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TRACT

The outwar: movement of sodium was studied in isolated
diaphragm mascle of the rat and in a toe muscle (flexor
digitorum brevis IV) of the mouse by mesns of the 1aotope'2uNa.
The sodium exchanged in rat diaphragm with a half-time of
approx%pately five minutes, and the fibre sodium was estimated
by compartmental analysis,

Strophanthin (lo'ug/ml) slowed the outward movement of
sodium in rat diaphragm and caused an incréase in the sodium
content of the muscle and a decrease in 1ts pdtnssium content,
It was found that these ef'fects were reversible and 1t was
therefore possible during the recovery t6 demonstrate net
extrusion of sodium from the diaphragm,

Strophanthin also slowed the outward movement of sodium in
mouse muscle and increased its sodium content while the
potassium content was decressed, Insulin (0.1 unit/ml,)
increased the rate of outward movement of sodlium in mouse nuscle,

It was found that the exchange of sodium in diaphragm
muscle which had been deﬁervated (8 days) was more rapid, the
half-time being 4.1 min, for denervated muscles as compared

with 5.4 min. for controls, The experiments were conducted on
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a factorial design based on a 4-point assay, and these

differences are significant (P< 0.01).



ABSTRACT voe eoe cae cee v ase vee

gﬂéngR I. Sodium in sk let ugele e ves
Sodium pump and concept of active transport
Sodium and potassium exchange in muscle coe
et sodium extrusion in muscle see cee

Sodium and potassium movements and the
electrogenic nature of the sodium pump evs

aaturable ion fluxes and the concept of
carriers T ove ene ess cevw ces

High-cnergy phosphates and sodium efflux +.e
The effect of cardlac glycosides: ees P

Possible mechanism of the action of eardiac
glycosides XY see vee s see

Reversibility of the action of cardiac

glycosides ece soe eoe s oo
Possible competition between cardisac
glycoslides and potassium lons e eos
The action of insulin on muscle: see voe
LEffects on carbohydrate utilization ses
wffeets on proteln metabolism ese cee
Effects on lipids soe oo see coe
Insulin and oxygen consunmptlon eve ese

The effect of insulin on electrolytes and the
resting potcn‘bial avse sve ss e ce o

' Fossible biochenical mechanlsms of insulin
action e eee see se s ses es s

o o© ™

10
11

13

17
20
21

22

2k

2l
25
25
26
26
27

27

29



W' MgthOdg eve ses
Rat diaphragm preparation

Denervation ese ves
House toe muscle qee eoe
Solutions vee cee
Bath and equilibration ses
Uptake of ?uNa ees cee

ece

ae e

feasurement of outward sodium exchange

Yeasurement of radioactivity

Analyslis of muscle tissue

CHAFPT R IIT. Sodium extrusion in rat diaphrazm and
e reversible action of stroph nthin eee

Effect of strophanthin on total sodium and

potaBBium sve eve X

Effect of strophanthlin on sodium exchange

LA A

The reversible action of strophanthin - total

gsodium and potﬂSSium ass

Bffect or recovery on sodium exchange and fibre

sodium one see 'YX

Diffusion correction for fibre sodium

Digcussion: vas eon

a0e

Sodiun extrusion in mammelian musecle without

the use of aobnormal solutions

Reversibility of the action of strophanthin

on sodlium exchange ses

Yeasurement of fibre sodium by retropolation

Double exponentisl curves and the measurenent

of fibre sodiunm see

Summary of Chapter III ses

s0e

LR N ]

32
32
32

34
36
36
39
L0
b1

43

Li

50 .

51
56
58

58

61
63

64
66



Dace
CHAPTER IV, Sodium nmovements in mouse toc musele
ond the cffects of insulin and of strophanthin 67

“usele thicimess and weight cee  eee ces sve 67

Tquilibration of 2“?& in mouse toe muscle
in vitro see ses see ses avse ene see 68

ffect of insulin on the outward movement of

sodium e e eve P ses see eesn P 69
Bffect of strophanthin on sodium, potassium and
water content eve ene see see eoe s e 70
. iffect of strophanthin on sodium movenments in
muscle and tendon ese sese P see P 7&
Discusslon: see sve ses ev e sew see 77
Use of mouse toe muscle oo s cee soe ese 17

ffcet of strophanthin on sodium exchange w wwse ewnl 78

The effect of insulin on sodium movements @ eee 79
Summary of Chapter IV eee  ese  ses  see 81
CHAPTER V, OQutward movement of sodium in denervated
diaphragcm nusele of the rat. . ees cve ees 82
lethods coe soe ses eee ves ese ese 82

nffect of dencrvation on water, sodiun nnd
potassium content see e ene ses ese 83

Bffect of denervation on outward movencnt of
gsodiun coe ees see oee sevw ves ees 85

Statlistical analysis of the effect of denervation
on the outward movement of sodium ... ese ees 88

Calculation of the standard deviation (SD) of
the ratez conatants see see sen eee see 90

Corrcetel values of fibre sodiun cos . eee 93

Discussion eee ese ese - wepe ose sed e 93

Summary of Chapter V sve YY) ece ses ees 97



REFERENCES coe
ACKIIC/LuDUTTITS

oo

LI R J

LI N 2

L B

98
102



| In“this éhtptet, anAadcqunt,of the development of 1dei§ :
and conéepte'rogafding sodium in nnacle ié glven, As sodium
and pbtaseiﬁn are the'ﬁﬁinvbationg in musclé.‘and:as‘therenis
‘an intiméte re;ation.ﬁétwéan their'behavidur, BO the'rolé'of
l~p6téssiuh will be @entioned when rSQuired. This chaptéﬁ is
mainly about muscle, though,bthar tissues will be referred to

when necessary. .

1 um 4 concept ctive trans

‘Before the introduction of radioactive isotopesit was
 generally accepted that the muscle membrane was permeable to
potassium but not to sodium ions. This cqnceﬁt of the
selective permeaﬁiiity_of the muscle QObrAné towards these
two cations éroae'from the low conéentrdtion of abdium’ineide
the cells as compared to that in plasma. Fenn and Cobb (1935),
Fenn (1936) and Boyle and COnway (19&1) a11 showed that muscles
could gain and lose potassium. Fenn (1936) in a review of the
subject considered that the muscle membrane is impermeable to
sodium, but referred to the diffioculty of applying this concept
: to explain electrolyte changee during recovery after
stiﬁulétion. Boyle and Conway (1941) aleo 1ndicated that
aodiuﬁ ions could accumulate in frog muscles in vitro without
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a raiaed potaasiun concentration 1n the outeide nediun.

: Thia ooncept of the 1nperneab111ty of the muscle nambrane
to sodiun peraiated until the exciting experiment of Heppel
(1939) who showed that uuacleu of rats deprived of pot-ssiun |
took up sodiun 1n largo quantities and loet potasaiumiig_;;!g.
~ 8oon after that, Heppel (1940), uuing radioactive tracers, ahowed
that both . extraoellular and intracellular fractionp of muscle
aodiun_éxohéngéd readily'with sodium in plaamé,vand thué 1t vwas
concluded that the muscle iembrane was apparently. permesble to
sodium, After that physiologiatn faced the queation of how to
- explain the low 1nterna1 sodium concentration, although the 1on
had been proved to penatrate 1nto_the»f1bre. - To explain that,
- Deah (19ul)i§oatu1atéd the well khown "godium pump". In this
mechéhism'he>afaﬁéd thét sodiumribna are:continuously pumped
out actively at the same speed as they enter, As a matter,of-
rm, Heppel's ':mdinga were further confirmed by Conway and
Hingerty (19&8)'1ho‘showed that sodium which accumulated duringv
potaasium deficiency was alowly ‘extruded on plaocing the rats on
potaaaium-rich diets. Other investigators proved the presence
of the active "sodium pump" in tisaues other than nﬁscle. e.é.
Maizels (1951) for red cells, and Hodgkin and Keynes (1955)
for cephalopod axons. '

The subject of the active "sodium pump" mechanism waa
“discussed in the review by Hodgkin (1951) who showed that it is

necessary to consider that sodium is continuously pumped out of
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excitable cells by a process,which_debends on metabolism,

odium and potass c in -cl

By the use of radigactive:compounda it had been shown that
‘sodium could penetrate the muscle membrene. It should be =
mentioned, mbteoVef. that the fate at which fone leave and: 
enter the muscle}ceils»dould not be studled before the
availebility of radioactive isotopes. This ‘point. had been
fully discueeeﬁ by Harris and Burh (19&9). Uaing radioactive o
tracers, these authors ahowed that uNa was loat from frog |
sartorius muscle in vitrg in two atagee, ‘a falrly rapid sodium}fi
aiffusion from the extracellular space, followed by a relatively
slower exchange of fibre sodium;'and 1t was thus bossible to.
construct curves relating this loas to time which ‘oould be
fitted by a double.egponential curve, Harris (1950) dbtained
, simiiar‘resulta for codium exchange in frog muscle, but he
'observed that the slower portion sometimea showed more than one
fraction. Similar reaults were dbtained by Keynes (1954) in
frog toe muscle in vitro,

Concerning potassium exchange in frog muscle, Harris and
“Burn (1949) showed that it also oqnsisted of diffusion ahd
permeation but there was no convenieht'eeparétion into "fast"
and "slow" fractions as in the case of sodium., Keynes (1954)
glso showed that in frog muscle, potassium exchanged according

to & single exponential,
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 In mazmalian muscle, the exchange of sodium and potésaiun
reaembléa that in frog muscle but the exbhange is more rapid
in mammalian muscle. This can be ‘shown by comparing the rate
gonstants of exchange. Thus Keynea (1954) found that sodium
exchanged in frog anrﬁorius muscle with a rnte constant of 0.81'
hr'; and‘that'pbtnapiun exchanged in'rrog tde'nnnbie wiih a rate
=1
.

~constant of 0420 hr In nammalinn muscle, Creésef(l95u) L

'showed'thét sodium exchanged in rat diaphraﬁn}wifh a half-time

of 10.7 min, corresponding to a rate constant of about 3.9 hr'l

and that potassium exchanged with a rate constant of l.l hr'l.

.Egt godium g;trusion in _musgle
From the "Sodiun pump" concept 1t appearn that the
" demonstration of a net outward movement of sodium by muscle
,iculd be a good representation for fhe ability of musqle”to
extrude sodium ageinst an electrochemical gradient. Actually, 1
was shown by Steinbnch (19&0) prior to the postulation of the
"sodium pump" concept, that when frog muscle was sosaked in
potassium-free Ringer, potassium left the muscle and ‘sodium
entered in exchange, and that this exchange was reversible on
condition that the muscle does not lose more than half ita
original potassium content., Steinbach (1951) emphasizad.nis
previous findings and showed that it dépended on the sodium-

content of the fibres at the start of the recovery period,

The rate of net sodium extrusion in frog muadle‘was
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denonstrated by Desmedt (1953) using methods similar to those of
Steinbach (1940) with modified solution to imitate frog's plasma.
He showed that frog muscle extruded sodium with a half-time
of about half an hour, end could nearly restore normal cation
distribution pattern, Using Desmedt's conditions, a net
sodium extrusion in frog muscle was confirmed by Carey, Conway &
Kerman (1959), who, moreover, emphasized the dependence of the
value of net sodium extrsuion on the sodium content of the
initial and the recovery fluids, and found a marked extrusion up
to 17.1 meq/kg muscle when the sodium content was 120 and 104 ml
in the initial and the recovery fluids respectively., An
interesting finding was shown by “ernan (1962b) by using the éame
sodium concentrations in both the initial and the recovery
fluids, He enriched the frog muscle by immersion during the
night in cold potassium-free Ringer-Conway fluid contalning 120
or 104 ml sodium and reimmersed it in the same fluld at room
temperature with the additlion of 2,5 or 10 mM~K and in this
solution the muscle could not extrude sodium, “hen insulin or
lactate, alone or together, were added to the reimmersion fluid,v
up to 27 meq-Ng/kg muecle was extruded over a 3 hr, period,

Met sodium extrusion in mammalian muscle was shown by
Dockry, Kernsn and Tangney (1966). They showed that net
sodium and pbtassium transport by extensor digitorum and
soleus muscles of rat was increased when the nervous innervation
was intact as compared with muscles whose nerves had been

recently sectioned,
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godium and pota ggium mo;gmenta and the electro-
- gengc nature gf the god;ug pump

Since the demonstration of du Bois Reymond (1848), it was
’knoﬁn that if nerve or muscle is cut at one end, and electrqdéi
placed one on the cut end, and the other»oh'thé'undamage¢ surface,
a current flows from the intaot surface to the damagedvén&,

- showing that the "eut" or "daméged“ end is eléctrically :
_negétije to the intact surface. Although thiﬁ "1njury" or
v"denarcation“ potential is not exactly 1dentical to the reSting
membrane potential. as meaaured by the microelectrode technique, h
yot ita diecovery was en important step in the atudy of
membrane potentials and the eleetric properties of excitable
tiassues in general. | |

In 1902, Bernstein explained the development of the resting
membrane potential as being due to the dirference 1n
concentration of potscsium iona across the membrane, and to the
relatively high permaability to potaesiﬁm as compared with other
fons., This followed from the experimental fact that the
demarcation potentisl could be lowered by external potaesium,
‘Accordingly, if the potassium concentration difference is
maintained across the membrane, then the potentisl can be

obtained from the eqnationi

Ef“éo’o"*w%_%i Coe (1)
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where [Kﬂi and[ﬁ]o refer to the activities of potassium ions
inside and outside the membrane respcctively, and £ is the
potential in mV inside relative to an electrode in the outer
fluid. It 1s usually assumed that the ratio of activities
equals that of concentration, The deprendence of the resting
potential on the external potassium concentration was shown in
cephalohod axon by Hodgkin & Keynes (1955b), aond Baker, Hodgkin
& Shaw (1961) found that theresting potential was altered by
varying the intcrnal potassium concentration,

In practice, it has been shown that this equillbrium
votassiun potential, calculated from the above equation, 1is
usually highcr in vitro than fhe measured resting membrane
potenticl, Thus, the mnembrane potential of frog nuscle is
about =92 mV while the caleulated valuc of E, is =102 aV

(Adrian, 1956), This deviation shovs that, ot lcast in vitro,
.more complex equations arc required in which other lons can be
involved ESpecially the scdium ions which represcent the other
doninant cation in cxeitable tissues, Thus the effect of
sodium c¢an be cobtained from the folloﬁing ecquation (see

Hodgkin, 1958):=-

= —4o Wi +bNa; o 2
B reres (2)

where [ma], vnd [rs) ) arc the internal and external

concentrations of sodium and b 1s a factor which expresses the
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relative permedbility of sodium as oompared to potassium.
_ As the resting membrane potential dependa on the ratio
[K],/[K] oo 1t is thus hnportant to. discuss how the internsl
'-potaaaium concentration is malntained. Boyle and Conway (19&1)
described a double Donnan equilibrium where the non—penotrating
cation sodiun is in high concentration.outside, and the non-
penetrating anions: like proteine and phosphate esters are ‘in
high concentration-inaide.-and consequently, the penetrating.
;ions, pdtasaium, 6hlor1de, etc., wili be aistributed in a manner
_ such that electroneutrality is maintained -on_'both sides of the
meﬁbrane., 'Hétever,;sodium ions were found to penetrate the
"mgmbréne”and some modification of this concept proved necessary.
Another concept regarding the maintenance of [K] , end

Eﬂé]i was»statéd by Hodgkin (195@) who suggested that the
'poﬁésainm rafio 18 maintained by'metéboliem.by means of a
neutral aodiﬁm-pofassium pump in the sense that for each sodium
ion actively»extruded‘a potassium ion is actively dbaorbed} |
He auggeeted that this coupled sodiumepotassium exchange, which
depends on metabolism, could keep a cell in a efeady‘state with
its characteristic ionic distribution unchanged, and that for
this steady state to be achieved thére should be a balance
between such hetdbolically driven movements of sodium and
pofassium, and between the sodium and potassium lesk down their
concentration gradients. According'to Hodgkin's vieﬁ, such

a pump involving "one for one" exchange will not itself be
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responsible for the generation of any potential difference
acrose the merbrane, o |
' 'The question whether the sodium pump is neutral or
" electrogenic in nature was tested experimentally by different.
authors, Thus Kernen (1962a) messured the membrane potential a
in rrog aartorii nade sodium-rich by overnight aoaking in ‘
potassium-free fluid, and 1mmed1ately on rcimmersion in .
repoverj £1uid containinb io m.eqnié; potéasium per litre, At
. the end of the experiment.mﬁscles wefa analysed for pqtasaium :
from which the potassium e@uilibrium pdfentia1 was calculated
by means of equation 1. From’thié Kernaﬁ'found that the ;
obaerved potentisl is zreater than the calculated potassium
equilibrium potential during aodium extrusion, and that both
potentials were in good sgreement when extrusion declines after
3 ﬁra. Similar résults were qﬁtained by replécing sodium by
choline chloride in the recovery fluid. Noreover Kernan proved
 that the increased potential ie not due to chloride movement, by
reimmersing the sodium-rich muscles in chloride-free recovery
fluid and measuring the membrane potentials under theée
econditions., All these resulte show that the sodium pump is not
'neuiral; but that during its operation the interior of the fibre
. became more negative with respect to the exterior, Potassium
| ions are‘presumdbly attracted electrostatically into the fibres.
‘Keynea (1965) referred to the coupling between sodium and

potaasium movenents, It doeb‘hot appear to'bé a one-to-one
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prcceae end 1t varies in a compliccted faahion'with‘the internal

_vcodium concentration, - |

| It is intereating to note that Kernan (1962b) found that

‘the membrane potential measured during aodium extrusion was .
‘cigniricantly greater than the calculated potasaiun equilibriuu

v.vpotential, and that after the 1nh1bition of codiun extrusion
by adding O-phenenthroline (an inhibitor for lactate .

‘ dehydrogcnace) to the recovery fluid, the two potentiala were

in bctter agreement. Prom these reculta, Kernan gave the sanme
concluaion, namely that the sodium pump is electrogenic in
- nature and that potassium enterc the fibres rree1y~to restore

electricél nbutrality."

Satupsble ion 1d_the co
¢carriers

The relation beiween the flux and the ionic coﬁcentraticn is
~of importance in the study of the mechanicm of 1on'£raneport.
Thus if the influx when plotted against the external ionic
concentration 1is linear, then the rate oflexchange is
- proportional to the concentration gradient, and the mechanism
may be diffusibn—limited; if the flux is not a linear function
of the external concentration but lcvcla off at high
concentrations, then the flux may be aaid to be saturated at
these high concentrations,;and in this case a mecheniem other

than diffusion may be involved, curves showing saturable ion
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fluxes plotted against concentration are similar to those
showing the relation between enzyme veloelty and substrate
concentration, These curves are of hyperbollc nature and the

relation can often be expressed by the following equation:

v=\V/ L s

S + Ky,

where v 13 the velocity when the substrate concentration is s,
V 18 thc naximum velocity obtained when the substrate
concentration is high enough to saturate the enzyme and Km

1s a constant known as i.lchaellis constant of the enzyme for
this substrate (it is the value of s which is experimentally
found to give half the maximum velocity),

In case of eaturable ion fluxes, similar ecquatlions can be
used to identify these fluxes whereby the "half saturation
value! of the flux can be caleulated and this value 1s very
useful in the characterization and identification of different
saturable fluxes, 4

t was mentioned that when a flux 1s proved to be
"gaturable" a gspecial mechanism should be involved, The most
attractive and reasonable one is the "carrier mechanism", 1In
fhis meqhanism, a substance, posslbly a constituent of the cell
menbrane, with specific affinity to the ion is supposed to
complex with 1t at one side, the complex thus formed travels

ecross the membrane and at the other side it dlssoclates and
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releases the ion, The oondiﬁion of eaﬁﬁ?able ion fluxes had
‘been extensively atﬁa;gd by Glynn (1956) in red cells, and he
éave examples of aodidm e:flux.nnd potassinm influx ae

- representatives for saturable 1on”rinxoadend‘he_auggested that'
‘there 1s a cofrelation-between these two fluxes. 'in frog
~‘skeletal muacle,‘Keynea end'SVan‘(1959)wahoﬁed'that a portion of
‘-the sodium efflux wee dependant on external sodlum concentration,.
and thie efflux wae maximal at 130 nu with an apparent halr
laturation value of 38 mn. :_Theae nutpors elso“suggeated_that
there is a degreevof_ooupling-between'aodium‘ertlnx and
potassium 1nr1qi. }?he existence of such ooupiing was exbia;ned
by diffenent authors in different tisauea‘by'the help of the
carrier concept . Thuo; it 1s snpbosed in the'case of red celle
(see Glynn 1956) that potaaeiun and sodium can cross the
membrane combined with the carriers x and y, x being potaeeium—
specific and y being aodium-epecific.- x and y are
interconvertible and are in equilibrium at the outer surface of
the membrane, while'ét the inside anrface, x 18 converted to y
with the exnenditure of energy. Kevnes (1965) has.further
| explored the relation between the internal sodium concentration
>and the movemonts of eodium in frog muscle, and ‘he confirmed
' thet there 1s a eaturable component.of the efflux., Potassium
affected the movements of sodium 1n-a.comp11cated manner and aid
not show a one-to;one relation, The'other oomponent of sodium

efflux has been interpreted in terms of exchange diffusion



(Keynes & Swan, 1959), but the complexities of the experimental

results do not yet allow a satisfactory kinetic trestment,

lIigh~energy phosphates and sodium efflux

- Bvidence for the intlmate relation betwoen sodium efflux and
highe=energy phosphates had been brought about mainly by the work
of Caldwell, Keynes, Hodgklin & 3Show, “hus it was found by
Caldwell (1960) that a f£all in the concentration of arginine
phosphate and adenoainetribhosphéte.(ATP) occurred when squid
gilant axon was poisoncd with eyanide or dinitrophenol (DI'P) and
that resynthesis took placec af'ter washing the poison (the effect
of DNP towards both phosphate esters depcnded on the pH)e. These
changes‘appeared to run in parallel with the changes which these
inhibitors bring asbout in the sodium efflux, and so, these
authors suggested that ATP and arginine phosphate may play a part
in the active transvort of sodiuﬁ. - It was also shown by
Caldwell, Hodgkin, Keynee & Shaw (1960) that injection of
solutions of ATP and other phosrhates into the gilant axons of
Loligo polsoncd by cyanide partially restored sodium efflux while
injection of the same solutions after belng hydrolyzed by boiling,
had no effecte. This is strong evidence that the energy of
sodium transport is utilized from such high-encrgy phosphate
compounds, Caldwell et al, (1960) also found that injection of
ATP and arginine phosphate had a restorative effect in the same
axons poisoned with 0.2 mM DNP. loreover, Caldwell gt al.(1960)
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found that these two phosphatc esters had no effect when applied
externally to fibres poisoned with cyanide,

Another sort of link between sodium trensport and hign
energy phosphates was demonstrated in red cells by Dunham and
glynn (1961), These authors found that the ATPase componcnt
which requires sodium and potassium for its action, 1s -
conpletely inhibited by cardiac glycosides in concentrations
sufficient to inhibit ion transport in intact cells. Thus they
concluded that the close resemblance between glycosidee
sensitive ATPase and the ion pump suggests that they are
intimately connected,

The effect of cardiac glycosides

Cardlac glycosides have in common a specific and
powerful action on the nyocardium which has been recognised
since the time of wWithering (1785). |

The effect of cardiac glycosldes on lon movements was first
demonstrated by Schatzmann (1953), He found thet cardiac
glycosides prevented the uptake of potassium and elimination of
sodium that normally occur when cold-stored red cells are
incubated at 37°C. Since then the inhibitory effect of
cardlac glycosides was shown by other authors in diffcrent tissues
Thus ilatchett and Johnson (1954) depleted frog sartorii from
their intracellular potassium and increased their intracellular

sodium by soaking in low-potassium high-sodium Ringer, These
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muscles were then allowed to recover in Bbyle-Conway fluld, and
to the recovery fluid of one get of muscles, ouabain was added;
‘ There was a significant difference in the final potassium and
. sodium concentrgtiona; ontrol muacles achieved nearly normal ,
sodium and-poﬁassium'concentration while cuabain-treated muscles
failed'to shbw such recovery. In similar experimenta on frog
aartorii Johnson (1956) obtained comparable resulte when
ouabain appeared to inhibit ‘the net transport of sodium frod
-and orf potasaium intq)the cells of these muscles under conditions
where transport would otherwise occur. Sodium extruaion was
also 1nh1b1ted 1n rrog muscle by ouabain (Kernan, 1962; Keynes, -
1965)., _ ,
| The rate of exchange of sodium was also shown to be
affected by cardiac glycoeidea. Thus Edwards and Harris
(1957) using radloactive sodium as a tracer, found that sodium
output‘from'frog'muscle was debressed 1.6—2.2 times under'the
effect of strophanthin, and that the same effect could be
obtained by omission of potassium from the external solution,
In nerve, Caldwell and Keynes (1959) showed that ouabain
adéded to sea water bathing squid axons markedly reduced the

rate constant of 22

Na exchange., In mammalian muscle, Page et al.
(1964) found that ouabain caused large losses of cell potassium

and increase of cell sodium in cat'papillary muscles,

Possible mechanism of the action of cardiasc glvcosideg. It is



firstly important to mention that Schatzmann (1953) noted that
concentrations of glycosides, sufficicent to affect ion movcaent
in red cells, had no effect on oxygen consumption or lactic acid
fornation and he concluded that the drugs could alfect ion
movemcnts without alterations in energy production. It was
found by Glynn (1957) that digoxin greatly reduced the iize of
the saturable component of potassium influx in red cells, this
effect being nuch greater than the effect of glucose deprivation,
These reéults have been interpreted as evidence that digoxin
acts.directly on the carricr mechanism responsible for the
saturable part of the influx. Glynn (1957) also found that
digoxin caused a large reduction in sodium efflux, both active
and passive components, and he therefore considered that the
drug can act without dilsconneceting the energy supply. It

can thus be concluded that as long as cardiac glycosides show
pronounced effect on the satﬁrable ion fluxes, and on fluxes
whiech are known to be "downhill" as well, this means that they
act, not by disconnecting the pump from the energy sunply, but on
the transport or "carrier" mechanism itself, The work of
Dunham and Glynn (1961) on red blood cells showed a close
resemblance between the properties of the glycoside-sensitive
adensinetriphosphatase and the ion pump = both being inhibited
by cardlac glycosldes - and the authors have suggested that they

were intimately connected,



- 2l -

Reversibility of the action of cardise glycosides. Glynn (1957)
Tound a»sldw reco#ery‘in potassium influx of réd cells after

removal of the cerdiac glycoside and he attiibuted this to the
slow loss of inhibitor from the cells. Edwards and Harris (1957)
also observed a small degree of recovery of sodium efflux nfter

withdrawal of strophanthin in the case of frog muscle.

Po§siblg'gomgeﬁitiog between cardiac glxéggigea and potagsium
igﬁg. Support for thé cancepttfhat cardiac glycosides act on
the carrier.méchaniam and not on the energy bupply was

dbtained when it was shown that the glycosldes also 1nh1b1t fluxes
which are "downhill" and which ave not affected by the afosence_ |
of glucose in the case of red cells (Glyﬁn; 1957). - With low
“concentrgtions of the gljcoside, 1nh1bition éan be @ompletely
_reverséd;by increasing the external potassipm concentration,
These results cen be taken as evidence for the poseibility that
the inhibitor molecules and potassium lons compete for the same
carrler mechanism, It is interesting to mention here that
Caldwell and Keynés (1959) obtained a marked siowing effect on
sodium efflux in squid giant axona when ouabain was applied
'axternally.but not when injected internally. ' They explained

the apparent fallure of ousbain to act internally by assuming

that 1t competes with potaésium for ihe sane carrier, the

internal potassium concentration being thirty times higher

than that outside.
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In manmalian muscle, Phge et al. (1964) aﬁcwed that the

inhibition of cation transport produced by ousbain in cat
papillary muscle is dépendent on external potassium concentration
and they took that as an evidence rorAcompetition'between'ouabaih'

end potassium ions at the outer surface of the membrane.

. The action of insulin on muscle

Inau;in.hag a widespread effect in different tissues and
1nclude'aétions Qn metabolic processes and on ionic movéments..
In this section an attempt 1is méde to 1list briefly some of these
actions, and this is followed by a sumnary of concents which
have been employed to explain the mechanism of the’ action of this
hormone. References which are not- specifically given can be -

found in the book by Krahl (1961).

Effects on carbohydrste utilization:

Insulin cauaés én increased glucose uptake by mammalian
muscle which 1s correlated to increased rate of carbohydrate
transport by the hormone. At the same tinme, the glycogen
synthesia is stimulatcd‘ih muscle and this 1s due paftly to
increased glucoee>entry and partly to an inoreased rate of
formation of glucose-6=phosphate, In liver, glucose uﬁilization
is increased and at the same time the glycogen level is rsaised.
These effects on liver occur after an interval following the |

administration of the hormone,



'Effgcﬁa on protein metaboligm:

Insulin wae found to stimulate incorporation of amino acids
into peptides in muscle, a process which 13A1ndepehdent of the
observed stiﬁul&tdry'efrect of 1n§h11hvon glucose transpért'or
on amino acid transport, Accordingly, insulin is thought to
h atimulate'protein synthesis in muscle. An increase in protein
synthesis in liver also occurs but again, an 1nterva1 of time
elapses before the effect is manireated.

" In connection with the effects of insulin on protein
metabolism and synthesis, its parallel effect on growth should
be mentioned; - Thué, in muscle, insulih and growth‘hormoneé
supplement each other with réspect to anabolism, while growthl
hormones act oppositely to insulin with respect to glucose

- utilization,

4 Effects on lipids:

In the adipose tissue of rat, insulin stimulates the
conversion of glucose to glycogen, carbon dioxide, glycerol, end
fatty acida, loreover, it increaeses the incorporation of Tfatty
aclds into lipids in the presence of glucose. Fatty acid
.synthesis.in the liver is also increased after an interval

following the administration of the hormone.,
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Insulin and oxygen consumption:

. The effect}of insulin on o:ygen consumption seems to differ
in difféient species, Thus in frog muscle, 1ﬁau11n dirgétly
stimulates oxygen cOnsumpt16n ;g_z;§;g. In mammalian muscle,
Gemm1ll (1940) found that insulin caused no increase iﬁ oxygen
consumption'in normal rat diaphragm in presence df»glucose.

Hall (1960) however found that in rat diaphragnm and some other
ekeletal muscles of alloxsn dlabetic rats; the oxygen_bonsumption

was originally low, and ﬁas inereased by insulin in vitro.

The effect of insulin on electrolytes snd the resting potential:

_It.wasvobserved long‘pgb that serum potassium deoreased when
“insulin wae admiﬁistered to intact animals (Briggs et _al., 192i).
This drew the attenﬁion towards the role which might be played
by that hprmohe oh the‘potaasium ions, and on elecctrolytes in
general. Thus Kamminga et _al. (1950) showed a net movement.
of potassium out of the extracellular fluid and into 1golated
rat diaphragm muscle. | | | | | -

.Under the impression that insulin might hyperpolarize the
membrane (due to i1ts above mentioned effects on potassium
movements), Zlerler (1957) studied the effect of insulin on the
reating membrane potential of the isolated peroneus longus
‘muscle of the rat. His experiments lasted for one hour and he

obtained a significant increase in the resting potential under



_“the effect of 1neu11n as well as an increaee in the ratio
[k]i/[k] ' Zierler considered that insulin can act by its
aeeociation 'ith muscle membrane and that this membrane complex
results in apatial changes in the barrier to diffusion, thus
1ncreaaing the membrane permeability and. aimultaneoualy
increasing the potential difference across the membrane. in
'reeponse to the increased potential dirrerence across the
.membrane,.potaeeium moves into the muscle towards a new
- equilibrium eonoeniration. _ | |

The effect of insulin on the resting potemtial and on
,potaeeium content in muscle was further studied by Zierler‘(1959)
on the extenaorbdigitorum'longue muscle of the rat, The
potaasium content was measured after 1, 2 snd 3 hours, Yierler
(1959) found no increase in the ratio [Kji/[zj after 1 hr in
insulin solutions, whereas after 2-3 hours there was an increase
of about 1l0%, Agein the reating potentiel was found to be
increased significently after 1 hr in insulin solutions, and
thus Zierler suggested that the hyperpolarization produced by
insulin is the cause of the petaeeium shift, In an attempt to
explain how the net change in potassium concentration occurred,
Zlerler (1960) studied the effect of insulin on potaseium
efflux and influx in the extensor digitorum longus of the rat
by the use of the radioactive isotope th. He found that
insulin decreased both fluxes but the effect on the efflux wae

- greater. Zierler (1960) suggested that insulin increased the
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positive fixedrcnaggéjw;gpinﬂtppugugg}g membrane.
- 'Potaasiuh movementvin exclitable tissues 157§idéeiy féi;iedmA"
~ to sodium movement, and sodium exchange should not be ignored
“1n such studies. - Creese et _sl. (1961) showed that rat diaphragm
_sosked in saline containing insulin had a lower sodium content
| then that of control muscles similarly treated but without
insulin, | ﬁbreover, therpotassium content of insulin-treated
muscles was fqund'fo_be'higher than»that of controls without -
ineulin. Theae_findingé'regarding the maintenance of muscle
-sodilum and potaaSium-ﬁtAvéluee wh;ch_were similaf to those fouhd~
in vivo lead to attempts to detect the effect of insulin on
sodium movementé in muscle. Thus Creese (196&) using the
radioactive tracer‘euNh, meagured sodium efflux in rat diaﬁﬁragn
muscle treated with ineulin and in control mﬁecleslﬁithout
insulin, It was found that the exchange rate was increased
under the effect of insulin. At the seme time, the potassium
content was Tound to be increased by 1nau11n. Referring to the
previous'findings.that insulin increased the potassium content
of rat muscle as.well as the resting potential (zierler, 1957
and 1959), Creese (1964) thus cbncluded~that.these effects appear
also to be associated with an inerease in ﬁhe raté of turndver

of sodium, -

- possible bigchemigal mechanisms of insulin action:

It is not easy to explain insulin action by one process
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- which can be the basic step leading to all these widespread
variety of effects, until decisive experimental evidence is 1in
hand, ﬁnd which should be, moreover, undoubtedly confirmed,

In what follows a summary of the most important theories put

down to explein insulin action are given,

(1) Randle and Smith (1957, 1958a and b) suggested that insulin
acts by restricting access of energy-rich phoasphate to the
process concerned with the regulatlion of glucose entry, It was
suggested by Randle and Smith (1960) that the carrier - with
which glucose is supposed to combine before its entry into the
muscle cell = this carrier is capable of such combination when
it is in its non-phosphorylated fora, It was therefore suggested
that insulin either stimulates dephosphorylation of the carrier
or inhibites its phosphorylation, thus accelerating glucose
transport, Iﬁ a survey of the subject, Randle and Young (1960)
referred to this mechanism,

This theory does not account for those effects of insulin

which are glucose independent,

(2) Chain gt _gl. (1956) suggested that insulin raises the

encrgy level of the cell whereby insulin aets by making energy
available for the reactions observed, Chain (1959) referred to
this mechanism and that these authors consider that, at least in
part, thls effcct may be achieved by making the TPN~TPNH
(triphoaphopyridine nucleotide, oxidlsed or reduced form
respectively) system more effective for synthesis. That insullr
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acts by making energy available for energy-requiring reactions
was also suggested (Chain, 1960).

The actual mechanism by which insulin raises the energy
loveltggkea energy avallable for the observed reactions, is not

understood,

(3) Krahl (1956, 1957) suggested that insulin acts by altcration
of the fine structure of responsive cells resulting in
decompartmentation that favdurs andbolic processes, It is
difficult to produce experimental evidence in support of this

concept,

(4) Kernan (1962b) suggested that insulin stimulates the sodium
pump through the stinulation of oxiditative metabolism and the
assoclated electron transfer; thus the stimulated sodium pump
increases the resting potential. and the potassium ions enter
passively to restore electrical neutrality, This arose from
the finding (Kernan, 1962b) that insulin and lactate stimulated
sodium excretioh in frog nﬁecle. and that the addition of
O-phenanthroline (an inhivitor for lactate dehydrogenase)
markedly inhibited this excretion,

(5) Levine (1965) considered that the demonstrated effects orl
1n6u11n are not due to a primary effect on glucose transport,
but he gave a fundamental importance td the cell membreane as a
primary site of insulin action, Insulin is thought to act on

some specific and still unknown receptor located at the membrane,
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This interaction of insulin with the cell mexbrane initiates
e set of signals which, in turn, lead to the other demonstrated
effects of ineulin including stimulation of glucose transport,
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CHAPTER

M=THODS

Rat diaphragznm preparation:
Rats were stunned, decapitated and the left hemidlaphragm

mas exposed by two parzllel cuts including rib and tendon. A
cotton thread was passed through the rib, and a hole was made in
the tendon through'which the platinum hook of the glaés holder
was passed. The diaphragm was then removed and 1mmérsed_in
the saline and a clip weighing 4 g was attached. Gaseing was
effected by means of a polythene tube attached to the glass
holder so ns to‘give a finé.spfay of gas from underneath the
muscle (Fig. 1), This method was described by Creese and .
Northover (1961) and it has the advantage of preventing
detcribration ahd permltting gdod oxygenation, The time fron
decapltation to immersion was about 100 sec. so that the
prenaration could be set up within a short time of the cescation

of clirculation,

Denervation:

Denervation of the left hemidiaphragm was cerried out under
ether anaesthesia, The brochial plexus and ohrenic nerve were
exposcd by a low anterior cervical incision, and then the trunk

of the phrenic nerve was avulsed, The denervated muscles vere

used 7=9 days later,
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W

- Pig, 1. Holder used for diephragm muscle, The tendon is
attachcd by a hook of platinum wire which has bcen fused to

- a holéer made of glass rod with a plastic cross-piece, The
- holder also includes an .oxygen tube, The thread pzsses
round the rid and iz steadied dy a clip. The holder is in a
tube which holds 10 ml saline. The top of the holder is
shaped so0 that it can be transferred when necessary to the

- ghaft of the motor for vertical movement during waahout
expcriments, as shown in Fig, 2.



rouse toc _muscle:

The muscle used 1s the flexor digltorum brevis IV which
is a fusiform muscle containing a varisble amount of fibrous
tissue. Tt was dissected under anaesthesin with pentobarbitone
(0.1 mg Sodium Pentobarbitone per g) with the aid of a low
power nicroscope, The anaesthetlised mouse was laid on a
wooden board with tail and one of the toes secured with thread,
Tﬁe skin of the foot was cut laterally and removed so that the
foot muacles were exposed, The heel tendon at thé origin of the
muscle was'freedvand a ring of platinum wire was pushed through
it; =also the insertion tendon of the ﬁuscle was freed-and a
nylon thread tied around it. Then the looped end of a platinum
wire was‘pushed through the platinum ring of the heei tendon,
and finally and as quickly as possible, the muécie was reed,
fcmoveﬂ and immersed in the required solution, A weight of
0.3 g was clamped to the thread and gassing vas effected by a
polythene tube running to the bottom of the soaking tube so
as to give a fine spray of gas from underneath the muscle,
In most‘of'thc exveriments, left and right muscles from the same

animal were used, one serving as a control,

- Solutions: )
Modified Xrebs saline was used (Krebs & Henseleit, 1932;

Ccreese & Northover, 1961) as shown in Table 1,



Iable 1.
- (a) |
- Modifled Krebs_golution
Substanca Goncentration Auantity taken
Nacl | U o 5% | 20 - ml.
H,O | 80.75 =l.
RatiCoy f 1435 A 21 ml.
ker 115 4425 ml.
CaClz"dried 7000 . 15 3 ml.
g 50, 7H,0 3.825 1 ol
Hall,PO) 2H,0 o 0,02l g.
3lucose _ 0.260 Ze
Total - 130 mle
{b)
Tan Conecentration in Modifled Xrebs Solution
Ton Concent.rat ion . Ion Concentration
() | i mT)
Na’ : 145 c1” 125
K* | 5 HCO5~ 25
++ ‘ | S
Ca 1.3 HzPou 1,2
gt 1.2 50,7 : 1.2
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adi e ut :

A proportion of sodium was replaced by the radioactive
isotope ZuNa which was delivered as an isotonic solution
(0.9 w/v)zuwacl. |

For exchange measurements 1nvmouse muscle, 1t was necessary
to prepare a small volume of solution with a high specific
activity, Double ion saline without calcium chloride was first
prepared, and then the radioactive saline was made up es shdwnr

in Table 2,

a 4 on:

After removal from the animal, muscles were transferred to
tubes containing the soaking seline for equilibrium, These
tudbes were gsuspended in a "PERSPEX" water<bath containihg a
heater and a thermoatat, Gassing of saline in such tubes was
effected by polythene tudes connected to the gas cylinder by
means of rubber tubing. For the control of temperature in
the tubes during exchange measurements s small accessory
Jacketed water<bath was conneoted.so that water circulated
ffom the main reservoir (Fig. 2)s All the tubes of saline
were kept gossed for about 15 minutes in the water-bath before
use 8o that the saline acquired the desired tehperature. The

temperature was maintained at 38° .

Uptake of Eﬁna

The holder containing the tissue was sosked for 1 hour in
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Table 2.
| (a) R
Double ion saline without calcium chloride
Substance , Concentration : 2uantity token
NaCl o b5 3 20  m,
H,0 | | | - 57.5 ml,
Walic0y 1.5 % 42 oml,
KC1 1.15 3 8.5 ml.
KgS0), 9 7H,0 |  3.82 9 o | 2 ml,
NaH2POLI_,2H20 : o | N - 0.048 =,
Glucose ' ' 0.52 go
Total - 130 mle
(b)

Radioactive saline made up from the sbove double ion
saline for mouse musocle

Substance ‘ ' suantity taiten
Tiouble ion salinc without calcium
chloride (above) 1 ml,
2lyac1 0493 1 ml.
CaCl, 1% (w/v) of the dried 707 salt ' 0,05 ml.

Total 2,05 nml,
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the solution contsining “hia at 38%. 1In the case of
diaphragm muscle this 1s sufficient to make the specific
activity of the muscle equal to that of the external saline
(Creese, 1964), and the uptake for mouse muscle is sinilar
(see below). | |

In some cases the muscles were loaded hy'intrapepitoneal
injection of 1 ml 0.9 § saline containing 2%Na into the rat

1 hour beforc the muscle was used for measuremcnta ol outward

movenent,

Yegourement of ogfwgrd godium exghange

- The muscle was attached to the glass holder. After

equilibration in the radioactive saline the holder with its

muscle was quickly attached to a metal shaft which was moved.

in an up-and-doﬁn direction by means of a rotating cam driven

by a srall motor (Fig. 2). The.muscle was steadied by the

thread which was passed over a projecting screw and etteched to‘

a weight, The musclé vas passed through‘the éeries of tubes

each containing lO ml of oxygenated inactive saline at 3800,

s0 thot the fluld around the muscle was changed each minute,

?his method is similar to that described by Keyncs & Swan (1959).
tiaghout was stopped after definite periods, the rid and

tendon were cut away and the muscle quickly wiped on a clcar;

dry tile to remove the adhering saline (Creese, 1954). The

muscle was then weighed in a small dry stoppered glass tubc.
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The radioéctivity in the muscle wes then measured (velow),
The rib and tendon were atsaarded. |

After the end of the washout, one ml, of thé fadioaétivé _
saline was taken and diluted 1250 times. Then the radioéctifity
in 2 mls from this diluted saline was measured.

In some chgés the saline through which the muscles had been
. passed was preaqried and counted. "‘_ | .-

The outward mbvement of sodium was measured in mouse’

muscle by similar methods, except that the muscle was transrerred
to a simple platinum holder fused to a glasa rod which vns then
fixed into the moving shaft of the motor shown in Fig, 2. Also
' in the case of this muscle, small tubes containing é ml, saline
were used both for the initial sosk in radiosctive saline and |

for the washout 1n unlabelled solution,

¥easurement of osctivitys
| The muscle was placed in a small glass tube graduated to
2 ml. 0.1 ml concentrated nitric acid + 0,1 ml distilled water
were added and the tubes were boiled in a water-bath for 10
minutes, after which sbout 1 ml of distilled water wes added and
the tube boiled for a further 10 minutes, Then distilled watei
was Added to give a total volume of 2 nmls,

‘The tube containing 2 ml of muscle solution, the wﬁsﬁout.
tubes (in the case of mouse muscle), and the tubes containing

the 2 mls of the diluted radioactive saline, were then wiped
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and counted using a weil scintillatlion counter and a scaler,

In rat diaphragm experiments where the radloactivity in the
washout saline had to be measured, the muscle solution was
made up to 10 ml, Then the 10 ml of solution as well as the
10 nl saline of each of the washout tubes, were transferrcd to
plastic cups and counted by means of another seintillation counter
and scaler,

In all radloactiviiy measurcments, correctlions were made
for the background contribution and decay. The half-time for

auNa was taken as 15,0 hours,

Analysis of nuscle tissue:
(1)|§20 e Muscles were dricd overnight in the oven at

10500,‘andlreweighed, the difference between this welght and the
wet weight’thus giving the water content of the muscle. From
this, and the wet weight of the muscle, the H20 was calculsted
as a perceﬁtage.
In the case of the mouse muscle, it was found that complete

dryness of the muscle occurred after three hours at 105°C.

~ (2) Sodium and ggtgggigg. Sodium and potassium ions were
estimated quantitatively by means of an E3L flame photoueter
against sodium énd potasslum standards respectively. The
method used for dissolving the muscles has been previously
described, leasurements were made in duplicate, and the
results were cxpresced in the first instance as parts per

million in the solutions,
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The following precautions were taken to minimize, as far
as possible, the exchange between the ions of the glassware and
the solution in which these lons were to be cstimated,

All the glassware used in such analyses was thoroughly
rinsed in distilled water and then the glass tubes and the cups
of the flame photometer were boiled in distilled water, ‘The
volumetric flasks were washed and filled with distilled water
overnight,

The appropriate sodium and potassium standards were also
made up fresh for every experiment,

Horeover, handling of such glasaware was carried out dy
means of foreeps, By this means contaminastion with sodium
from the hends was avolded,

Blank values were estimated in exactly similar tubes but
without tissue. These blank values were subtracted from the

values dbtained for the tubes containing the muscle solutions,
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CHAPTER _IITX

SODIUM _BXTRUSION IN RAT DIAPHRAGH
AUD TS REVERSIBLE ACTION O STROPHANTHIN

Schatzmann (1953) found that cardiac glycosides prevent
the uptake of potassium and the elimination of sodium by
cold-stored red cells, Yince then similar studies were carried
out on red cells and other tissues,

8trophanthin, which is a member of the cardlac glycoside
group, was found to depress the sodium output in frog muscle
(Matcohett & Johnson, 1954; Edwards & Harris, 1957) In the
frog muscle Edwards & Harrls have found a small degree of
recovery after removal of the drug,

These results have now been extended to mammalian muscle
and considerable effects were found on sodium movements in
rat diaphragm, and it became of importance to see whether these
eifects were rcversible, It was possible to prove this
reversibility in rat musele, and thus to show that mammallan
nuscle can cxtrude sodium,

The Tirst part of this chapter deals with the cffects of
strophanthin on total sodium and potassiun, and on sodium
exchange and fibre sodiun, The next part demonstrates the
reversible action of strophanthin on thcse processes. Finally,
the elffects of diffusion on fibre sodium are dealt with and values

of fibre sodium, corrected for diffusion, are calculated,



Muscles were soaked in Krebs saline containing
strophanthin (10fug/n1) for 1 hr. after which they were freed
from the ridb and tendon, and snalysed for total eodium and
-'potassiun én described in Chaptér II, Control muscles were
treated similarly but"in strophanthin-free saline,
(Strophanthin ealine was prepsred by dissolving the requisite
.- amount of the drug in a few drops. of 807 ethyl alcohol and
then into the appropriate volume of normal Krebe saline to give
the required arug concentration.) |

' The second and third rows of Table 3 show the reeults.
It 1s elear that strophenthin after 1 hr, caused an increase
~ in total sodiua by 38 1 mole/g wet tiesue, and a decrease in
 total potassium by 25.8 umole/g wet tissue, The first row

in this teble also shows some values for total sodium and

potassium jin vivo.

Pige. 3 shows the general pattern of outward sodium
movement as measured by 2“Na. In this experiment, 1 ml,
isotonic 2“N301 containing 1 » C was injucted 1ntraperitonea11y,

gnd after 1 hr, the-muacle was dissected out and pasaed through



Table 3. Effect of gtrophanthin ;0’“ g/ml and rggg!grx on
' total Na and n rat dia

Sodium = S,D, No 1 84D, No
Sentant R AR W B
In vivo b2.2  E3ae 10 93.6 411 10
In yitr Tuhs  *153 10 85,7 1648 20 L
| &
W
After . | . | | '
strophanthin 824 ThAE . 11 59.9 5,74 13
After recovery 65,9 12,73 11 *7909  tuws 18

lican values for total Na and X are given in pmole/gm wet weighi + $.D,-
+ soaked 1 hr, |

% gosked 1 hr. in strophanthin and then allowed to recover for 35«80 min,
in saline free from atrophanthin, Values obtained after recovery differ
significantly from musoles treated with strophanthin without recovery
(P<L0.01 for Ns and for K).
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Pig. 3. Plot of the outward movenent of 2“Ha in diaphragm
musole, The nmuascle was loaded by intrapcritonesl injection

of 1 ml 0,97 saline containing ““Na into the rat 1 hour
beforehand, 7he muscle (sand rids) were passed through tubes
of saline which were later counted, The cumulative counts
which remain are plotted on semi-logarithmic paper agrinat
time., The early portion of the curve, which 1s completed
in the firet 5 minutes, represents the extracellular sodium,
while the remaining portion is fdentified as fibre sodium,
The latter exchanges with a half-time of 4.6 minutes,



a succession of tubes containing 1naot1ve saline, so that the
ealine was changed every minute. After the end of the washout,
the radiosctivity was messured in the tubes as described in
Chapter 1IX, and Fig. 3 shows the radioaotivity whioh renaine in
the tiasue as obtained from the culnlative counta.v Eheh '
'plotted on aemilogarithnic papor the curve shows two portione.
| The early part is rapid and corresponds to the loss of
extracelluiar iodiun which is 1argdly coﬁpigted in the first
fivo,minutes; the second portion_ia slower end correspoﬁda to
the fibre sodium extrusion. It can be seen that the curve
can be fitted by a doubdble expanentialkourie, and'fhe presenf
study is mainly concentrated on the second portion which 13
believed to represent the outward movement of fidre sodium,
In Fig. 3 the slow portion hae a rate constant of 0,151 ain~1
(Ti = 4.6 mina.). |

Pigure 3 gives the shape of the waah-out ourve, but this
method in its unmodified form is not suitable for experiments
on godium movements. This is due to the presence of the rib,
which produces variable effects for which corrections cannot be
applied, For this reason 1tlvnu decided to adopt a modified
procedure, The muscles were loaded with ZuHa by soaking in
radiosctive saline and they were then passed through a
- succession of tubes as above. After known intervala the
washout was stopped, the rid and tendon wore remcved and the

radioactivity renaining in the muscle was measured, By the
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_ use of meny muscles it was pqaaiﬁle to sonstruct a curve similer
to that of'Fig. 3, and the circles in Fig. 4 -ho"the use of
this method. o ‘ | |

In the ieﬁu;tn shown in Fig;#h thardigphragn: were soaked
_ for 1 hr. in radioactive saline cahtaih;ng-aunn. | Cieése'(196h)"
" has shown'that in this time the spéoiric'ictivity of the tiéaﬁe
becomes equal to that of the surrounding saline, rter uaabout*'
for known times in inactive saline the activity in the muscle
was measured (see Ghapter II) and expreased as counts per min.
per gram wet luaole.-‘ 8ince the specific activity was known  ‘“
by anslysis of the radiosctive saline it was possible to
express the result as u nolq/g and this was a neaaure of that
portion of the fibre aodiun vhich remalned 1n the muscle. The
~ open cirolo- of Pig. 4 show the results from aeveral uuaclea
| from which the slope can de obtained and: also, by retropolatian,’
an estimate of the original fibre sodium, Thia eatinate ,
‘requires to be corrected for the effects of diffusion as - -
descrided below, | |

Husolea were also eqnilibrated for 1l hr. in radioactive
saline in the preagncq of strophanthin (10 g/ml),_and then
. washed out in inactive saline which also containéd s‘t'rophanthin;‘
The closed ciroles in Fig, 4 show the result of this |
experiment, Two distinet effects due to strophanthin can be
seen from this figure. The outward navemeht of sodium is

markedly sloved from the slope of the two regression lines,
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Pig, L. OCutward govement.of sodium in diaphragm which had
been loaded with 24Na in wvitro (1 hour), Each point represents
a scparste muscle which was counted after belng exposed to
inactive saline for a known time., The counta which remained
have been expressed as n~equiv g~! (see text) and plotted on
senilogarithmic paper againast time, The rapid initial
component (extracellular) is not shown because the washout lasted
at least 5 minutes, The slope obtailned from the control
muscles (open circles) corresponde to a half time of 5.8 min,.
The clogsed circles show musoles treated throughout with
strophanthin, which slowed the rate of sodium exchange, the mean
half-time being 12.6 min, Vhen the regression lines are
retropolated to zero time it can be seen that the fibre sodium
at the start of the washout is considerably increased by
-gtrophanthin,
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~the rate conatantu for controls (opon oirclea) is o 120 min™t &

: 0.0065 (S.D. of 16) nnd tor ltrophanthin (cloaed ciroles) is
- 0,055 ain '1 = 0,0072 (S.D. of 19), these corresponding to halr
times of 5.8 and 12,6 mins, respectively. . The difrerenee in
these Pate constants 1s uignxricant (P«:0.0l).

By rotropolating the tvo curvea back to gero tlne, |
value of fibre sodium’ could be dbtained vhich corresponds to the
initial fibre sodium. By so doing, 1t is clear from Fig. 4 that
the fidbre sodin- is highly 1noreaaed by atrOphnnthin, acquiring
a value of u1.6 i mole Na/g. wet tieaue in contrast to a value
of 75 ror controls, These values require corrections ss shown

bolcw.

From these effects of strophenthin on aodiumvﬁofement in
rat diephragm, it seemed that if such effects were proved to be
reversible, this would throw light on the behaviour of this
‘muscle towards sodium lons, and show whether or not masmalian
muscle is reelly eble to extrude sodium ions,

Muscles were soaked in strophanthin saline for 1 hr.,
and then allowed to recover for 1 hr,‘in st rophanthin-free
saline, the latter being renewed after 10 minutes to remove
the strophanthin that might have sccumulated into the medium

used for recovery. Artar'that the muscles were removed and
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anaiyaed for total sodium and potassium, These values were
* compared with values for muscles sosked in strophanthin saline
for 1 hr., but which were not allowed to recover. "

" The third and fourth rows of Table 3 show the result of
this experiment. It is clear that total sodium decressed by
16,5 1 molq/g wet tissue, and that total potaasium increased
by 20 n molq/g wet tissue,

" As will be seen later, trbre sodium recovery was followed
‘for different periods of recovery, and it wae desirabdble to
follow total potassium recovery after difrerent perioda as well.

‘Thé circles in Fig. 6’show‘tha time course of total potassium
recovery. | | - o

- The potaagium acquired 1te optimal recovery valﬁe'ar€§r

about 35 minutes snd thenxéemainéd_unchanéedfor a further 4O
min, The half-time was approximately 10-15 min., and it wae
aifficult to make a more accurate estimate because of
uncertainty about the origin (aee.?ig. 6). Potassium value
after recovery for 35-80 minag. (79.9 " uolq/g wet tissue) is
shown in the fourth row ;n Table 3. _
| In Table 3 the changes in sodiuﬁ and potassium produced
by-recovery‘for 1 hour are significantly different from values
obtained in the presence of strophanthin (P< 0,01 1n each case).

BRI of oV 0! ¢} nro bre sodi

The closed circles in Fig. 5 show results similar to the
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sodium in dlaphragm muscles which were treated with strophanthin
(1 hr) and allowed to recover, Rach point represente the mean
of 4-7 diaphragme. The muscles showad by the closed circles
were treated with strophanthinesaline throughout, They were
loaded with 24Na and were passed through inactive saline o

5 or 15 min, The sodium which remasined in the muscle has been
plotted on semilogarithmic paper as in Fig. 4., The slopc is
similar to that of the closed eircles in Fig. 4 and the fidbre

- s8o0dium, estimated by retropolation, is high, The other points
represent muscles treated in stropganthin-aaline (with 2U4xa)
and allowed to recover {in saline-243a dbut no otrophanthin)

- for various times, These muscles show after recovery a faster

. rate of sodium exchange and a progressive diminution in fibre
sodium (eatimated by retropolation),
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P 6, FPotassium and sodium in diaphragm muscles which had
“been treated with strophanthin (1 hr) and allowed to recover,
The circles show total potassium (p equiv g=+) and the squares
show fibre iodiun obtained from the results of Fig. 5

(1 equiv g=+), At zero time the potassium is low and the
fidre sodiun is high,s, The absissa gives the tire after the
muscles were placed in strophanthin-free salinc, Fach point
is the mean of 4-13 muscles and the 1limits give the standard
‘deviation. There is a rise in total potassium and a fall in
fibre sodiunm, . -



- 55 =

closed circles in Wig. L and represent the outward movement

_of labelled sodium from muscles in the presence of o
stroghanthin (10'“ g/nl e = Each point gives the meen of L=7
diaphragms and the washout periods (in insotive aaline with
strOphanthin) wero 5 or 15 min, On retropolstion the fidbre
aodium wae . hl.h B lole/g and this reprenenta the value after

: atrOphanthzn..'

| . The other curves in Fig. 5 'ero obtained after varying |
periode of recovery, and they show a progresaive fall in value
of fibre sodium and an inoresss in the rate of the outward _f-4
'f'novenent of sodiun. ‘The squeres in Fig, 5 represent uuacles L
‘sOaked for 1 hr. 1n radioactive saline with atrOphanthin, thcn

allowed to recover for 10 nin, in gaaioactiva saline with no

- strophanthin, and finally pessed through s succession of tubes

containing inactive saline with no sdditicns, Tho other
curves gife the results for recoveéy for 20 min, and 60 min,

. Fig. 5 and Table l4 show the effect of recovery on sodium
mOVements'and fidbre eodiuh studied by this experiment, It is
" clear that after 60 mins, recovefy,»the rate of sodium extrusion
returned back nearly to its normal value, This ce&n be seen
from the increase of the rate constant from 0,044 min,~1
at no recovery to 0,120 nj.n."'1 after 60 mins, recover&. This 1s
close to the value for untreated muscles ehown 1n Fige be
From the values of Fig. 5 and Tatle 4 it can be said that noraal
rate,conatant for sodlum extrusion was echieved soon after

20 mins,. recovery.
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The aqnareq in Fig. 6 show the time course of reoovery of
fidre sodium, dbtained by retropolation from.Fig. 5 It can
 be seen from this latter curve that fibre sodium regovery '
ocourred with a half—tina of approximately 10 mins,

The fibre sodiux shows a progressive tall and theae valuea

require certain corrootions as shown below,

D correction fo e _god

It wag shown early in thisg chapter that hNa washout
66naiated of 2 portions, an inltial fast portion folloﬁed'by
a slower one, These are believed‘to répreaent the.exchahge |
of extracellular and intracellular sodium respectively (Fig. 3).
The second part of the curve vas rétropolated 80 that ite
intersection with the y axis was tsken as an estimate for the
fibre sodium at the beginning of the waahout.

It haoe been shown by Harris & Burn (1949) and by Huxley
(1960) that in this kind of experiment, fibre sodium obtained
by such.retfopolation has to be correctcd for fhc effeots of
diffusion, The true value of the fibre sodium is less than
the apparent value.

The true values of fibre sodium are estinmnted as follows
(Huxley, 1960),

The curve 1n Fig, 3 can be fitted by a double exponential

curve, and the activity remaining in the muscle can be
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described as the sum of two cxponentlal wvalues,
t 1
Labelled sodium remaining = A +BeM L L (4)

where A and B are the fast and slow fractions, and A; and ),
are the rate constants for the fast and slow fractions
respectively,

The true slow fraction, which in the nomenclature of

Huxley (1960) is termed P209 is

- AB()\!‘M)‘L
AN+ B

S )

30

and if P3g = apparent slow fraction/factor

AN: + B
A Ov- %)

.*. factor

it

i

4522 G )+ GNnR) ek - - (6)



It can be saen that the value of~% has in practice little
effect on the correction factor.

1 and this

The mean of}\l was found to be 1.0l min.”
value has deen accepted for calculation of the diffusion
correction,

In Figs, 4 and 5, )\ 1 "il1l1 be taken as 1,01, also )\2 and B
are obtained from the ocurve., A, the apparent fast fraction is
hot known because the early part of the curve was not obtained.
The total sodium (T) was, however, measured, and the fast
fraction A can be put equal to T-B in equation 6. The

corrected values of the fibre sodium are shown in Tsble 5.

SCUSSIC _
Sodium extrusion in mammalian musgle without the

use of abnormal solutions

The ability of a muscle to extrude sodium has been
demonstrated by different methods, Probably the most
widespread procedure involved the loading of muscle with sodium
by immersion in K-free saline containing high sodium in the cold,
When such muscle was reimmersed in a recovery saline containing
the normal amounts of potassium and sodium, the muscle could
extrude its extra sodium which had been accumulated during the
lst immersion. This method had been mostly used with
amphibian muscle. Thus Dermedt (1953) had shown a net sodium

extrusion in frog sartorius using this procedure, Carey,



Table 5.

Fibre sodium corrected for diffusion

Corrected

Aﬁparent Total . _
- Fibre Na Na . N2 Ay B n Fibre Na
Experimen B < T g -1 - -A = Tactor P L
1 mole m1~1 i mole m~1 min M : A " mogg n1—1
wet muscle wet muscle wet muscle:
Muscles in saline - ‘ B g ' '
(Fig. L) | 7.91 46.8 0,120 0.1190 38.89 0,203 1,28 6.2
Strophenthin (Fig. 4) 4349 86.9 0.055. 0,0545 43.0 1,02 1,12 39.2
No recovery from '
strophanthin (Fig. 5 o : - . ' ,
and Table L) - 43.7 86.9 0,04l 0.,0436 43.2 1,01 1,10 39.7 .
10 min, recovery (Fig. | . | o
5 and Table 4) 35.9 (79.1) 0.096 0.095 43.2 0.831 1.22 ~ 29.4
20 min. recovery (Fig. | _— . : :
5 and Table 4) 28.8 (71.7) 0,103 0,102 42,9 0.671 1,25 23,0
60 min., recovery (Pig. ‘ B -
5 end Table 4) 27.5 69.5 0.119 0,1178 42,0 . 0.655 1.30 21,2

The apparent fibre sodium B was obtained by retropolation to zero time in Figs. 4
and 5 (some terms are listed in Table 4). The values in . mole g~l have been converted to
p mole m1=l by multiplying by 1,055, the specific gravity (Creese, 195&). The values of
total sodium are teken from Table 3, where they are shown_as p mole g~ Interpolated
values are shown in brackets. N1 was taken as 1,01 min-l throughout. The following
formulae are used, being adapted from Huxley (1960) - . :

Fibre sodium = B/factor

Factor = H.z.)'% ""(%G) (3}-%—) & '?f) (4*_2_%)

A was taken ae (Total sodium = B)



Conway ¢ Kernan (1959) also demonstrated a net sodium extrusion
in frog musecle under similar conditiohs, and they have emphasised
the importance of reducing sodium and ircreasing potassium
concentrations in the recovery solution so that sodium could‘be
extruded,

In mammalian musele, Dockry, Kernan aﬁd Tangney (1966)
demonstrated net sodium extrusion'by sodium=rich extensor
digitorum and soleus nuscles of rat by the use of similar methods.

In the present study net sodium extruslon has been
demonstrated in mamnmalian muscle by the use of strophanthin
10'ug/m1. Fron Table 3 1t can be seen that the sodium content
in the disphregm muscle increased from 44,4 to 82.4 peq/g in
strophanthin after 1 hr, i.c., there was a gain of 38 peqlia/g
muscle, ““hen ﬁhe muscle vias allowed to recover in exactly
similar saline but without strophanthin, the sodium content
fell from 82,4 to 65,9 neq/g, 1.c. there is a loss of 16,5 peqlis/g
wet muscle, This means that there is a net extrusion of
sodium produced by the muscle when the drug was removed, This
net sodium movenment provides further cvidence for the active
extrusion of sodium in mammalian muscle against the
electrochemical gradient,

These experiments show that the net sodium extrusion in
masmalian musele can be demonstrated without the use of abnormal
solutions and without sltering the lonic concentrations of the

external saline, It is clear that with strophanthin, there was



an accumulation of sodium, and that removal of the drug rrom

the outside solution caused the restoration of active extrusion,

In this study the effect of strophanthin on the outward
movement of sodium in mammalian muscle has been shown to be
reversidble, Formerly there had been doubt concerning tﬁia
reversibility of cardiac glycosides in muscle. Thus Edwards &
Harris (1957) ehowed that the cutward movement of sodium in frog
muscle was decreased in strophanthin-saline, and increased
after the removal of the drug. On the other hand, Johnson
(1956), although he had demonstrated quite clearly an |
accumulation of sodium in frog muscle in ouabain saline,
yet, in his procedure, no reversibility of ouabain action was
shown, |

The effect of strophanthin, and the reversibility of this
effect in rat diaphragm muscle are shown in Figs, 4 and 5, and
Tables 4 and 5, Formally sodium leaves the muscle with a rate
constant of 0,120 mins,™t

5.8 mins, and when strophenthin lofug/ml was applied, the rate
1

correaponding to a half-time of
constant was decreased to 0,055 min” — corresponding to a half-
time of 12,6 mins (see Table 5 and Fig, 4), Comparing these
two values for sodium exchange after send before strophanthin we

find that this compound reduced the outward movement nearly to
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half, FEdwards & Harris (1957) obtained a somewhat comparsble
value for frog muscle where strophanthin reduced the efflux
of sodium by a factor of 1.6-2.2.

By the removal of the drug, the rate of sodium exchange
inoreaged gradually according to the time of recovery, This
gradual increase in the rate constant can be seen in FPig, 5 énd
in Tables 4 and 5, The measurement of sodium exchange was done
by stoppin: the washout in inactive saline (with or without
strophanthin) after 5 or 15 mins. By this procedure it was
shown that the effect of strOphanthin on sodium exchange in
mammalian muscle is reversible, and that after the removal of
the drug the rate constant was largely restored after 20 mins
of recovery.

There 19 a time lag in the recovery of the rate constant
of sodium extrusion, and tﬁis‘is partly due to the interval
required to wash the drug from the tissue, A lag can alsé be
observed in the recovery of potassium (Fig. 6).

It can be seen from Fig. 6 that the fibre sodium
decrcased with a half-time of 5-10 mins, and that it became
constant after 20 mins. recovery. Here it 1s interesting to
mention that Desmedt (1953), by studying the time course of
intracellular sodium recovery in frog muscle at room temperature,
found neérly comparable results, He found that fidre sodium
in frog muscle recovered with a half-time of 30 mine, and that

it became steady after one hour,
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Yepgurement of fibre sodium by retropolation

Fibre sodium can be obtained dy subtracting the value
for extrscellular sodium from that of total sodium, This
has considerable difficulties chiefly due to uncertainty about
the extracellular space, and in the present study a different
method has been adopted based on retropolation of washout of
labelled sodium.

From Fig. 3 1t can be seen that the curve of outward
movement of sodium is composed of two parts, an initial rapid
portion which represents the exchange of extracellular sodium,
and a slower portion which presumably represents the exchange
of fibre sodium, The method used to estimate fibre socdium
involves the retropolation of the slow fraction back to zero
time, This can be seen in Fig. 4 in which the radioactivity
remaining in the nmuscle was converted into pmole/g wet muscle,
This 1s possible because ths specific activity of the muscle at
the start of the washout was equel to the specific activit: of
the sosking saline (Creese, 1964), whence the counts could be
converted into umole sodium, The points have been plotted
on a semilogarithmic scale sgainst time, and by retropolation
of the slow portion in Fig, 4 to zero we obtain the value of
fibre sodium in pmole/g wet muscle at the time of removal of
the muscle from the soaking saline. As mentioned in other

places (see results and next section of discussion) such values
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need correction for the effect of diffusion, and this has been
done and shown in Table 5,

The ﬁsefulneaa of this method can be observed in Fig. 5
where it has been used to follow the changes occurring ip the
fibre sodium during the study of recovery, and of course it

can be used in other comparable situatlons,

Double exponential curves and the measurement
of fibre sodium

During the present study 1t has been shown that the
radiloactive sodium remaining in the muscle_during a washout
in insctive saline can be represented as a double exponential
when plotted on semllogarithmic paper. Retropolation of the
slower portion of the curve to zero time gives the apparent
fibre sodium in pnole/ge.

Huxley (1960) has shown that such estimate of fibre
sodium is subject to an error due to interaction between the
compartments. For this reason, a correction (Huxley, 1960)
has been used in values of fibre sodiun obtained by
rotropolation,

From Huxley (1960) it can be shown (sce results) that the
value of the correction can be obtailned by dividing the value

of the anparent fibre sodium by a factor which is equal to:

4222 0 (36 + £) 4 QP0+2B) ek, L . (equaind)
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where A is the fast fraction, B is the elow fraction ), and),
are the rate canstants for the fast and slow fractions
reapectiveiy. This factor comes to 1,1 = 1.3 and ite
‘treatment and application in the present study are giveniin
detail at the end of the éection of results, and the'figurea-
Yefore and after such a correction are given in Tavles 4 and 5.
Table 5 contains figures of fibre sodium corrected for the
effect of diffusion, Froh this table it can be seen that the
faster the exchange, the bigger is the tern 22
the correction is larger., For this reasson it may be said that

s and consequently

such a correction is less serious when studying ion
movements in amphibian muscle where this movement is slower,

It seems that the need for such a correction depends on
the thickness of the preparation and of course, it can bq
avolded altogether by working on a single fibre where there will
be no extracellular space for the ion to diffuse through and
in this case the movement of the ion will be directly betwecen
the cell 1n£erior and the outside solution through the cell

membrane,
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l. Rat diaphragm muscles sosked in aaline‘containing
strophanthin (10'“ g/ml) for 1 hr, showed an increase
in total sodium from 4l to 82 p mole/g and a decrease in
total potassium from 86 to 60 p mole/g wet, - |

2. The outward movement of sodium, as measured by 2“Na was slowed
in strophanthin saline, the rate constant being 0,055 minfl

1 for controls,

as compared with 0,120 min~
3. The measurements with 2*Na enabled the fibre sodium to be
estimated as the slow fraction obtained from the wéahout

of labelled sodium, After strophanthin the muscles had a

higher fidre sodium, which was 39.2 p mole/ml as compared

with 6,2 ;. mole/ml for controls (both values corrected for
the effects of diffueion).
L4, These effects of strophanthin were partly reversible:

(a) After recovery for 1 hr, total sodium decreased from
82 to 66 p mole g'l. This represents net sodiunm
extruéion.

(b) Following recovery for different periods, fibre sodium
decreased with a half-time of approximztely 10 mins,
and reached a final value of 21.2 u mole/ml after
60 mins, recovery, After 35«80 mins. recovery total
potassium increased to a final velue which was within
107 of the initial value without strophanthin,

(¢) The rate of exchange of fibre sodium gradually

returned and approached its initial value,



CHAPTER IV
! M 5
THE BF or N ' STROP N

zderler (1959) found that insulin 0,1 u/ml increased the
resting potential of rat extensor digitorum longus muscles
in vitrg, and csused a small rise in intracellular potassiunm,
Kernan (1962b) found that insulin increased the net extrusion
of sodium during recovery of frog sartorius muscles which had
been loaded with sodium, Creese (1964) found that insulin
inoreased the norhal rate of sodiunm exchangé in rat dlaphragn,
The effect of insulln has been examined in the foot
- muscle of the mouse. This 1s a small fusiform muscle which
can be studied without the complications produced dy bone or
rib, It contains however a variavle amount of fibrous tissue,
It was also decided to see whether the effect of
strophanthin on sodium movement could be demonstrated on this

mouse toe muscle,

RE 8

)21 1 e (5] t:
The muscle was dissected from anmesthetised mice as
described in the methods, After dissection the muscle was

1lald quickly with its platinum wire, on a tile and its thickness



meagured under a microscope after thg divisions of 1its

objective had been calidbrated against a mm, ruler, . The mean
thickness was found to be 0,62 mm, (mean of 6, range 0,40 to
0.75). To obtain the weight, musoles were disseoted, and
quickly transferred to sma11 stoﬁpered glase tubes which héve been
previously weighed, The difference gave the weight of the
muscle. The mean weight was found to be 2,5 mg (mean of 12,
range‘1.27 to 4.88),

1ibratio 2 n ' 1 tro:

Befobe studying sodium movement, it was essentisl to
estimate the time required for its equilibration, For this
reason, sodium uptake was estimated'using 2“Ha as follows:
After dissection, the muscle was transferrcd fo radioactive
saline containing 2“Na. After a definite time 1t was dissolved
and assayed fob its radioactivity and totaliaodium. The
soaking saline was also assayed for radioactivity and total
sodium, From this, the uptake of 22“Na was estimated by
dividing the specific ectivity of the musclé by that of the

soaking saline, i.e,

_ Specific sctivity of muscle
Uptake = Specific activity of soaking saline

. Counts mi Y godium in m
Counts per min., per mg, sodium in soaking salline



After 1 hr. the uptake was 98,27 £ 2,39 (S.D. of 5) and
after 2 hrs, it was 102;' X 1 (5.D. of 3),

During the preeent study the'muacle was soaked for 2.hrs.
to ensure complete equilibration, |

fect 8 f ward movement 'f odium

ﬁusclea}waré equilibrated in radiloactive saline containing
insulin (0.1 u/ml), (Insulin saline was prepsred by dissolving
the requisite ambunt of the drug in a few droﬁs of 0,1 N HC1
then into the appropriate volume of normal saline to give the
required drug concentration., After equilibration, muscles
were washed out in inactive saline containing insulin, The
outward movement was megsured on the sane muscle whereby the
radiocactivity of the effluent in successive tubes, and finally
the radioactivity remaining in the muscle, was estimated.
Then the radloactivity in the muscle was asdded to the
radioactivity of the effluent in each tube in a reversed
direction to give the radioactivity remaining in the muscle
rafter the elapse of a definite time of washout (cumulative).
By this method, a curve similar to that in ¥ig, 3 wes
constructed by plotting the radiosctivity remaining in thé
muscle againgt time on a semilog scale, Control muscles
were used from the other foot of the same animal, right and
left alternatively, and these were treated in the same manner

but without insulin additions.



Pig. 7 shows the result of thls experiment, The crossces
show the insulin treated muscles, and the open circles show
the controls, It 1s seen from this figure that the rate of
outward mOVemenﬁ of sodium is more rapid in insulin-treated
muscles than in control muscles. These experiments were done
on muscle palrs, right and left, from the sane animal, one
serving as a control alternatively., The individual figures
for the half-timés of these pairs of muscles are shown in
Table 6, From this table it 1s clear that the half-time for
outward sodium movement was decreased from 10,7 mins, for
controls to 8,2 mins under the effect of insulin, which means
that insulin had increased the rate of outward movement of
sBodium, The difference between the two half-times is
significant (P<0,01),

"ige 8 also shows the difference in sodium movements
between muscles treated with insulin (crosses) and controls
(open ecircles), as well as the effect of strophanthin (closed
circles) which will be described in the next section,

ffect @

lluscles were equilibrated either in normal saline, or in
saline contalning strophanthin (lo'u_g/ml). They were then
- welghed, dried up and reweighed, the difference giving the
water content which wee then estimated as a percentage. The

muscles were then analysed for total sodium and total
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fig. 7+« Outward movement of sodium in right and left flexor
digitgﬁum brevis IV muscles of mouse. The muscles were loaded
with <4lla, and passed through tubes containing inactive saline,
The tubes were later counted and the points show the

cumulative counts/100 secs./mg. plotted on semilogarithmic paper
against time, The open circles show the control muscle while
the crosses represent the muscle from the other foot which was
treated with insulin, Compared to Fige 3 it is seen that

the early part of the curve, which represents rapidly
exchanging sodium, is large. The final slope which represents
the cxchange of fidbre sodium is somewhat steeper in the case of
the insulin-treated muscle ( half-time 10,6 min) as comparcd

to the control (half-time 12,8 min).
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Table 6, fifect of ingulin on sodium exchange
in flexor digitorum brevis IV of mouse

Half-times in minutes

Insulin

Control - 0.1 u/ml Diffgrenge
14.7 12,7 - 2.0
12.8  10.6 - 2.2
647 6.9 + 042
14,2 ‘ 10,0 - 4,2
111 7.0 - 4,1
9.2 L.8 - Lot
T3 6.5 ' - 0,8
9.6 6.8 - 2,8
Yean 10,7 8.2 = = 245

Toe muscles from the right end left limbs were discected
from each animal under anaesthesia, one muscle being treated
with insulin and the other was used as a control, Insulln
was used alternatively on the right and left muscle on 8
consecutive occasions, The half-time for sodium exchange
was less in muscles treated with insulin (stendard error of
difference = 0,59, t = 4.3, P< 0,01),
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?Eg, 8+ GSemilog plot as in rig, 7 with an extra curve showing
¢ movenent of sodium in a mouse muscle treated throughout
with strophanthin {(oclosed eircles), In presence of
strophanthin, fibre a exchanged at a slow ratc, the half=time
being 43,8 min, The exchange of the insulinetreated muscle
(erosges, half-tine 6,8 min) was more rapid than that of the
cogtrg% ?uacle from the other foot (open circles, half-time

9.6 min.).
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potsssium. Table 7 shows the results, and the values in vive
as well, It can.be seen that strophanthin, after 2 hrs,.,
caused an incresse in water content by 2.3, an incresase in
total sodium by 33.3 pmole/g wet and a decrease 1in total
potassium by 37 umole/g wet, |

Effect of strophanthin on sodium movements in muscle gg d_tendon

Huscles were equilibrated in radiocactive strophanthin
galine (10"l‘t g/ml), and then washed out in the same manner
deseribed before (sce effect of insulin, and also Chapter II),
and this washout was carried out in inactive sallne containing
strophanthin,

The closed cirecles in Fig, 8 show the effect of
strophanthin on the outward movement of sodium, whichlis greatly
sloved, The mean half-time for sodium exchange in the
presence of strophanthin was found to be 34.8 mins, £ 9.3
(s.D. of 8)e The mean half-time for control muscles was taken
from the controls of insulin experiments, namely 10,7 mins.
Fig. 8 also shows the effect of insulin, as described above,

Sodium exchange was studied in the tendon of the fleior
digitorum longus IV of the mouse, This tendon is larger
than that of the flexor digitorum brevis IV, Experinments
were carried cut as in the case of the muscle except that the
tendon was dissected in vitro,.

Fige. 9 shows outward movement of sodium in a control



Table 7. Rffect of strqphanthint;p'h &/ ml Qn'wgter, sodium and

potasscium content in mouse flexor digitorum brevis IV

viater . Sodium Potassium -
?; S.D.' I\O. Content S.D. NO. content S.D. 1104
In vivo 75.8 1.8 6 71.5 £ 7.8 6 65.9 *10,0 6
In vitro = 77.9 2.7 18 108 26,8 18 52 L 8. 18
Atter
strophanthin 80,2 i1.2 9 141.3 24 9 15 L 4.0 9

Mean values for sodium and potassium are given in pmole/g wet weight + s,.D.
Muscles in vitro and after strophanthin were soaked for 2 hrs.

Sodium and potassium values aftcr strophanthin were obtalned from values for
dry weight by multiplying by a factor to give the values for wet weight,.

- GL -
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Pige 9. Effgﬁt of strophanthin 10‘4g/m1 on the outward
movement of <“Na from the tendon of the flexor digitorium
longus IV of the mouse, Open circles represent the curve
of normal washout in a control tendon, [IFibre Na exchanged
with a half-time of 12,1 min. Clgged circles represent the
curve of a tendon equilibrated in <“Na saline with
strophanthin, then washed out in inactive saline also with
strophanthin, Strophanthin markedly slowed the outward
movement of sodium and the half-time was 67.6 min,



(open circles) and a strophanthin-treated tendon (closed
circles), The normal washout curve (opcn circles) resembles
that of ths mouse toe muscle except that the initianl fraction
which exéhanges rapldly is smaller, | |

Thils figure showa that the exchange of sodium had been
markedly reduced under the effect of strophanthin (oclosed
circles), thec half-time being 67.6 mins, as compared to the
control tendon (open oircles), the half-time being 12.1 nins.

DISCUSSION

Use of mouse too muscle
There are two main advantages in the use of this nuscle.

Tiratly the absence of rid which made it possible to measurc
the sodium exchange on the sanme ﬁuscle and secondly, it was
also possible to use control muscles from the same animal,
from the right and left feet alternatively,

This muscle containg a variable amount of fibrous tissue
and this probably accounts for the high sodium and low

potassium content, Thus from Table 7 it can be seen that

sodium content 1s 71,5 pmole/g and potassiun content 65,9 pmole/g,

These values can be compared with the sodium and potassium
content‘of rat diaphragnm which are 42,2 and 93.6 ;mole/g
respectively (see Table 3),

Open circles in Figs, 7 and 8 show sodium movements in

this muscle from which it can be seen that the initial fast
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fraction is large and prolonged, snd that the exchange of
fibrc sodium 1s slower then in the case of rat diaphragm,

the half-time being 10.7 min here as compared to 5.8 min in
the diaphragn, These curves of normal washout of sodium show
that 1t 1s difficult to decide how té retropolate the alow
fraction, and hence there is uncertainty about the sizes of
both 1ntracellular and extracellular compartments, Keynes
(1954) hes found similar results in the case of the frog toe
muscle and he gave several possible reasons for this but
referred to the difficulty of deciding betieen these
possibilities. It seems that the fibrous tissue makes the
separation between extracellular and intracellular portions of
the curve less clear, In order to get the most reliable
estinmate for sodium exchange of the slow fraction the half-time
was caleulated botween U and 22 min, and in this interval

there was no change in the slope.

Lffect of Strophanthin on sodium exechance 1n mouse mugecle

Strophanthin in high doses has been shown to give effcets
on this muscle simllar to those described in the rat diaphrasm.
Thus from Table 7 1t can be seen that sodium content inereased
from 108 to 14l.3 pmole/g, and potassium content decreased
from 52 to 15 umole/ge The sodium exchange was also affected,
rom Fig. 8 it can be seen that sodium movement is markedly

slowed under the effect of strophanthin 10~l g/ml (closed
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circles). The half=-time was increased from 10,7 mins to
34,8 min, Comparihg these values with those of rat diaphragm
(see Chapter III), nanely 5.8 min (controls) and 12,6 min
(strophanthin), it can be said that strophenthin approximately
doublcd the half-time in the rat diaphragm, and increased it
three times 1n the toe muscle of the mouse.

As mentioned above, the rapidly exchanging fraction in
the mouse toe muscle 1s large and prolonged as'conpared to
the rat diaphragm. This is attributed to the fibrous tissue,
and this conccpt is in agreement with XKeynes (1954) who
included the effect of flbrous tissue when discussing the
interpretation of outfiowvgurves In toe muscles of the frog.

*rom rig. 8,:1t can be observed that strophanthin
diminished the rapidly exchanging fraction of.sodium in the
whole muscle, This may be due to the fact that strophanthin
also acts to slow the exchange of sodium in the {ibrous tissue

(Bee 3‘18. 9).

IThe effect of insul 8 m ement

Fig. 7 shows that insulin (0,1 u/ml) incremsed the rate
of sodiun exchénge in the toe muscle of the mouse, Table 6
gives the half-times in muscle pairs for both insulinetreated
and control nusclef, From this table it can be seen that
insulin décreased the half-time from 10,7 min to 8,2 min,

These results are in agrecment with those of Creese (1964)
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who found that insulin decreased the half-time for sodium

in rat diaphragm from 5,7 min to 4.2 min., ie also observed
an increase in potassium content in insuline-treated diaphragm,
It is interesting that Crecse gt _al. (1961) found that insulin
maintained sodium content at a low level in rat diaphragms.
Prom these results on rat diaphragm and the mouse toe muscle,
and from the results of Zierler (1957, 1959) on the effect of
insulin on the reeting potential and potassium content in rat
muscle, it can be sald that there is an inter-relation between
the outward movement of sodium, the resting potential, and
potassium content in mammallan muscles. Kernen (1962b) found
that insulin increased the extrusion of sodiun during the
recbvery of sodium-rich frog muascle, and this shows a direct

effect of insulin on the sodium pump mechanism,
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SUMMARY OF CHAPTER IV

Analysis of the flexor digitorum dbrevis IV of the mouse
in yivg showed a sodium content (71,5 i mole/g) which was
high, and a potassium content (65,9 1 mole/g) which was
low as compared to rat diaphragm.

Sodium uptake measured by 2hya was found to be complete
after 1 hour, and the specific activity of thc tlssue
becane equal to that of the external solution.,

In the presence of insulin radioactive sodium exchanged
more rapidly, the half-time being reduced from 10,7 nin
to 8.2 min (mean values from 8 pairs of muscles, tested
by differences).

In the presence of strophanthin (lo'u'g/ml) the sodium
content was increased from 108 to 141 p mole/g, and the
potassium decreased from 52 to 15 u mole/g. The rate
of exchange of sodium was slowed, the half-time belng
increased from 10,7 min to 35 min (mean of 8).
Strophahthin (10"’4 g/ml) also markedly slowed the exchange
of sodium in the tendon of flexor digitorum longus 1V,



CHARTER ¥

QUTWARD MOVEMENT OF SODIUM IN
CLE ¢ ;

In denervated mammglian muscle a fall in membrane potential
has been observed (Lullmarn, 1958; Thesleff, 1963), and
according to Klaus, Lillman and Muscholl (1960) there was no
change 1n'potaéaiun content after denervation, The latter
suthors showed that the rate of potassium exchange in
denervated muscle is decreased, It seesmed that the fall in
the ieating'potential in mammalian muscle might be due partly
to an increase in aodiuﬁ permeability (see equation 2 in
Chapter I), and experiments were deaigned to compare the outward
iovement of sodium in normal and in denervated rat diaphragnm

muaoie *

METHODS

For the study of sodium movement in normal and
denervated rat.diaphrasn, the degign of the experiment had to be
modified to obtain statistically reliable results, In what
follows, a brief account of the methods used for this study
is given, the other general procedures being fully described in
Chapter II. '

To study the effects of denervation, the experiment was



designed as a symmetrical 4~point assay, Four raté, each
veighing about 50 g were selected from the same batch, and in
two of them, the left phrenic nerve was avulsed as described in
Chapter II. After 8 days, the rate weighed 70-90 g. The
left hemi-diaphragm was dissected out, equilibrated in 2lya
saline for 1 hour and then passed through tubes containing
inactive saline for 6 or 16 min, The radioactivity remaining
in the muscle was then measured snd expressed as counts/min/g.
As the specific activity at the start of the washout was equal
to that of the soaking saline (Creese, 1964), this radioactivity
could then bé converted into pmole/g wet muscle as in the
previous results, snd this gave a measure of the fibre sodium
which remained after 6 or 16 min in the case of normal and
denervated muscle. This»process was repeated, and the mean
values then plotted on semilogarithmic paper. The statistical

procedures used to analyse the results are described later,

RESULTS

Effect of denervat n wa odium and

potasgium content

Table 8 shows the effect of denervation of rat diaphragm
(8 days) on water, sodium, snd potassium content both in vivg
and in vitro, The water‘cantent was 6ignificantly increased
in vivo end in vitro., The sodium content was 1little affected



Table 8. vater, sodium and potassium content of noraal and denervated

diavhragm muscle (8 days) from pats of 70=90:,
‘ atep Sodiunm ;otassium.
Experinent content S.D, 1o, content S,D. 170, content Uelde Ho.
ng/e. pnole/g pmole/g
In vive Formal 777 36,0 12 35.7  £2.6 12 96 ot 3.6 12
. Denervated - %795 £2.8 12 35 £1.2 12 97.0 2.0 12
In vitro lormal 777 15,6 10 L7.8  Hd 15 85.7 6,5 20
Denervated s795 5.7 10 b5¢3 5.9 12 8.4 6.5 20

# Values marked with an asterisk are significantly different from
controls (P<0,01)

-.179-
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ip vivo but marked gain of sodium was observed in vitro. The
potassium content was not affected by denervation, but all
ruscles showed some fall in yitro.

Fige 10 shows the result of denervation on the outward
movement of 2“Na where the radioactivity remaining in the nﬁacle
is plotted against tinme. .Each point gives the mean of 8
nmuscles, so that this figure shows the result of 32 diaphragm,
The open circles reﬁresent denervated muscles while the closed
‘¢ircles represent controls, In Pige 10 the slope shown by the
open circles (denervated muscles) is steeper than that formed
by the controls, and the two lines cross each other, In
Table 9 are shown the rate consfanta for sodium exchange in
normal and denervated muscles ihich are 0,128 min~t (half-time
' 5.4 min) and 0,171 min~t (half-time 4.1 min) respectively,

In the same table the fibre sodium obtained by retropolating
both regression lines back to zero is also given, In
denervated muscles, fidbre sodium appears to be greater than in

controls, the values deing 12,9 and 8,7 pmole g'l

respectively.,
These values represent the apparent fibre sodium at the start
of the washout. and need to be corrected_for the effect of
diffusion, This correction has been done by methods eimilar
to those described in detail in Chapter III, and will be

referred to later,
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Fig, 10, Lffect of denervation on outward movement of 24Na
from rat dilaphragm. The cirecles show the 24Na remaining in
the muscles (as described in Chapter III) after washout for

6 or 16 min plotted on a semilogarithmic scale, The early
part of the curve is not recorded. Each point is the mean of
8 muscles and the limits are the S.E. Closed ecirecles show
control diaphragms, and open cirecles show diaphragm which ol
were denervated 8 days previously, The outward movement of ~ 'Na
is more rapid in denervated muscles (open circles), the hslf-
time being 4.1 min, as compared to 5.4 min for control

diaphragms (closed circles).



Table 9, Effect of denervation on the outward movement of sgodium in

diaphragm of rat gzo-gggz
Experiment Rate coggtant . 8.D. No, Apparent fibre Na Corrected fibre Na
min ' umole/g pmole/ml
Normal 0.128 £0.0156 16 8,75 622
Denervated *0.171 10,0129 16 12,9 | Te71

The rate constants were obtained from the regression lines, For normsl muscle, the
sunmed values for 8 muscles were L4.877 and O.446 logjg units for 6 min and 16 min
respectively (see Table 10). This gives a slope of ~0,05539 logyo units/min, The rate
constant k is 2.3 times the slope or 0,128 min™i, The half-time is 0,693/k or 5.4 min,
Values for denervated muscle were obtained similarly, The ealculationsof the S.D's are
described in the text and shown in Tables 11 and 12, ‘

The apparent fibre sodium was obtained by retropolating the regression lines to zero
time, and the corrected fibre sodium is given in pmole/ml muscle, The method of
calculating the corrected fibre sodium is described in detail in Chapter III,

Values marked with an asterisk differ significantly from controls (P< 0,01),



tatisgtic 18 of the effac £ denervation
e W ovemen d

It has been meniiuned previously that the experiment was
designed as a symmetricsl L~point assay. The 32 resulte were
converted into logarithms and analysed by contrast orthogonal
method (Finney, 1952), ’

The simplest symmetrical design for parallel line aseays
is the 4-point assay in which oniy two treatments of each kind
of muscle, namely the standard (normal) and the unknown
(denervated), are included. The four treatment combinations
may be desisnatea as_Nl. N2, D1 and D2 respectively for the
effects obtained from 6 min and 16 min washout of the standard
(normal muscles) N, and N,, and for the unknown (denervated)

D, and D, respectively, Finney (1952) uses symbols Sy Sps

Ul and U2 respectively. The values sre treated as in TableAlo,
and the contrests are denoted by the letter L with some
distinguishing affix, As shown in Teble 10 the contrasts are
obtained for‘each group of 4 rats (2 normals and 2 denervated).

These contrasts, L, L, and L{ give the contrasts for the

amounts, combined zlope and divergence respectively. The
contrasts are then summed, and it can be seen that the total
divergence of the regressions 1s -1.,517 1og10 units,

'?or the eetimation of the étandard error (S.E.) the |
contraste are squared, summed and the error variance calculated,

from which the standard error is estimated, The caloculations



Table 10,

it n Nno jal- >

Values for fibre sodium

Contrasts Contrasts squared
(1:mole/g, in 10844 units) L L, I'i
P
Hormal Denervated | ~17Np “NyN, IR I L ¢ L $ 24
6 p +D1+D2v --Dr»ll)2 -1):'_«1-1)2 | P
6 ;m 1 Nmin gin 16Dnin N end D Combined Divergence
2 2. 1 2 gpounts _ slope
1 0,750 0,1l 0.812 0,012 | =0,064  «1.460 «0,188  [0.,00410 2.13160 0.03534
3 0,643 0,328 0,629 0,127 |=0.215 «0,817 ~0,187 0.04622 0,66749 0,03497
Iy 0.622 0,021 0,640 0.072 | 0,069  «1,169 0.033 |0.00476 1,36656 0,00109
5 0456 =0,149 0,603 =0,173 | 0,123  =1.381 -0.171 |0.01513 1.90716 0,0292j
6 0,648 «0.123 0,634 «=0.312 |[=0.203 «l,717 =0,175 0.,04121 2.92809 0,03063
8 0.478 =0.021 0,613 =0,156 | 0.000  =1,268 0,270 10,0000  1.60782 0.07290
s(N, D ‘
L OF T°) 4u877 Ouli6 5,292 =0.656 |~0.687 =10.379 <1.517 [0,19049 13.99452 0,37181
s2(L) | 047197 107.72364  2,30129
s2(L)/8 0.05900 13.46545  0.28766
s(1.2)-s%(1)/8 0.1349 0,52907 0,08415

Sum of squares due to sguared contrasts =m 0,13149 + 0,52907 + 0,08415 = 0.74471

Degrecs of freedom = 21,

42 = 0.74471/21 = 0.035462 and 8° = 0.008866

The error variance is s where

SeZ. (standard error) of Ly and Li = oY = 0,09416 x (32)

Divergence = «1.517 1log,, units & 0.533

21 .. P< 0,01,

t n.;.517/°-533 = 2,85,

09416
= 0.m6 X 50657 m 0,533

degrees of freedom =

,, 6 -
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are given in Table 10, It can be seen that the divergence Li
totals ~1.517 log,, units ond the standard error is 0.,533.
Hence by applying a t-test, a divergence of this magnitude 1is

unlikely to be fortuitous (P< 0.01).

Calculation of the standord deviation (5.D,)

of the rate constants,

Since there were only two points in each regression the
mean slope 1s easily calculated and the rate constants are
" shown in Table 9, The variation from regression is

(Bernstein & \leatherall, 1952):

y.x = Il-2

where y is the variable (in logy, units), ¥ is thc value of
the regression and n is the number of observations, Since
there were only two points in the x axis (6 min and 16 min),
Y is cqual to ¥ the mean value at any time, and the variance
from regression is calculated as in Tables 11 and 12,

The varliasnce of the mean slope 1is:
variance from regrcssion/s(x-z'c)2

and this has been calculated in Tables 11l and 12, The squsare



y 35 (7-9)2 e y -F (5-5)°

1 0.750 =0,140 0,019600 | 0.1l 0,058 0.,003364
2 0.593 0,017 . 0,000239 | 04223 0,167 0,027889
3 0.643 0,033 0,001089 0.328 0 4272 0.073984
L 0,622 0,012 0.000144 0.021 0,035 0.001225
5 0456 =0,154 0.023716 : - =0.249 0 205 0.042025°
6 0.643 0,038 0001444 | =0,123 0,173 0,032041
7 0.687 0,077 0.005929 : 0,053 0 ,003 0.000009
8 Q478 -0.132 0,01742% | =002 0.077 2.005929
S(y) = 4877 (y-5)% = 0069635 8(y) = 06 u(y-F)? = 0,186466
§-§ll = 0,610 | | -"“’-gﬂ = 0,056
= ? 2 = y
variance from regzression Bay.x e iyn—_y- for 6 min + —S-LI-L for 16 nin.

= 0.069635/1u + 0.186u66/1u = 0.004974 + 0.013319 = 0,018293

Variance of mean slope = ° | = 0.00001&573
oan erep —@g:g)a 5 |
SaDa =Y 0,00004573 = 0,006762 log,, units = 0.006762 x 2,3036 = 0.0156 log, units

. Rate constant for normal dlephragns = 0,128 min"'l 0.0156

%.B. y = Fibre Na remaining in muscle after washout for 6 or 16 min (pequiv/g) ezpreased as
og

10 units (K1 and N2 values in ‘I’ablc 10). = uean of 7 valuea. - nm= no. of observationa =lf,
n=2 = no, of degrees of freedon = 1 Q:f.‘ '“? §§ 16 min ! = mean of
time of gashout = [(6 x 8) + (16 x 8)]/16 = 11. S(x-x = 8(6=11) + 8(16-11
16 X (5) = I;OOQ

- 16 =



Table 12, Calculation of standard devistion of the rate constant of
outward movement of sodium in denervated rat diavhragms

6 _min, washout » 16_min washout
y y=y | (v-7)2 y y=y (y-7)2

1) 0.812 0.150 0.022500 -0,012 0,070 0.004900
3 0.629 <0.033 0.,001089 0,127 0,209 0,043681
5 0.603 =0,059 0,003481 =0,173 =0,091 0.008281
7 0,684 0,022 0.00048L -0e1 =0,072 0.00518L
8 0,613 -0.049 0,0021;01 , 20,156 =-0.074 0,0051:76

8(y) = 5.292 3(3-F)% = 0,031448 © 8(y) = -0.656 © 8(y-§)? = o.1u5204

) . 0,662 ) - _o.082

= ? o = §

Varlance from regression szy.x = %ﬂ for 6 min + ﬂ%:%)— for 16 min

0.031141+8/1h + 0,145294/1l = 0,002246 + 0,010378 = 0.0126211»

0,01262
Variance of mean' slope = ¢ = _T—J = 0,00003156
E 6= )5 00
5.5. =Y 0.00003156 = 0,005618 log,, units = 0,005618 x 2.3036 = 0,0129 log, units

. Rate constant for demervated dlsphragms = 0,171 min” -1 0,0129
N.,B, The meaning of the symbols are the same as those in Table 11,




root gives the standard deviation, and when this is multiplied
by 2.3 the 3.D, of the rate constant is obtained and has been
listed in Table 9, '

Corrected values of fibre sodium:

It was shown in ChApter III (Diffusion correction for fibre'
sodium) that the apparent fibre sodium obtained by retropolation
back to zero needs to be corrected for the effect of diffusion
whereby the true fibre sodium was accordingly calculated using
Huxley's nomenclature {(1960), In this Chapter, also the fibre
sodium obtained by such retropolation (Fig. 10) had to be
corrected for the effect of diffusion, and the same nomenclature
(Huxley, 1960) was used, and}the game equations applied. The
animals welghed 70-G0 g at the time of the study, and the half-
time of the fast fraction was similar to the values of Creese
(195&): nﬁmely 1 min, and so the initial rate constant was

considered as 0.693 min~t (0.693/1). The specific gravity of

" the muscles was taken as 1,07 and 1,055 for normsl and for

denervated diaphragm respectively (klaus ot al.,, 1960). The
corrected values of fibre sodium in normal and denervated

muscles are included in Table 9,

DISCUSSION

In the present study the rate of outward movement of

sodium has been shown to be increased in denervated rat



diaphragm and this was assoclated with some alterations in
water and ion content, The water content was increased in
denervated muscle in vivg and in vitro. Humoller gf al. (1950)
and Suftin gt al. (1954) have shown an increase in water
content in denervated musecle in vivoe., The denervated diaphragn
muscle shovs a snall increase in sodium content in vitro and |
this 1s in agreément with the results of Liillmann (1958),

Tabie 9 shows values of fibre sodium estimated by compartmental
enalysis, and it appears that there 1s an incrcase in fibre
sodium in the cage of denervated muscles, These estimates

of fibre sodium are probably more relighle than other methods
based on the difference between total sodium and the extra=
cellular sodium as odbtained by inulin and other markers,

In denervated rat diaphragm the rate of potassium exchange
was slowed and theré waé no change in potassiunm conteht (Xlaus
&t al., 1960), | At the same time there was a fall in membrane
potential of denervated muscles. From the calculated flux
values, thc intracellular potassium cdncentration, and the
membrane potential, the potassium permeability in denervated
nuscles was found to be decreased, the value of Py (the
permeability constant of potassium) being + - % that of control
migcles, Denervated muscles show fibrillation which might
affect the sodium exchange, but it was shown that f£ibrillation
stops after twenty minutes in vitro (Thesleff, 1963). 1In the

present study on denervated diaphragm, the outward movement of
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sodium was measured after sosking the muscle at least for 1 hr,

The oxygen consumption ls increased in denervated muscle
An yivo, ond probably in vitro (Bass, 1962), and it was shown
by Stewart (1955) that the protein content of denervated
diép_hragm is increased, The uptake of the depolarizing drug'
decamethonium was shown to be incressed in denervated guineae
pig diavhragnm (Taylor, Creese, MNiedergaard end Case, 1965),
The present experiments showed an incressedrate of outwerd
movement of sodium in dencrvated rat diaphragm, together with
aome inecrease in the fidre sodium (Table 9), The efflux is
('see Keynes and Lewis, 1951):=

Efflux = Xk SNl - - - - . (7)

where X is the rate constant for outward moveament, % ig the
ratio of volume to area of the ﬂ’bre. and [Nn}l is the internal
concentration of sodium, 8ince k, Eu]1 and also % (Xlaus @t 8le,
1960) are increased in denervated muscle, the sodium efflux

is also increseed, If a steady state occurs in vitrq, this

may be taken to lndlecate an 1ncre‘ase also in the influx of sodiun
and hence it 1p likely that the sodium permeability is also
incressed. The detailed ealculation of permeability also
includes a term for the resting potential, which was not

measured in the present study, It therefore appears that, in
denervated muscle, sodium permeabdility is inoreased while

potassium permeability is decreased,
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Now, the resting potential can be obtained from equation (2)
in Chavter I as follows (sece zlso Hodgkin, 1953):-

- Gofe WlitbMl
E oﬂogm W v, (equation 2)

whére 2 is the resting potentlal in mv, {I{]1 and [K] o are the
internal e_md extcrnal concentrations of potassium and [Na]i
end [a o are the ‘corresponding concentrations of sodium, and b
is a factor giving the relative permeability of sodlum tor
potassium (P, /P ). The factor b is likely to be much
increased after denervation and comsequently there will be o
fall in the value of &, Thus it can be concluded from thé
present experiments that the observed incresse in the ratec of
exchange of sodium in denervated rat diaphragm accounts at
least in part for the fall in the resting membrane potential
which has been reported by Lillmann (1958) and Thesleff (1963).
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SUMMARY OF CHAPTER V

1) The outward movement of sodium in denervated rat diaphragm
muscle (8 days) wes shown to be faster than in controls,
the half-times bdeing 4.1 min and 5,4 min in denervated
end control muscles respectively. A L~point assay was
used, and statistical analysis showed that these results
were significant (P< 0,01).

2) After denervation of rat diaphragm (8 days) there was an
increase in water content in yiyo end ip vitro. The

fidre sodium was also increased in denervated muscles

in vitro as compared with control muscles.
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Outward movements of sodinm in rat and mouse muscle

By R. CressE and A. L. EL-SHAFIE. Department of Physiology, St Mary’s
Hospital Medical School, London, W. 2

Sodium exchange has been followed in toe muscles of the mouse and in
rat diaphragm. Flexor digitorum brevis IV was dissected from mice,
under anaesthesia with pentobarbitone, with the aid of a low-power micro-
scope, and fusiform preparations which weighed 3-7 mg were obtained.
They contained a variable amount of fibrous tissue, and this is consistent
with the high sodium and low potassium content which was found (sodium
72 pmoles/g + 7-8, potassium 66 gmoles/g + 10-0, mean and s.D. of six
estimations in each case). The muscles were transferred to saline con-
taining 2*Na, as used by Creese & Northover (1961), and when uptake was
complete the tissues were passed through a series of tubes containing
inactive saline (Keynes & Swan, 1959). A large fraction of the sodium
was found to exchange rapidly and this was followed by a slower fraction
with rate constant of 0-072 min—! (mean of 8, range 0-047-0-103), so that
the mean half-time of this fraction was 9:-6 min. After treatment with
strophanthin-g 104 g/ml. for 2 hr the rate constant was reduced by 80 %,.

Diaphragm muscles were also used in conditions which were found to
give a low sodium content (Creese & Northover, 1961). The diaphragms
were dissected from rats of 50-60 g, mounted on holders and then loaded
with 2*Na and passed through tubes of saline as above. These muscles
had a thickness of approximately 0-35 mm. After 5 min the washout of
#Na became exponential and at various times the muscles were removed
for counting, the rib and tendon being discarded. The points were plotted
and the mean half-time for exchange of fibre sodium was 5-7 min (mean
value from twenty muscles).

These two preparations could be set up within a short time of the
cessation of circulation, and they provide results which are sufficiently
consistent for further studies. The rate of turnover of sodium is more
rapid than that found by McLennan (1957, 1958) in leg muscles of the rat.

This work has been supported by a grant from the Medical Research Council.
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