteristic triad regions (Andersson-Cedergren, 1959).

In addition to fragments of these two membrane systems, a muscle fibre
homogenate would contain organelles (e.g. sarcosomes) and membrane fragments
derived from them. Thus the quest for a plasma membrane bound Na++K+-Mg2+-
ATPase, using the conventional homogenate technique, might be expected to
prove difficult. It is not surprising that the limited volume of litera-
ture concerned with this problem presents a good deal of conflicting

evidence.

TABLE III-2 summarizes the literature on mammalian and frog muscle with
regard to three factors:

a) mode of extraction,

b) the cellular fraction considered to be under investigation, and

c¢) the effects of monovalent cations upon M32+-ATPase.
These are now briefly outlined.

a) Mode of extraction. At the time of the experiments reported in
this thesis several techniques had been used. Histochemical ones apart,
these generally involved homogenization of tissue. Though Bonting, et_al.

(1961) demonstrated a classical synergistic Naf+K+-Mgz+ ATPase in a whole
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homogenate of cat muscle (uhspecified), subsequent workers adopted
differential centrifugation techniques in attempts to identify the fractional
location of the enzyme. Of the preparative procedures available, those
used most frequently were:

i) simple homogenization in buffered isotonic sucrose containing
EDTA, a method widely used for other tissues;

ii) an extension of this to include detergernits (notably deoxycholate),
which had proved successful in rabbit cardiac muscle (Auditore, 1962).
As the table indicates, each has enjoyed partial success.

b) Membrane fraction under study. Despite electron microscopic

scrutiny of the fractions obtained by differential centrifugation, no
worker has presented evidence showing which membrane components were tested
for ATPase activity, though some have referred to their microsomal
preparations as derived from sarcoplasmic reticulum. Using histochemical
techniques, Giacomelli et _al. (1967) reported Naf+Kf—Mg2+-ATPase activity
in the lateral sacs of triads (i.e. the sarcoplasmic reticulum) and
sarcolemma (presumably plasma membrane) in frog ileofibularis and rat
_extensor digitorum longus; Morita, Sugimoto, Ueda & Mayahara (1969)
reported a sarcolemmal ATPase in rat tibialis anterior, using an incubation
medium which suggests that it could have been the Na'+K'-stimulated one.
c) Monovalent cation stimulated M52+—ATPases observed. Whilst the
'classical' enzyme of Skou(1957) and subsequent workers (concerned with a
variety of tissues) is, by definition, a synergistically stimulated ATPase,
this criterion has not always been observed in skeletal muscle preparations.
Indeed, some workers have not distinguished between synergistic and merely
additive monovalent cation stimulation. This matter will receive later
attention. In the tabulated summary (TABLE III-2) it has been convenient

to present the monovalent cation effects upon Mgz+—ATPase activity as:



i) coupled Na' and K stimulation, which may be synergistic
or additive;
ii) non-coupled stimulation, by Na' or K' alone;
iii) dinhibition by Na* and K', alone and in combination;

iv) none, irrespective of Eaj and/or E{j .

Since the task of this research was to define a bulk tissue Naf+K+-Mg
ATPase that could control Na+ and Kt distribution, the quest for a
technique suitable for its exposure in skeletal muscle was the initial

line of attack.

MATERIALS AND METHODS

A. ENZYME ACTIVITY STUDIES

MATERTALS.
a) Animals: 6‘ CFE albino,barrier-maintained rats, as described in
Section II.

b) Skeletal muscle: Thigh muscles from both hind limbs were used.

Attempts were made to sample specific muscles, but insufficient experi-
mental material could be provided by single animals; frequently, the

entire thigh musculature was employed.

2+ _
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c) Reagents: These are listed in Section II, or in appropriate 'Methods'

and 'Results' paragraphs.

MEL'HODS

a) Tissue sampling: Animals were sacrificed by cervical dislocation,

the muscles quickly excised and placed into small aliquots of the extraction

medium at diu°c. They were substantially freed of connective tissue,

blotted on Whatman No. 1 filter paper and quickly weighed.
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b) Preparation of microsomal fraction. The preparative sequence is

sumnarized in FIG.III-1. The compositions of extraction media are given
in 'Results'. All procedures ware carried out at 0°-4°C, Great care was
taken in the resuspension of microsomes in order to obtain an homogeneous

preparation.

c) Enzyme assays:
(1) Mg’ -ATPases

Incubations of 0.5ml aliquots of fresh or aged membrane resuspensions
were made in duplicate at 37919.100 in the presence of 0.5ml Tris-ATP
(usually of 4mM final concentration) and 1.0ml Mga+, Na+, K" in various
proportions (as chlorides), made up in 50 mM Tris-HC1 or L-histidine-HC1,
pH 7.3 at 37919.500. Orthophosphate determinations were made in duplicate
as described in Section II.
Protein estimations were made for duplicate aliquots of deionized water-
washed and -resuspended fresh membrane fraction, or on thawed, resuspended
samples which had been stored at -20°C for not longer than 2 weeks. The
technique is described in Section II.

(1i) Succinate dehydrogenase: E.C. 1.3.99.1.

Incubations of fractions obtained in the above extraction procedure were
made in 10ml (nominal) Warburg flasks by the manometric technique given in
Umbreit, Burris & Stauffer (1964) after Schneider & Potter (1943). Aliquots
of raw homogenate or0O.1M phosphate buffer resuspensions of each pellet

were assayed for their O, consumption in a Townson & Mercer Ltd. Varburg

2
apparatus at shaking speed 3 and 25019.100 after 10min thermoequilibration.
The reaction was started by addition of substrate from the side-arm.

TABLE 11I-3 summarizes the flask contents.

Protein estimations were made as described in Section II.

(iii) L-of -glycerophosphate dehydrogenase (X -GPDH): E.C. 1.1.2.1.

Incubation procedures were as for succinate dehydrogenase, using 0.5M

DL-® -glycerophosphate (Sigma Chemical Co.) in place of disodium succinate.



-EXCISED MUSCLE

minced with fine scissors,

macerated in MSE Ltd. vortex Waring blender with
S5x (w/v) extraction medium, 5min

SUSPENSION OF MINCE
homogenized: 10 passes of pestle at 1000rpm
CRUDE HOMOGENATE

centrifugation (1) in MSE Ltd.'Mistral'2L, rotor 6885
2000xg, 10min

PELLET (1) SUPERNATANT (1)
nuclei,myofibrils, centrifugation (2) in MSE Ltd.'Automatic
mitochondria, Superspeed 40', rotor 2409,
connective tissue 10000xg, 20min
discard.
Ui
PELLET (2) SUPERNATANT (2)
mitochondria, centrifugation (3), as (2)
large microsomes
discard
PELLET (3) SUPERNATANT (3)
residual centrifugation (4), as (2), but at
mitochondria 107000xg, 60min
discard
I
PELLET (4) SUPERNATANT (4)
wash in: microsomes centrifugation (5),
Pris-HCL as (4)
or L-histidine
=-HC1
discard
pE 7.3,8t
4 iq.s c 3
PELLET (5) SUPERNATANT (5)
resuspend in: microsomes
Tris-HCl
or L-histidine
-HCL. discard
pH 7.-3 at :
h°39a5°0
ENZYME
PREPARATION

FIG, III1-1. PROCEDURE FOR EXTRACTION OF SKELETAL MUSCLE MIGROSOMES.

AlL steps were performed at 0°-4°c,




VOLUMES (ml)
REAGENT SUPPLIER CONTROL EXPERIHEN'I‘_AL
distilled water- 3.0 0.5
0.1M phosphate buffer, pH 7.4 BDH (4nalaR) - 1.0
0.5M disodium succ:l.nate._G_EZO. Sigma (grade IX) - 0.3
1x10-4H cytochrome ¢ Sigma (type IV) - Okt
4:10.‘"3 M CaCl.Z.GHZO BDH (AnalaR) - 0.3
4bx10"M ucls.sna_o BDHE (lab.) - 0.3
pellet resuspension - Q.2
2N NaOH (centre well) BDH (AnalaR) 0.1 0.1

TABLE: I1I-3. WARBURG FLASK CONTENTS FOR SUCCINATE DEHYDROGENASE. AND L~X = GLYCERO-

PHOSPHATE DEHYDROGENASE ASSAYS.
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Protein estimations were made as described in Section II.

B. ELECTRONMICROSCOPIC STUDY OF MEMBRANE FRACTIONS

a) Skeletal muscle fraction: These were prepared as described above.

(See FIG.III-1).
(i) 2 000-10 000xg fraction, pellet (3);
(ii) 10 000-107 000xg fraction, pellet (5).
b) Reagents: All were the purest available.
(i) 0.71M sodium cacodylate (BDH Ltd.) buffered with HC1 to pH 7.4.
(ii) 5% w/v glutaraldehyde-p-aldehyde (TAAB Labs) in (i), as fixative.
(iii) 2% w/v osmic acid (BDH Ltd.), for post-fixing.
(iv) 50% - absolute ethanol (BP Chemicals Ltd.) series.
(v) propylene oxide (BDH Ltd.).
(vi) 1 part absolute ethanol/1 part propylene oxide.
(vii) Araldite: 26ml Araldite added to 24ml hardener and stirred for
10min in acetone-washed glassware.
(viii) 1 part propylene oxide/1 part Araldite.

(ix) lead citrate solution (BDH Ltd.).

METHOD
All steps were performed at O°—4°C, unless otherwise stated. Pellets were:

(i) gently resuspended in cacodylate buffer by alternate withdrawal
into and release from a Pasteur pipette;

(ii) recentrifuged at 107 000xg, and the supernatants discarded;

(iii) resuspended in fixative (as in (i)) and left for 3hr;

(iv) treated as in (ii);

(v) treated as in (iii), but left for 1bhr;

(vi) washed in cacodylate buffer by gentle agitation for 10min;

(vii) post-fixed 3hr;

(viii) washed in distilled water 10 times;
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(ix) dehydrated through the ethanol series, with 2 absolute ethanol
changes (10min each step);
(x) placed in absolute ethanol/propylene oxide, 10min;
(xi) transferred to propylene oxide, 10min;
(xii) transferred to propylene oxide/Araldite, 1hr, 20°c;
(xiii) transferred to Araldite (1), 1hr, 20°C;
(xiv) transferred to Araldite (2), 14hy, 20°C;
(xv) embedded in Araldite (3), 48hr, 60°C;
(xvi) sectioned on a Cambridge Huxley Ultramicrotome;
(xvii) stained with 2% uranyl acetate and Reynold's lead citrate just

prior to examination in an AEI EM6 electrfon microscope.

RESULTS

A. ENZYME ACTIVITY STUDIES

1. Mg®

+—A.TPases

a) BExperiments involving different extraction media

(i) Medium consisting of:

250mM sucrose (BDH AnalaR) + S5mM disodium ethylenediaminetetra-

acetic acid (NaaEDTA.ZHZO) (BDH AnalaR) + 50mM Tris(hydroxymethyl)-
aminomethane - HC1 (Tris - HC1) (from Sigma Chemical Co. 'Trizma' base,
reagent grade) OR L-histidine - HC1 (from Sigma Chemical Co. free base,

%, grade), pH 7.3 at 4°+0.5°C.

Extraction characteristics

It was found necessary to coarsely mince the muscle samples with fine
scissors to provide segments that could be adequately processed in the
Waring blender and homogenization steps. Pellet (1) was always large and
was considered to consist of nuclear, myofibrillar, connective tissue and
inadequately processed material. Pellet (2) and, where it occurred, pellet

(3) were small and red-pink coloured. The final pellets (4) and (5) were



translucent and were carefully resuspended in the buffer component which
was appropriate to the extraction medium used at the outset. The final

supernetant was faintly straw-coloured.

Iime course of ATP hydrolysis

FIG.IIXI-2 is a plot of hydrolysis by a Tris-HC1 - extracted preparation

2+

in the presence of 4mM Mg~ , and its stimulation by 100mM Na*+ 2omM K**

The M52+ - dependent activity did not remain linear after 9min at 37?19.100.
On the basis of this result, an incubation period of 5min was adopted for

subsequent experiments.

Effects of eguimolar Naf and K in the presence of 4mM Mg?+

TABLE III-4 shows the effects of 50mM Na' and 50mM K* in this context.

In all instances hydrolysis was stimulated, and the values given for Nat
and K* represent the extent of stimulation above the Mg2+ activation level.
It can be seen that extraction in the presence of 50mM Tris-HC1 (see
preparations T1-T6) yielded the more active preparations (cf. preparations
H1-Hb4), although the extent of stimulation was not consistent for either
buffer.

Effects of Naf and xt in the absence of Mg?+

In certain experiments there was sufficient microsomal material for control
incubations of this kind to be made, and some ATP hydrolysis did indeed

occur. VWhen 50mM Na¥ or K* were tested alone or in combination, an activation

occurred of the order of 10¥ that elicited by &mM Mga+. The values obtained,

and the respective compensations (in parentheses) for hydrolyses occurring

o+ 2

in the presence of Mg = + Na+, Mg * . K+, and Mga+ + Na* + k' are shown for

preparations TS and T6 in TABLE III-4.

Effects of varying Eaﬂ and E{"] in the presence of 4mM Mg3+

In the likelihoed that the effects of Nat or K* might be concentration-

" dependent, four experiments included incubations in which their stimulation
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FIG. III-2. TIME COURSE OF ATP HYDROLYSIS BY A RAT SKELETAL

MUSCLE MICROSOMAL PREPARATION.

Extraction medium:

250mM sucrose + 5mM NaaEDTA.ZHZO + 50mM Tris-HCl1l, pH 7.3 at 4059.5°c.

Incubation conditions:
50mM Tris-HCl + 4mM Tris-ATP, pH 7.3, 37°¢p.1°c.

® = hydrolysis in the presence of 4mM Mg2+;

| =: 100mM Na* + 20mM K* - stimulation of hydrolysis in the
presence of 4mM Mgz+ (shown as the increment in hydrolysis

above that obtained in the presence of 4mM Mgz* alone).

Ordinate:.
nmoles Ei liberated/mg protein.
Values plotted are the means of those obtained in duplicate

incubations.
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TABLE III.4. ATP HYDROLYSIS BY MEDIUM (i) EXTRACTED MICROSOMAL PREPARATIONS OF RAT SKELETAL MUSCLE.

Extraction medium:

oEDTA.2H,0 + 50mM Tris-HCL (preparations T1 - T6)

or 50mM L-histidine-HCl (preparations H1 — H4), pH 7.3 at 4°:0.5°C.

250mM sucrose + 5mM Na

Incubation conditions:

50mM Tris-HCl + 4mM Tris-ATP, pH 7.3, 37°:0.1°C.

Hgai'(4mMI, Na' (50mM) and X* (50mM). were included as indicated.

Values given are the means of those obtained in duplicate incubations. Tose shown for incubations
containing Na* and/or K*'in addition to Mgz+ represent the increment in hydrolysis above that
obtained in the presence of HQZi'alone.

Values given in parentheses are derived. by compensation for hydrolyses occurring in the absehce of Mgz*.



nmokes Pi Iiberated/mg protein/min
PREPARATION m:x;zlx)on Na* £ Nat+k* ug2* Mg2tena* | Mg®tax* |Mg?tenatex?

T - - - 5852.0 1299.0 1702.0 -
T2 g - - - Lobt4.8 72745 1191.9 1131.6
T3 ;'?1 - - - 4780.6 943 4 1106.0 11412
T4 :: - - - 4804.0 665.5 1275.0 1218.0
T5 = 497.8 583.7 622.6 |  5940.3 7004 1335.9 19585
:E (202.6) (752.2) (1335.9)
6 3440 532.2 376 4 4620.9 694 4 10k, 9 1408.3
(350.4) (512.7) (1031.9)
H1 o - - - 2216.8 121.8 316.7 280.1.
H2 3 '§ - - - 1608.0 99.2 268.0 228.3
H5 f. :5 - - - 1280.0 104 .0 216.0 248.0
H4 A - - - 2257.0 0.0 503.6. 503.6

TABLE III-4. ATP HEYDROLYSIS. BY

MEDIUM (i) EXTRACTED MICROSOMAL PREPARATIONS OF RAT SKELETAL MUSCLE.
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of Mgz+—ATPase was more fully studied. Although the magnitude of
stimulation was never consistent within the group (see above), its pattern
was always the same. FIG.III-3 demonstrates this pattern as found in the
Tris-HCl-extracted preparation T1, and shows that equimolarE‘!afl and E{+]
stimulated the Mgz+-ATPase differentially: K- was greater than Na‘t-
stimulation throughout the range tested.

When Na' and K* vere present simultaneously there was no combination of
concentrations at which even an additive stimulation was elicited.
FIG.ITI-4 summarizes the results obtained with preparation T4, in which

a range of [?afl and Ef] from O - 100mM was tested in a number of combin-
ations; it shows observed and predicted (additive) values. This again
vas the pattern generally obtained; in no instance was there evidence

2

of a synergistically stimulated Naf+K+-Mg *_ATPase.

Effects of incubation in the presence of ouabain

Ouabain (Sigma Chemical Co.) was dissolved in 50mM Tris-HC1l (pH 7.3) and
included in incubations to give a final concentration of 5x10-4M. It

had no effect upon ATPase activity in any of the conditions reported above.
Ouabain at 1x10_3M was used in two experiments and found to slightly reduce

2

the Mg * _ATPase activity to an extent sufficient to account for the changes

seen in other Mg2+—containing incubations.

Effects of ageing microsomes at -20°¢C

Quadruplicate samples of freshly-obtained microsomal resuspensions were
stored at -20°C. After various periods of time they were thawed in pairs
at 8919.500 for up to 45min, resuspended by gentle homogenization at O°—4°C,
and their ATPase activities assayed in the usual mamner. Therc was nc
evidence for alterations of specific activity in control samples which were
frozen and immediately thawed. FIG.III-5 shows the means of replicate
estimations obtained for preparation T4, so that they may be compared with

those shown above in FIG.III-4. Though less extensive series of incubation



FIG. III-3



FIG. 1I1-3. EFFECT OF [Na®] awp [x*] urow Mg2*-ATPase IN RAT

SKELETAL MUSCLE MICROSOMAL PREPARATION T1.

Extraction medium:

250mM sucrose + 5mM Na_EDTA.2H_ O + 50mM Tris-HC1l, pH 7.3 at 4°20.5%.

2 2

Incubation conditions:

50mM Tris-HC1 + 4mM Tris-ATP + haM Mg>*

, PH 7.3, 37°20.1%.
+ .
®@= Na - stimulation;
= Kkt - stimulation.
Ordinate:

nmoles Pi liberated/mg protein/min.

Values plotted are the means of those obtained in duplicate
incubations, and represent the increment in hydrolysis above that

obtained in the presence of LmM Mgz'* alone.
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FIG. III-4



FIG. III-4. EFFECT OF Na* UPON K*-STIMULATION OF Mg>'—ATPase IN RAT SKELETAL MUSCLE

MICROSOMAL PREPARATION T4.

Extraction medium:

EDTA.2H,0 + 50mM Tris-HCl, pH 7.3 at 4°+0.5°C.

250mM sucrose + 5mM Na2 >

Incubation conditions:

50mM Tris-HC1 + 4mM Tris-ATP + 4mM Mg*, pH 7.3, 37°s0.1%.

= observed effect;
B =: predicted effect.

Ordinates
Values plotted are the means of those obtained in duplicate incubations, and represent the

increment in hydrolysis abové that obtained in the presence of 4mM Mgz+ alone.
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FIG. III-5



FIG., III-5, EFFECT OF AGEING AT -20°C_UPON Mgai;AEPase AND MONO-

VALENT CATION - AFFECTED M52+-ATPases IN RAT SKELETAL MUSCLE
MICROSOMAL PREPARATION Th.

Extraction medium:

250mM sucrose + 5mM Na EDTA.2H. O + 50mM Tris-HCl, pH 7.3 at 4°39.5°C.

2 2

Incubation conditions:

50mM Tris-HCL + 4umM Tris-ATP + 4mM MgZ™, pH 7.3, 37°s0.1°C.
A = MgZ*;ATPase;
= 20mM K¥ - gtimulation ®= OmM Na*
¢ - somM K* et m = 20mM Na®
L= 5 = stimulation Y e 50mM Na*
D. = 100mM k' - stimulation v = 100mM Na*
Ordinate:

nmoles Ei liberated/mg protein/min.
Values plotted are the means of those. obtained in duplicate
incubations. Those shown in conditions B - D represent the increment

in hydrolysis aboWe. that obtained in the presence of 4mM Mgz* alone.
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conditions were employed in three other ageing studies, the trend of
results was clearly similar: namely a general loss of ATPase activity,
with a greater rate of decay of M32+-dependent as compared with Na*

and/or K -stimulated Mgz+-dependent activity.

Effect of incubation in the presence of sodium deoxycholate
Duplicate aliquots of the L-histidine-HCl - extracted microsomal

preparation H4 (see TABLE III-4) were exposed to a very low concentration -
0.05% (1.2mM) - of Na deoxycholate (Sigma Chemical Co.). The effect was
an inactivation of Mg2+—ATPase by 34.1% to 1487.8 nmoles P. liberated/mg
protein/min, and a 100% reduction in monovalent cation stimulation. The
experiment was preliminary to testing the reputed effectiveness of this

2

detergent in exposing a classical Na++K+-Mg *_ATPase in muscle, a problem

which is further treated below.

Effects of preincubation and subsequent incubation in the presence

of phosphatidyl choline

L-A(-lecithin (Sigma Chemical Co., type II E) was dispersed in aliquots

of incubation media (without ATP) as described by Bachelard & Silva (1966),
yielding a final concentration of 50 pg/ml upon addition of the microsomal
preparation and ATP. Aliquots of microsomal suspension from the L-histidine-
HC1 extraction H4 (see TABLE III-4) were exposed to the phospholipid for
30min at d-4°C in the presence of appropriate ions. Tﬁere followed the
normal thermopreincubation period of 10min at 31&9.100 and subsequent
addition of Tris-ATP. This treatment resulted in a 4% reduction of
Mgz+-ATPase activity, no alteration in Mg2++Na+- or M32++K+-stimu1ation,

2+

and a 10.9% reduction in Mg~ +Na'+K'-stimulation.

(ii) Medium consisting of:

250mM sucrose + SmiM NaaEDTA.zﬁao + 0.1% (2.4mM) sodium deoxycholate + S0mM

Tris-HCY, pH 7.3 at 4°+0.5°C.
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Extraction characteristics and efficiency

Some difficulties presented themselves in initial experiments as a result
of the frothing tendency of the deoxycholate medium during maceration

and homogenization, and it was feared that some material may have been
lgst or poorly processed. [Early experiments are therefore not considered,
and the results set out here refer to those in which the extraction had
been satisfactorily standardised. The final pellets (4) and (5) were not

translucent, but red-pink in colour.

The extraction éfficiency discussed here is a measure of the microsomal
protein yield per unit wet weight of muscle employed in an extraction.

It is calculated for a group of 12 extractions using medium (i) and compared
with that derived for 4 medium (ii) type preparations. From the known wet
weight of fresh muscle used for an extraction and the estimated weight of
protein finally obtained (by analysis of the final microsomal suspension),
values for protein yield in ug microsomal protein/mg wet weight of fresh
tissue were derived and compared. The calculated extraction efficiencies
are set out in TABLE III-5. It is clear from the application of Student's
't' test that significantly more microsomal protein is yielded by extraction
in medium (ii).

Effects of equimolar Na+ and K+ in the presence and absence of Mg?+

TABLE III-6 summarizes the results obtained for 4 preparations D1-Dk.
Mg2+—dependent hydrolysis was stimulated by Na® and k' in all instances,
although, for preparation D2, thé apparent Na'-stimulation could be entirely
accounted for by Na'-activated hydrolysis in the absence of Mgz+. Indeed,
in this case there was a depression of Mg2+-activity. However, this effcct
was not obtained in the remaining preparations, and was not further in-
vestigated. As implied above, and previously discovered in the preparations
T1 - T6 extracted in medium (i), some S50mM Na'- and/or SomM K'-stimulated

hydrolysis occurred in the absence of Mga+. The levels were of the order

of 12% of the lUmM MgZ® activation level.



EXTRACTION EFFICIENCY
EXTRACTION (E§{h8)
MEDIA (1) (ii)
X 1309 4,570
n 12 k
t. 8.76
B <0.001

TABLE. I11-5, COMPARISON OF EXTRACTION EFFICIENCIES IN

'MEDIA (i) AND (ii) FOR RAT SKELETAL. MUSCLE.

Extraction media:.

(1) 250mM sucrose + 5mM Na_ EDTA.2H.O + 50mM Tris-HC1,

2 2
pH 7.3 at 4°:0.5%C..

(ii) 250mM sucrose + 5mM Na_EDTA.2H 0.+ 0.1% (2.4mM) sodium

2 2
deoxycholate + 50mM Tris-HCL, pH 7.3 at 4°s0.5°C.

Extraction efficiency:

Jg microsomal protein obtained/mg wet weight of fresh muscle.



TABLE. III-6



TABLE III-6., ATP HYDROLYSIS BY MEDIUM (ii) EXTRACTED PREPARATIONS OF RAT SKELETAL MUSCLE. 1

Extraction medium:

250mM sucrose + 5mM Na

,EDTA.2H,0 + 0.1% Na deoxycholate + 50mM Tris-HCl, pH 7.3 at 4°+0.5%.

(Preparations D1. = Dib)

Incubation conditions:
50mM Tris-HCl + 4mM Tris-ATP, pH 7.3, 37°:0.1°C.

Mg2* (4mM), Na® (50mM) and K* (50mM) were included as indicated.

Values given are the means of those obtained in duplicate incubations. Those shown for incubations
containing Na' and/or K* in addition to.MgZi represent the increment in hydrolysis above that obtained
in the presence of M52+ alone.

Values given in parentheses are derived by compensation for hydrolysis occurring in the absence of Mgai.



nmoles B‘i liberated/mg protein/min
PREPARATION. Na* Kt Na*+k* Mg>* Mg2*iNa® | MgZtex®  [Mg2eNatuxt
1] - - - 3449.0 6674 1094.0 898.6
D2 396.0 528.0 386.0 3200.0 302.0 676.0 678.0
(=94.0) (1%48.0) (292.0)
D3 394,.2: 471.2 425.0 3884.8 643.7 1044 .1 1074.9
(249.5) (572.9) (649.9)
Dh 279.4 3hk.1 264 .6 2h25.k 460.7 693.8 771.5
(181.3) (349.7) (506.9)

TABLE. IIX-6. ATP HYDROLYSIS BY MEDIUM

(ii) EXTRACTED PREPARATIONS OF RAT SKELETAL MUSCLE.




In comparing the activities obtained under standard incubation conditions
for preparations extracted in media (i) and (ii), application of Student's
't' test to data from TABLE III-4 and TABLE III-6 suggests that the mono-

2+-ATPase activities are significantly different.

valent cation affected -Mg
TABLE III-7 is a summary of the compared values for Tris-HC1l - buffered

extractions.

[ﬁaf] and [k+] ranges from 0-100mM were tested singly and in combination
in the presence of 4mM M52+ for preparation D1, and the ATP hydrolyses
obtained are plotted in FIG.III-6 together with predicted (additive) values.

2+-ATPase;

There was no evidence of a synergistically - stimulated Na++K+—Mg
the pattern obtained resembles that for preparations extracted in medium

(i) (c.f.FIG.III-4).

Effects of incubation in the presence of ouabain

Ouabain was added to incubation media (as before) in all experiments to

4

give a final concentration of 5x10° M. It had a slight inhibitory effect

2++Na+-mediabed hydrolyses. However, a considerable

upon K+-, Nat+k*- and Mg
effect was noted under Mg2++K+ and M32++Na++K+ conditions, with reductions
of the order of 60-70% and 40-50% respectively. FIG.III-? illustrates

this effect in preparation D2. This result is in marked contrast with that

obtained for medium (i) extracts.

Effects of ageing of microsomes at -20°C

Quadruplicate samples of freshly-prepared microsomal fraction D1 were
treated as for the ageing procedure involving extraction medium (i) type
preparations, and ATP hydrolysis assayed in duplicate thawed samples after
1 and 3 dayse FIG.III-8 shows the mean results obtained. On day 1, Mg>'-

2+, 100mM K*+50mM Na'-stimulated

ATPase activity had fallen to 16.5%, the Mg
increment to 15.3%, and all other ionic conditions showed a fall to within
the range 21.2 - 24.5% as compared with day O activities. Preparations

thawed on day 3 were devoid of ATPase activity. This result may be compared



TABLE III-7



TABLE III-7., COMPARISON OF ATP HYDROLYSIS BY RAT SKELETAL MUSCLE MICROSOMAL PREPARATIONS,
USING. EXTRACTION MEDIA (i) AND (ii).

Extraction media:
(1) 250nM sucrose + 5uM Na,EDTA.2H,0 + 50mM Trie-EC1, pH 7.3 at 4°40,.5°C;;

(ii) 250mM sucrose « 5uM Ne,EDTA.2H.O + 0.1% Na deoxycholate + 50mM Tris-HCI, pH 7.3 at 4°+0.5%.

Incubation conditions:

50mM Tris-HC1 + 4mM Tris-ATP, pH 7.3, 37°+0.1°C.
2+ + € . .
Mg~ (4mM), Na. (50mM) and K (50mM) were included as indicated.

Values given are derived from data given in TABLES III-4 and III-6 for preparations T1 - T6 and

D1 - D4 respectively..



nmoles. Pl liberated/mg protein/min

IONS ug* MgZ*iNa® MgZEK® e o
ABGTION (i) (i) (ii) (i) (ii) (i) (ii)

MEDIA i (ii) i ii i ii) i i

b4 5011..0 3240.0 838.3 518.7 1276..0 887.0 14:11.6 856.0

n 6 [ 6 b 6 4 5 L

t 242 20.6 279 20.2

P > 0,05 < 0,001 <0.001 < 0.00%

TABLE: I1I-7. GCOMPARISON. OF ATP HYDROLYSIS BY RAT SKELETAL MUSCLE MICROSOMAL PREPARATIONS.,

USING EXTRACTION MEDTIA (i) AND: (ii).




FIG. III-6



FIG. III-6. EFFECT OF [ifa*] anp [k*] uron Mg2*-ATPase IN RAT SKELETAL MUSCLE. MICROSOMAL PREP-

ARATION D1, (I) SINGLY AND (II) IN COMBINATION.

Extraction mediume

250mM sucrose + 5mM Na , EDTA.2H.O + 0.1% Na deoxycholate + 50mM Trig-HCl, pH 7.3 at 4°£p.5°c.

2 2

Incubation conditions:

50mM Tris-HCl + 4mM Tris-ATP + 4mM Mgai} PH 7.3, 37°39.1°G;
o= Na'E - stimulation; @®= observed effect;
I II
B= K" - stimulation. m = predicted effect.

Ordinate:

nmoles Pi liberated/mg protein/min.

Values plotted are the means of those obtained in duplicate incubations, and represent the

increment in hydrolysis above that obtained in the presence of 4mM ng+ alone.
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FIG. ITI.7



FIG. I1l-.7., EFFECT OF 2510-411 OUABAIN UPON ATP HYDROLYSIS IN THE PRESENCE OF H52+

FOR RAT SKELETAL MUSCLE MICRCSOMAL PREPARATION D2.

, Na® anNp x*

Extréction medium:

250mM sucrose + 5mM Na EDTA.2H O + 0.1% Na deoxycholate + 50mM Tris-HCl, pH 7.3 at 4°fp.5°c.

2 2
Incubation conditions:

50mM Tris-HC1 + 4mM Tris-ATP, pH 7.3, 37°+0.1°C.

- = control;

Ordinate:

{ = + ouabain.

nmoles Pi liberated/mg protein/min.

Values plotted are the means of those obtained in duplicate incubations. Those shown for incubations
containing Na* and/or x* represent the increment in hydrolysis above that obtained in the presence.

of Hga* alone.,.
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FIG. III-8



FIG. III-8. EFFECT OF AGEING AT -20°C UPON ng*-ATPase.ANDEMONO-

VALENT. CATION - AFFEGTED MEZ}-ATPases IN RAT SKELETAL MUSCLE
MICROSOMAL PREPARATION D1.

Extraction medium:

250mM sucrose + 5mM Na_EDTA.2H_O + 0.1% Na deoxycholate +

2 2
50mM Tris-HCL, pH 7.3 at 4°+0.5°C.

Incubation conditions:

50mM Tris-HCL + bmM Tris-ATP + haM Mg>*, pH 7.3, 37°0.1°C.

A = Mga*lATPase;
B = 50mM K' - stimulation ® = OmM Na*

_ + A = 50mM Na++
¢ = 100mM K¥ . stimulation v = 100mM Na
Ordinate:

nmoles Pi liberated/mg protein/min.

Values plotted are the means of those sbtained. in duplicate
incubations. Those shown in conditions B and C represent the
increment in hydrolysis above that obtained in the presence of

bmM Mga+ alone.
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with the slower rate of decay with preparations extracted in medium (i)

(see FIG.III-5).

Effects of incubation in the presence of sodium azide

Duplicate aliquots of the microsomal preparations D3 and D4 were incubated
in the presence of 5mM NaN3 (BDH Lab. grade). The effect of this treatment,

as compared with control hydrolyses, is summarized in TABLE III-3 for

o+

bmM Mg™", 5S0mM Na+, and 50mM K+ alone and in comBination. For each pre-

paration there was a marked stimulation of Na+—, K+-, and Na++K+-mediated
hydrolyses and fall in M52++K+-mediated hydrolysis. Values given in

parentheses are derived by compensation for hydrolyses in the presence of

Naf, K+, or Naf+K+. The Mga+—ATPase was comparatively unaffected.

(iii) Medium consisting of:

250mM D-mannitol (BDH biochemical) + 5mM Na EDTA.ZHZO + 50mM Tris-HC1,

2
pH 7.3 at 4°+0.5°C.

Extraction characteristics

These were as for extractions in medium (i).

Effects of equimolar Na' and XK' in the presence of 4mM Mg?+, and the

influence of incubation with ouabain

The levels of ATP hydrolysis obtained in these circumstances are set out

in FIG.III-9, and are the means of duplicate assays of samples from a
single extraction. 50mM Na+, 50mM Kf. and 5x10_uM ouabain were tested
throughout. The pattern of stimulation resembled that seen in preparations
extracted in media (i) and (ii), but the specific activity was considerably
lowered. Though a synergistically - stimulated Na++K+-Mga+-ATPase was

2+ 2+

not revealed, ouabain did inhibit Mg -, Mg +Na+-, Mga++K+-, and Mga++Na++K+-

stimulated activity by 12.5%, 47.7%, 6.0% and 49.1% respectively.



TABLE III-8



TABLE III-8. THE EFFECT OF SODIUM AZIDE UPON ATP HYDROLYSIS BY TWO MEDIUM (ii) EXTRACTED. RAT

SKELETAL MUSCLE MICROSOMAL PREPARATIONS (D3 AND D4).

Extraction medium:.

EDTA.2H,O + 0.1% Na deoxycholate + 50mM Tris-HC1l, pH 7.3 at 4°39.5°c.

250mM sucrose + 5mM Na2 >

Incubation conditions:

50mM Tris-HC1 + 4mM Tris-ATP, pH 7.3, 37°20.1°C.
Mg>t (LmM), Na® (50mM), k* (50mM) and NaNy (5uM) were included as indicated.

Values given are the means of those obtained in duplicate incubations. Those shown for incubations
containing Na® and/or K* in addition to Mgz+ represent the increment in hydrolysis above that

obtained in the presence of ng* alone,

2+

Values given in paremtheses are derived by compensation for hydrolysis occurring in the absence of Mg



nmoles P:i. liberated/mg protein/min

PREPARATION Z:Nm;:ﬁz: Na' K* Natax™ ng>* Mg2tena® | Mg2tix® j':agz"'+1m"*rc*
CONTROL 394.2 k71,2 h25.0 3884,.8 643.7 1044 .1 1074.9
(249.5) (572.9) (649.9)
. 5mM. Na-N3 b7k 3 548.2. 498.1 37514 528.1. 807.0 1056 .4
(107.8) (258.8) (558.3)
%: CHANGE £20.3 +16.3 +17.2 ~3e5 -9.6 -22.8 -%.8
(=56.8) (=54.9) (=10.1)
CONTROL 279.4 344.1 264.6 2425.4 460.7 693.8 771.5
(181.3) (349.7) (506.9)
- 5uM NaN, 343.6 403.3 323.8 2580.7 462.5 589.8 767.8
(118.9) (186.5) (44 .0)
% CHANGE +22.9 +17.2 +2243 +6 4 +0.3 =15.0 -0.5
(=34.5) (=h6.7) (=12.5)

TABLE III-8. THE EFFECT OF SODIUM AZIDE. UPON ATP HYDROLYSIS BY TWO MEDIUM (ii) EXTRACTED RAT SKELETAL MUSCLE

MICROSOMAL PREPARATIONS (D3 AND D4).
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FIG. III-9, EFFECT OF g;1o'“n OUABAIN UPON ATP HYDROLYSIS IN THE PRESEN(
OF ugz*, Na* AND k* FOR A D-MANNITOL-EXTRACTED RAT SKELETAL MUSCLE

MICROSOMAL PREPARATION.

Extraction medium:

250mM D-mannitol + 5mM Na,EDTA.2H,0 + 50mM Tris-ECl, pH 7.3 at 4°40.5°¢.

Incubation conditions:
50mM Tris-HCl + 4mM Tris-ATP, pH 7.3, 37°:0.1°C.

Mg2*, Na™ and K were included, as indicated.

Ordinate:

nmoles P:i. liberated/mg protein/min. -= control; ':':':{: = + ouaba:

Values plotted are the means of those obtained in duplicate incubations.
Those shown for incubations containing Na* and/or x* represent the

increment in hydrolysis above that obtained in the presence of Mga+ alo:
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2. Succinate dehydrogenase

As a test for the presence of mitochondrion-derived material, fractions
from a routine preparative sequence in 50mM Tris-HC1 - medium (i) were
incubated in the presence and absence of 0.5M disodium succinate and
1x10_hM cytochrome ¢, and their 02 consumption measured as described in
'Materials and Methods'. The extraction proceeded to the pellet (4)

stage, omitting the final wash. Protein estimates were made for the

crude homogenate and for the rnellet resuspensions.

Negligible endogenous gas uptake was observed, and the levels of succinate-
stimulated uptake for each fraction are shown in FIG.III-10, being
expressed as pl 0, uptake/mg protein/hr (except for the supernatant (4)
fraction, for which specific quailification cannot be made on this basis).

A residual mitochondrial pellet (3) was not formed. Gas uptake occurred
in all fractions tested, a result which suggested that (i) some mito-
chondria had been disrupted in the extraction procedure, the resultant
fragments having contaminated final fractions, or (ii) succinate dehydro-
genase was vulnerable to solubilization under these conditions. 1In the
circumstances, a second test for the presence of mitochondria was con-

sidered appropriate.

3. L-%-glycerophosphate dehydrogenase («(-~GPDH)

Assays were made with fractions from two preparations G1 and G2. There
was no endogenous gas uptake, and the levels of stimulation by O0.5M

DL~ o¢ -glycerophosphate are shown in FIG.III-11. Residual mitochondrial
pellets (3) were not formed. In the case of this enzyme, activity was
not found in post-mitochondrial fractions, and this was taken to suggest
that (i) mitochondria, or their derivatives, were absent in pellet (4)
and ‘supernatant (4), or (ii) if mitochondrial derivatives were present,

they were not sufficiently integrated foros -GFDH activity to be seen under

the prevailing incubation conditions.
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FIG. I11-10., SUCCINATE DEHYDROGENASE ACTIVITY IN RAT SKELETAL MUSCLE

" FRACTIONS.

Extraction medium:.

250mM sucrose + 5mM Na_EDTA.2H_O + 50mM Tris-HCl, pH 7.3 at 4°:0.5°C.

2 2

Incubation conditions:

See 'Materials and Methods', FIG. III-1 and TABLE III-3,

Ordinate:

O2 uptake in pl/mg protein/hr.

Values plotted are those obtained in single incubations,
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FIG. III=11. L-#~GLYCEROPHOSPHATE DEHYDROGENASE ACTIVITY IN RAT SKELETAL MUSCLE FRACTIONS OBTAINED

FROM TWO PREPARATIONS (G1 AND G2).

Extraction medium:.

oEDTA.2H.0 + 50mM Pris-HC1, pH 7.3 at 4°:0.5%.

250mM sucrose + 5mM Na
Incubation conditions:

See 'Materials and Methods', FIG. III-1 and TABLE III-3,

Ordinate:

02 uptake in ul/mg protein/hr.

Values obtained in single incubations are plotted for the two preparations.

- = preparation G1;

| = preparation G2.
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It was evident from these results, and those for succinate dehydrogenase,

that a non-enzymatic (e.g. histological) test for contamination of final

fractions by mitochondrial material would be advisable.

B. ELECTRONMICROSCOPIC STUDY OF MEMBRANE FRACTIONS

1. 2 000-10 000xg Fraction; Pellet (3) (see FIG.III-1)

FIG.III-12 is an electronmicrograph showing the general appearance of

this material. The fraction consists of:
(a) mitochondria with diameters in the approximate range 0.25-0.70p
(i) the majority of which appear to be intact, with oute¥ and
inner bounding membranes

(ii) some of which (labelled D) show indications of disruption

through rupture of the outer membrane;
(b) vesicles with diameters
(i)<.0.2§p, devoid of inclusions, and occasionally forming
aggregates (A)

(ii) of mitochondrial dimensions (labelled V), and occasionally
containing what appear to be the remnants of cristae and matrix, but
devoid of outer membrane.

FIG.I1I-13 shows intact mitochondria at higher magnifications, and may

be compared with FIG.III-14, which shows a type (ii) vesicle with contents
(C). A feature which is highlighted in this figure is the almost complete
loss of the outer, probably mitochondrial, membrane.

FIG.III-15 shows an aggregation of small vesicles at high magnifications:
these bear resemblance to mitochondrial cristae and the area is ind?gi‘

partially bounded by a single membrane (m).

There is thus evidence for the presence of membrane vesicles in this

fraction, and that a proportion of these are fragments of mitochondrial
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origin. Furthermore, the size of such fragments may well encompass the

entire range of vesicular diameter observed.

2. 10 000 - 107 000xg Fractiou; Pellet (5) (see FIG.III-1)

FIG.III-16 shows the general appearance of this fraction. There was

no @vidence of mitochondrial contamination, although it is clear that
mitochondrial fragments would, in any case, be difficult to distinguish
from membrane vesicles having their origins in other cell organelles.

An interesting feature of this fraction was the fairly frequent occurrence
of triad-like vesicular aggregations (A). The significance of these

associations is unknown, and other types of aggregate are also present.

The fraction is rich in ribosomal material, though it is not possible
to distinguish whether it is structurally associated with the membrane

component.
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CHAPTER 3

Ihe Influence of Adrenalectomy upon Skeletal Muscle Mg2+—ATPasea

The effects of adrenocorticosteroids upon tissues in general are wide-
ranging. lost of the hormones have been implicated in the reabsorption

of Na* by renal tubules, sweat glands, salivary glands and the gastro-
intestinal tract, and there are species-specific spectra of potency.

In general, whereas Nat reabsorption (and, where appropriate, concomitant
changes in k* and water distribution) is markedly stimulated by aldosterone,
hydrocortisone is reported to have a very weak mineralocorticoid action,
and 11-deoxycorticosterone an intermediate potency. Some authors appear

to consider that the action of aldosterone is solely upon renal active
transport, and in this respect may secondarily mediate overall changes in
an animel's electrolyte distribution status. Indeed, there is limited
evidence for an effect of adrenocorticosteroids upon this aspect of skeletal

muscle function.

Conway & Hingerty (1946) presented evidence for Na' loss and K* gain in
rat muscle 3-6 days post-adrenalectomy, their calculation revealing a fall
in ﬁiﬁj=i by 5.4 mmoles/kg dry weightjwith an associated E&]i rise by

21 mmoles/kg dry weight. Later these authors (Conway & Hingerty,1953)
reported the effects of intra-muscular deoxycorticosteroné or cortisone
administration to adrenalectomized rats maintained on high or low [%aﬂ
diets. Animals given a low |§af diet lost Na* from skeletal muscle

and plasma and gained K in these compertments, both to a greater extent
than rats fed the alternative diet. Both steroids reduced the magnitude
of this exchange, costisone being the more potent in animalc on the low
E@aﬂ diet. Thus, it was deduced that muscle cation content changes were
purely secondary to those of plasma, the latter being determined by a primary
action of the hormones upon renal tubules. This view was supported by the

ZuNaf

finding that and 42K+ entry and exit rates were apparently normal
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in sartorius muscles from frogs which had received cortisone injections.

In contrast with this finding, Fllickiger & Verzar (1954) reported that

ZhNa+ and L2

aldosterone altered isolated rat diaphragm K* permeability, and
Woodbury & Koch (1957) reported that a fall in Eaﬂ and a rise in E("':[
occurred in mouse muscle and brain after a 4-day aldosterone treatment.

In the latter study, mice which received deoxyeorticoesterone treatment for

a similar period showed a rise in muscle [@af] with no E?j change, and a
rise in brain E(*'] with no change in Eaﬂ « In the light of Conway &
Hingerty's (1953) findings in rat, this is an instance of species and tissue
difference in steroid response. Although it is tempting to interpret
Voodbury & Koch's (1957) aldosterone data as a demonstration of direct action
of the hormone on muscle, it is conceivable that such an effect may have

arisen as a result of tissue Na' loading, which could follow abnormally

high Na* reabsorftion.

In the light of the very extensive actions o4steroid hormones, it is under-
standable that the interpretation of experimental data proves difficult,
especially since hormone effects are normally demonstrable only after admin-
istration to whole animal preparations. For instance, Finn & Welt (1963)
found that aldosterone administration did not alter urinary or muscle [?aj

or [?f] in rats fed a low [ya+ diet: here it is possible that the
endogenous aldosterone secretory response resulting from the level of dietary
Na' intake may have been large, so that maximal target organ response te

aldosterone may have already been elicited.

Most evidence favours the conclusion that muscle monovalent cation permea-
bility changes may in some way be attributed to an influence of adreno-
corticosteroids. Although little can be said as regards the actual mechanisms
which mediate such effects, there is certainly evidence to implicate a

o+

microsomal Na++Kf-Hg -ATPase in the steroidal control of renal tubule Na'
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reabsorption (see Section IV). Thus, it was decided to examine whether
ATPase activities, which could be associated with the control of monovalent
cation transport in skeletal muscle, altered following adrenalectomy. The
experiments described below were carried out in parallel with those reported

in Chapter 2.

MATERIALS AND METHODS

MATERIALS
a) Animals: 0" CFE albino rats, as described in Section II.

b) Skeletal muscle: Hind limb muscles were used, as described in Chapter 2.

c) Reagents: These are given in the text and in legends to tables.

METHODS

a) Bilateral adrenalectomy: The technique is given in Section II. Control

animals were sham-adrenalectomized; i.e. their adrenal glands were exposed
in the standard manner, but not ablated.

b) Post-operative maintenance: The method is outlined in Section II.

For the experimental group which is the subject of this Chapter, comparisons
were made between sham-operated animals given normal solid diet and distilled
water fluid diet ad lib., and operated ones which had received the same diet
or 0.9% NaCl in place of distilled water.

c) Enzyme preparation: The 10 000-107 000xg microsomal fraction (pellet (5);

see FIG.III1-1) was obtained from homogenates prepared according to the
sequence described in Chapter 2, using an extraction medium of the medium (i)
type consisting of:

250mM sucrose + SmM Na,EDTA.2H,0 + 50mM Tris-HC1, pH 7.3 at 4°40.5°C.

The pellet was resuspended in 50mM Tris-HC1, pH 7.3 at 4°:0.5°C.

d) Enzyme assay: The compositions of incubation media are given in legends

to tables. Media were buffered with 50mM Tris-HC1, pH 7.3 at 3?919.500.
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Orthophosphate and protein determinations were made as outlined in

Chapter 2.

RESULTS

Extraction characteristics

These were substantially as found for medium (i) extracted preparations
described in Chapter 2., and, indeed, no in situ morphological difference
between muscle of adrenalectomized, sham-adrenalectomized or intact rats

was observed.

Effects of equimolar Na+ and K+ in the presence of 4mM Mg2+

TABLE III-9 summarizes the effects of 50mM Na+ and 50mM x* upon Mgz*-
dependent ATP hydrolysis. Values given for monovelent cation stimulation
represent the increment in hydrolysis above that obtained in the presence
of 4mMLMga+ alone. The calculated values for activity ratios are addition-
ally provided as an index of the differential relationships apparent in
sham-operated and operated animals receiving distilled water or saline.
TABLE III-10 lists the percentage activities obtained in preparations from
adrenalectomized as compared with sham-adrenalectomized animals under each

incubation condition.

These data reveal a post-operative decrease in ATPase activity under all
incubation conditions, the initial decrement (days 0-2) being very con-
siderable in cases where animals did not receive 0.9% NaCl. Mg2+-ATPase
activity subsequently fell gradually to 32.4% of control in those animals
surviving 9 days' adrenalectomy without saline compensation. Administration
of such a diet prevented this fall, and slightly reduced the magnitude of

initial ATPase depression.

The magnitude of monovalent cation stimulation in preparations from sham
adrenalectomized rats followed a pattern resembling that seen in Tris-HC]
medium (i) extracted preparations from intact rats, as reported earlier

(see TABLE III-4), and there were marked changes with adrenalectomy. The



TABLE III-9



TABLE 1II-9, ATP HYDROLYSIS BY SKELETAL MUSCLE MICROSOMAL PREPARATIONS FROM SHAM-ADRENALECTOMIZED

AND: ADRENALECTOMIZED RATS, AND THE EFFECT OF FLUID DIET.

Extraction mediums

EDTA.2H,Q = 50mM Tris-HC1, pH 7.3 at 4°s0.5°C.

250mM sucrose + 5mM Na2 >

Incubation conditions:

50mM Tris-HC1 + 4mM Tris-ATP, pH 7.3,. 37°+0.1°C.

Mgz* (4mM), Na™ (50mM) and K* (50mM) were included as indicated.

Post-operative fluid diet:
Distilled water or 0.9% NaCl were given ad lib., as indicated.

Adx, = adrensal ectomized.
Control (O days adx.) animals were sham-adrenalectomized.

n =. number of animals.

Values given are the means of those obtained in duplicate incubations.



nmoles P, liberated/mg protein/min (%) Mg2teNa® | MgPtikt  |Mg2*eNatex|Mg®teNatext

Eﬁ:;: ﬁf_ ug2* Mg2tana® | Mg2hak® |Mgtenasx®| Me™ Mg™ ug* Mg ox*

0 473149 752.3 125846 1301.3 0159 04266 0275 1.033

E 2 2202.0 76.9 379.7 368.7 0.035 0.172 0.167 0.970
=

g k. 1943.0: 37.2 255 4. 217.5 0.019 0.131. 0111 0.847

g 6 2526.0 -158 4 36648 316.5 - 0.145 0.125 0.862

) 9 153740 =25l..1 296.6 181.6 - 0.192 0.118 0.6

g 3 2622.1 57346 80k.9 1156.8 0.218 0.306 0.l T i1

R |8 2835.6 1010.2 12111 15k .1, 0.356 0.427 .54k 1.274
o

TABLE III-9, ATP HYDROLYSIS BY SKELETAL MUSCLE. MICROSOMAL: PREPARATIONS FROM SHAM~-ADRENALECTOMIZED: AND

ADRENALECTOMIZED RATS, AND THE EFFECT OF FLUID DIET.




% ATPase ACTIVITY
z;;;D 2::? Mga+ Mga*tNa* Mg_a'.’-i-!{"'= Mga+¢Na+tKi'

0 100.0 100.0 100.0 10040
g 2 46.5 10.2. 30.1 28.3
g L 41.0 4.9 20.2 16.7
g 6 53.3 (-21.0) 29.1 2,3
H .

9 32.4 (-33.7) 2345 139
';3 3 55.4 76.2 63.9 88.8
& 8 59.9 134.2 96.2 118.6
(o)

TABLE III-10, COMPARISON OF SKELETAL MUSCLE MICROSOMAL ATPase

ACTIVITIES IN ADRENALECTOMIZED AND SHAM=ADRENALECTOMIZED RATS..

ﬁ ATPage activity:

The values given in this TABLE are derived from the data given

in TABLE III-9.
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extent of Na' stimulation of Mg2+-ATPase fell dramatically within 4 days,
and preparations investigated after 6 and Q days revealed 21.0% and 33.7%
inhibitions of M32+—ATPase respectively. The initial fall was markedly
less in 0.9% NaC1l maintained animals, in which the Na+—stimu1ated increment

was 34.2% above control level at 8 days after operation.

K -stimulated Mgz+—ATPase activity showed a less dramatic, though still
considerable, reduction following adrenalectomy: it stabilized at between
20 end 30% of the control level during the experimental period for animals
not receiving saline. Again, the initial decrement was less in saline-

treated animals, in which normal activity was restored after 8 days.

A gradual loss of ATPase activity in the presence of M32++Na++K+occurred

in animals receiving distilled water fluid diet, and followed an initial
decrement close to that recorded for Mga++K+ incubations. Administration

of 0.9% NaCl1 once again leséened this initial change, and by 8 days activity

was above the control level.

It .is clear from these results that the effects of adrenalectomy upon

ATPase activity are to some extent dependent upon the post-operative fluid

diet. Thus, the ratio Mg +Na'/Mg®' activity showed a dramatic fall in
distilled water maintained rats, but an increase and - after 8 days - a doubling
in saline maintained ones. Likewise, a slight fall in the Mg2'+K' M2
activity'}atio in those not receiving saline was prevented by its adminis-
tration and thereby converted to an increase by 8 days. A similar change
occurred in the M32++Na++K+/Mg2+ activity ratio, with an eventual 8 day

doubling under saline maintenance.

Calculation of the Mg2*+Na++K+/M32++K+ activity ratio reveals that by far

the greater component of Mg2++Na++K+-activated ATP hydrolysis could be

2++K+—stimu1ated activity in sham operated rats, and that,

accounted for by Mg
in operated animals not receiving saline, in vitro incubation with 50mM Na'

resulted in its progressive inhibition. Administration of saline resulted
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in an elevated ratio, suggesting that a loss of the Na+-stimu1ated
component is somehow prevented. However, in no case was there evidence

2

of a synergistic Naf+K+—Mg *_ATPase.

Effect of incubation in the presence of ouabain
5x10_4M ouabain had no effect upon any of the ATPase activities found

in these preparations, a result which is in accord with that obtained

in previously described medium (i) extracted preparations (see Chapter 2).
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CHAPTER L4

Discussion of Experimental Results and the Control of Monovalent
Cation Distribution in Skeletal Muscle

Source of Microsomal Mg2+—ATPase

The specific activity of M52+—ATPase in the preparations described in
Chapters 2 and 3 of this Section was high. Preparations from extractions

in medium (i) yielded mean specific activities of 5011.0 nmoles Pi/hg
protein/min when the medium was Tris-HCl-buffered, and 1840.4 nmoles Pi/mg
protein/min when it was histidine-HC1-buffered (as derived from data in
TABLE III-4). These values are comparable with those calculated from the
data of Fratantoni & Askari (1965) and Engel & Tice (1966), who obtained
levels of 5300-7500 and 1760 nmoles Pi/hg protein/min respectively. However,
they are considerably higher than those obtained for rat brain. Using a
histidine-HC1-buffered extraction medium essentially similar to medium (i),
Bowler & Duncan (1968) obtained a value of 268.7 nmoles . Pi/hg protein/min
for such a preparation in the presence of 4mM M32+. The possibilities arise
that this discrepancy is a genuine reflection of different tissue character-
istics, or that it was due to contamination of the muscle fraction with sub-
cellular material - such as mitochondria and sarcoplasmic reticulum -

exhibiting M32+ATPase activity.

Contamination of the muscle preparations investigated above with myofibrillar
material is unlikely, and there was no electronmicrographic evidence for it.
Samaha & Gergely (1966) considered that their deoxycholate-extracted pre-
parations contained mitochondrial material; however, the specific activities

of Mga+

-ATPase obtained in fresh 10 000-30 000xg fractions used by them were
reported as 260 nmoles P./mg protein/min (Samaha & Gergely, 1965) and 150
nmoles Pihg protein/min (Samaha & Gergely, 1966). These values are com-

paratively very low, and contrast with the insignificant loss in mean specific

activity observed in deoxycholate-extracted .preparations here reported
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in Chapter 2 (see TABLEIII-7). A differential loss of Mgz+-ATPase activity
by sodium azide or ageing treatments was reported by Samaha & Gergely (ﬁ965,
1966), and resulted in an apparent 'exposure' of monovalent cation stimula-
tion. This effect could not be repeated in the investigations of Chapter

2: in particular, though azide is a known inhibitor of mitochondrial Mg2+-
ATPase (see below), data presented in TABLE III-8 reveal a negligible effect
upon the microsomal enzyme under investigation. However, as will be further
discussed, enzymatic and electronmicroscopic evidence indicated a probable
degree of fragmented mitochondrial contamination of medium (i)-extracted
pellets (see FIGS.III-10 and III-12 - 16). In addition, the equivalent
microsomal pellets obtained from medium (ii) type extractions had the red-
pink colour otherwise associated with mitochondrial pellets from the medium
(i) type (see FIG.III-1), and they contained significantly more protein

(see TABLE III-5).

Thus, enhanced mitochondrial fragmentation would be expected in deoxycholate-
containing extraction media, and indeed Ulrich (1963) and Auditore & Wade
(1964) presented evidence of this for liver and kidney mitochondria respect-
ively. Conversely, Muscatello & Andersson-Cedergren (1962) had shown that
extraction in the presence of 0.27% deoxycholate resulted in protein
dissolution of the so-called sarcotubular fraction from a frog skeletal
muscle homogenate, a result consistent with the.low specific activities of
Samaha & Gergely's 0.3% deoxycholate-extracted preparation, and with the
slight effect of 0.1% deoxycholate reported here in Chapter 2. It is
therefore feasible that the relative contributions of sarcotubular and
mitochondrial enzymes to microsomal Mgz+—ATPase activity can depend upon
the conditions of tissue exposure to detergent-containing media.

Upon this basis, Samaha & Gergely's preparations would be expected to show
Mg2+-ATPase activity largely attributable to mitochondrial origin, and the

effect of 5mM azide in causing 97% and 98¢% inhibition of the enzyme in their
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10 000-30 O0Oxg and 600-8 000xg (mitochondrial) fractions respectively

(see Samaha & Gergely, 1966) do confirm this. Azide inhibition of
mitochondrial Mgz+—ATPase was reported by Robertson & Boyer (1955), later
suggested by Schwartz & Laseter (1963), and implied in the contraction

of glycerinated mitochondria reported by Nakazawa (1964). As pointed out
above, the effect of azide was negligible in preparations investigated

and reported in TABLE III-8, and this may be taken to indicate a negligible
mitochondrial contribution to the enzyme activity which was measured.
Consequently, the possibility that mitochondrial Mg2+—ATPase may have

¥ _ATPase due to a preferential inhibitory interaction

masked a Na'+K'-Mg
of Na¥ with the mitochondrial enzyme (as suggested by Ulrich, 1963., and
later proposed by Samaha & Gergely, 1966) is unlikely; indeed, Ash &
Schwartz (1970) have recently reported rat muscle Na++K+-Mg2+—ATPase

activity in a preparation in which they claimed evidence for mitochondrial

contamination.

Slater (1960) commented that the fragility of sarcosomes is greater than
that of liver mitochondria, and that a degree of rupturing may even occur
in isotonic (250mM) sucrose. However, he further pointed out that EDTA
stabilizes sarcosomes, and it was always incorporated in the extraction
media used in the work reported here. Despite this, some evidence for
mitoohondrial ‘disruption became available through succinate dehydrogenase
assays (see FIG.III-10), in which activity was traced in all fractions:
indeed, Caplan & Greenawalt (1966) have shown that a number of multi-enzyme
pathways are preserved in lysed mitochondria. In addition, electronmicro-
graphic evidence reported in Chapter 2 is consistent with a degree of
fragmentation in medium (i)-extracted preparations. FIGS.ITI-12, III-14
and III-15 reveal evidence for this in pellet (3), and it is noteworthy
that Caplan & Greenawalt (1966) obtained a morphologically similar fraction
upon osmotic lysis -of isolated rat liver mitochondria. From their work it

is possible to conclude that a proportion of the small vesicles of<[0.2§p
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diameter in pellet (3) are mitochondrial fragments, and that material of
this nature may have contaminated the microsomal pellet (4). However, it
is impossible to distinguish such material from microsomes of other origin

in that pellet (see FIG.III-16).

The microsomal pellet investigated for ATPase activity in the work reported
in this Section bears morphological resemblance (see FIG.III-16) to the
sarcotubular fraction described by Muscatello & Andersson-Cedergren (1962)
and Muscatello, Andersson-Cedergren & Azzone (1962), and to the similarly-
prepared sarcoplasmic reticulum fraction described by Engel & Tice (1966).
It is thus likely that a significant proportion of the vesicles ottained

by the procedures adopted here was of sarcotubular origin. 'Je may conclude
that the Mg2+-ATPase activity found in preparations reported in Chapters

2 and 3 is unlikely to have incorporated a significant mitochondrial
component. It is recalled that Engel & Tice (1966) indeed obtained values
for the specific activity of the microsomal enzyme close to those reported
in the Chapters above. In addition, although some recent work by Peter (1970),
Seiler (1971) and Sulakhe, Fedelesova, McNamara & Dhalla (1971) provides

evidence for a Na++K+-Mg2+

-ATPase in-preparations of reputed sarcolemmal
origin, the earlier histochemical study by Giacomelli et al.(1967) revealed
that this activity is also associated with intracellular membrane components
which evidently predominate in the microsomal fraction which is the subject

of the present study.

2

Absence of -‘ouabain-sensitive Na++K+-MgL+-ATPase

A1l the preparations reported here are characterized by the absence of a
synergistically activated active transport ATPase of the type reported by
Bonting et al. (1961), Samaha & Gergely (1965, 1966), Rubin & Katz (1967)
and Rogus, Price & Zierler (1969). In this respect there is again close
resemblance to preparations reported by Frataentoni & Askari (1965) and Engel

& Tice (1966). As revealed in Chapter 2, the use of extraction media
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essentially similar to those recommended by Samaha & Gergely (1965, 1966),
and Rogus et al. (1969) - containing deoxycholate and D-mannitol respect-
ively -~ yielded ATPases vhich resembled those from the equivalent isotonic
sucrose homogenate fraction. Extraction in 0.1¥ deoxycholate in fact
resulted in a significant fall in the specific activities of monovalent
cation stimulated Mg2+-ATPase components (see TABLE III-7), an effect
resembling that of 0.05% deoxycholate present in incubation media. The low
specific activity of D-mannitol preparations was as predicted from the

vork of Rogus et al. (1969).

Ouabain at 5x10-uM had no effect upon isotonic sucrose extracted ATPase

2

preparations, but considerable inhibition of Mg *ok*- and non-synergistic

Mga++Naf+K+-mediated hydrolyses occurred in deoxycholate extracted ones,

o+ 2+

"and of Mg +Nat- and Mg Nat+k™- mediated hydrolyses in D-mannitol extracted

preparations. Such inhibition was unexpected in the apparent absence of a

2+-A.TP'ase, as revealed by

clearly synergistic, ouabain-sensitive Naf+K+-Mg
incubation in media of appropriate ionic composition (see Section I).

The origins and possible roles of other monovalent cation stimulated
activities are now considered.

Presence of 2+—A.TPases-which are stimulated by single monovalent cations
Certain authors have noted the occurrence of Mgz++Na+; and Mgz++K+- mediated
hydrolyses in amphibian and mammalian skeletal muscle fractions, and the
findings reported in this Section are largely in accord with theirs. The
work of Fratantoni & Askari (1965) and Engel & Tice (1966) has already been
brought to attention in this context.

The occurrence of such enzyme activity has, interestingly, been noted in

2+

other tissues. Skou (1957) reported a Mg +Na-stimulated ATPase component

in Garcinus nerve, but did not detect a Mgz++K+-stimulated one; he regarded
the Na+—MgZ+-ATPase as a fragment of the synergistic enzyme investigated in

the same experimental series. Skou (1962) reported a similar activation
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paettern by low concentrations of monovalent cation in mammalian brain
arid kidney microsomal preparations. Fujita, Nagano, Mizuno, Tashima,
Nakao & Nokao (1968) detected several ouabain-inhibited 4ATPase components

2+, Mg2teNato, MgZt+K'- ana MgZtuNat+K*-

in pig brain microsomes: these were Mg
mediated activities, and in addition there was a further Mg2+-dependent,
but ouabain-insensitive, component. Evidence for ouabain-sensitive

2+-ATP’ases with different substrate affinities and KT

Na*+k*-Mg®*- and Na'-Mg
sensitivities has been presented by Neufeld & Levy (1969), who considered
that it pointed to the presence of two distinct enzymatic sites in calf
brain microsomes. In addition, ouabain-insensitive Na* stimulation of rat
brain mictochondrial H32+—ATPase was reported by Beattie & Basford (1968),
and valinpmycin-induced exposure of such an enzyme by Cereijo-Santal® (1968).

These findings interestingly contrast with Ulrich's (1963) demonstration of

ha )
monovalent cation inhibition of liver mitochondrial Mg‘+—ATPase.

From these instances it is clear that the interactions of monovalent cations
with Mg2+—ATPases are potentially very complex, even in vitro in the case of
fractionated tissue homogenates. The occurrence of Na' stimulation of
Mg2+-ATPase in the absence of K' in preparations in which a coupled NaT+K+-Mg2+-
ATPase is also demonstrable leads us to ask: is such non-coupled activity
artifactual, and, if not, what is its function? The answers to these questions
are clearly important in gaining an understanding of mammalian nuscle, from
which the evideace for a tightly coupled enzyme is equivocal, in the sense

that its activation by the simulteneous presence of Na* and K is not

obligatory.

. . + + ok N OF
Degree of linkage of Na' and K' movements and Na +K -Mg -ATPase

In contrast with our knowledge of red blood cells, the stoichiometry of the
Nat pump' of muscle does not appear to have been closely defined, presumably
because of the difficulty in distinguishing between K* which may have been

actively transported in exchange for Na’ and that which may have moved passively
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down the electrical gradient generated by active Na' extrusion. There has
arisen the possibility that an active Na* transport component (an electrogenic
Nat pump) may contribute to Em’ and some of the evidence for such an ouabain-
sensitive component in mammalian skeletal muscle has been mentioned in

Chapter 1 of the present Section.

Since Kernan's (1962) demonstration of an apparently electrogenic Na' pump

in frog muscle through studies of Na' efflux during recovery of Na'-loaded
tissue, several authors have confirmed that Em may exceed EK in such circum-
stances (Keynes & Rybova, 1963; Cross, Keynes & Rybovd, 1965; Frumento, 1965;
Mullins & Awad, 1965; Adrian & Slayman, 1966; Harris & Ochs, 1966). Their
measurements indicate that either a fraction of such Na' efflux is independent
of K influx, or that it is coupled to it in other than a neutral 1:1 manner.
By replacing K" with Rb* in their recovery medium, Adrian & Slayman (1966)
obtained evidence suggesting only partial coupliné; further, by the use of
cocaine to reduce membrane Kt conductance, these authors were able to decrease
the short~circuiting effect of K influx and demonstrate an augmented hyper-

polarization.

Further evidence for the existence of an electrogenic Na* pump in muscle

will not be pursued here, but it seems that there is at least evidence that
the extent of coupling of Nat-k* exchange may vary as circumstances dictate.
Thus, if a monovalent cation stimulated Mgz+-ATPa§e is involved in the control
of active transport, it may be expected to exist as a tightly-coupled

Na++K+-M32+-ATPase or as non-coupled Naf-Mg2+-ATPase (and K+-Mgz+

-ATPase).

The data presented in FIGS.III-4 and III-6 would further suggest the
possibility of competition for non-specifically-oriented ATPase sites in vitro.
It is suggested that the non-coupled enzymes are subunits of a Naf+K+-ng+-
ATPase: such enzymic fragmentation has been artificially achieved in human

red blood cell preparations by sonication (Askari & Fratantoni, 1964), in

which ouabain-sensitivity was not retained. The possible existence of in situ
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phiysiological mechanisms whereby varying degrees of coupling may be achieved

should not be disregarded.

In skeletalmuscle, therefore, it may be considered that the existence of
non-linked active transport mechanisms for single monovalent cations is
correlated with the presence of non-synergistic or even non-coupled monovalent
cation stimulated Mg2+—ATPases. Such enzymes may also be present in other
tissues, and there is already some evidence of this (see above). However,

a general cluc as to the degree of linkage of Nat and XK' movements has been
provided by Jain, Strickholm & Cordes (1969) in their study of the behaviour

2+—ATPase preparation in association with

of a synaptic vesicular Na++K+—Mg
a black lipid membrane torus separating buffered media containing Mg2+, Na*

and K*. Upon addition of ATP to their system they observed a fall in membrane
resistance associated with a current flow. This effect was Na+—dependent and
ouabain-inhibited. Since a 1:1 Na'-K* exchange could not have occurred, this
was interpreted as a case for electrogenic Nat transport. Although the ATPase
preparation used by these investigators was that of Cotman, Mahler & Anderson
(1968), in which the enzyme was regarded as a preparative index, some inform-
ation about its monovalent cation sensitivity is available from the earlier
work of Hosie (1965). She found that, in addition to classical synergistic
Natek™ activation, some was elicited by Nat and K* separately. This obser-
vetion is again consistent with the accounts of non-coupled, monovalent cation
stimulated Mg2+-ATPase discussed above, aﬁd it is disappointing that many

authors appear not to have attempted to distinguish such activities in their

preparations.

o+
Influence of adrenalectomy upon Mg -ATPases

It is clear from the evidence presented in Chapter 3 that marked alterations
in all types of M32+—ATPase activity under investigation did occur within

2++Na+-mediated ATP hydrolysis

two days of operation. A very marked loss of Mg
occurred, and, in animals not receiving saline ccmpensation, the addition of

Na' to incubation media later resulted in an inhibition of Mg2+-ATPase.
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This remarkable effect is reminiscent of the inhibition of mitochondrial
Mg2+-ATPase by Na© (Ulrich, 1963), and once again suggests the possibility
of mitochondrial contamination of the membrane fraction under study. However,
similar effects were also noted in brain microsomal preparations subjected

2+—ATPases

to low temperature incubations in which Mg2+— and Na++K+—Mg
prove to be differentially inactivated (Bowler & Duncan 1968). The post-
adrenalectomy fall in Mgz++Na+—stimu1ated hydrolysis may thus equally involve
the inactivation or loss of the Na'-stimulated enzyme and a change in the
characteristics of M32+—ATPase which renders it Na'-sensitive.

2+ bl

That Mg MNa’- and Mg * K -stimulated enzyme activities are distinct is

suggested by their differential rates of decay after operation in non-saline-
compensated animals. However, the inhibitory interaction of Na' with Mga+—
ATPase described above also appears to be reflected in Mgz++Na++K+—mediated
hydrolyses in these circumstances: this is seen in the gradual fall in
Mgz++Na++K+/M32++K+ activity ratio (see TABLE III-9). Thus, there is evidence,
not only for a differential loss of cation stimulated ATPase activity during
adrenalectomy, but also for the development of unusual monovalent cation

sensitivity, presumably associated with steroid-controlled ATPase molecular

characteristics.

Quite apart from its apparent development of Na® sensitivity, the fall in
skeletal muscle Mg2+—ATPase activity is of interest in the light of reported
changes in myocardial function after adrenalectomy. The hypotension and
eventual circulatory failure associated with adrenal insufficiency have been
shown to involve impaired cardiac function even in the absence of blood
volume changes (Verrier, Rovetto & Lefer, 1969), and have been correlated
with subnormal cardiac weight and ventricular myofibrillar degeneration
(Glem—Bott, Imms, Jones & Papadaki, 1970). This latter morphological change
was unaccompanied by noticeable alterations in the appearance of mitochondria,

transverse tubules or sarcoplasmic reticulum. It is, however, conceivable
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that less specific changes than those evident from morphological scrutiny
may in fact occur, and that the easy fatigability and skeletal muscle
weakness widely associated with hyponatremia in adrenalectomy are linked
with primary changes in muscle permeability control mechanisms. Reid,
O'Neal & Lewim (1956), in their study of Mg2+—ATPase distribution in rat
liver fractions with adrenalectomy, found that mitochondrial and microsomal
enzymes were distinct entities with differential hormone sensitivities:
microsomal Hg2+-ATPase activity was lost after operation. This finding is

in accord with that reported in Chapter 3 (see TABLES III-9 and III-10).

It is notable from the experiments reported in Chapter 3 that ATPase
activities are affected by dietary NaCl intake. In cases in which operated
animals received isotonic NaCl, monovalent cation stimulated activities were
markedly protected from post-operative decay, though the loss of Mg2+-ATPase
was less affected. The 8 day increase in specific activity of Na+-Mg2+—
ATPase further suggests the ability of this enzymic component to adapt to
alterations in Na® availability, and presumably to meet Nat transport require-
ments. Such observations complement those outlined éarilier in association
with the demonstration of an electrogenic Na+pump in Na'-loaded frog muscle,
and with similar work by Akaike & Kowa (1970) on soleus and extensor digitorum
longus muscles from intact and K'-deficient rats. These authors report that
active extrusion of Na' by Nat-loaded muscles tsken from K'-deficient animals
was greater than that from normal rat muscles, and greater by soleus than
extensor. Furthermore, the lgad]ilof fresh muscles was increased by 153%

and 273% in K'_deficient animals for soleus and extensor respectively, whilst

[Ef]* decreased by 34.8% and 30.6% by comparison with muscles from normal

+
rats. The E'a] i and E(+:I i of fresh muscles from normal animals were in
agreement with those quoted in Chapter 1 from Sreter & Woo (1963) (see

TABLE ITI-1).
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Studies of skeletal muscle in affective disorders

It will be recalled from Section I that the aim of this work was to establish
parameters relating to the enzymic control of monovalent cation distribution
upon which might be based a study of bulk tissuc characteristics in subjects

with affective disorders.

In the case of skeletal muscle, this achievement has not been realized because
of the general disparity concerning the definition of ac