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'ABSTRACT -

Changes in  intrafibre ionic activities and total intrafi-
- bre ionic contents were determlned by lon-selective mlcroe—

lectrodes and hy atomic absorptlon spectrophotometry respec-

tively in the frog (Rana pipien) . sartorius muscles whlch
were expOsed to selutions esigned to " perturb the normalQ!
distribution of monovalent ions, Free 1ntraf1bre K, fellu
36mM after 40 minutes wh1le total 1ntraf1bre K remalned con-
stant in muscles .exposed to K- free Ringer. - These museles
showed a 16mM increase in the free 1ntraflbre Na _but only a
5.5 m.moles/kg fibre water increase in the total intrafibreé
Na. Muscles treated with normal'Ringer containing 10-4* M
ouabain for 40 minutes showed al27mM loss in the free intra-
fibre K and a 12 m.moles/kg fibre waterloss in the total
intrafibre K. These ouabain treated muscles also displayed
a 5mM increase in the free intrafibre Na and a 7m.molés/kg
fibre water increase in the total intrafibre Na. Since the
fall in free X did not equal the fall in total K, intrafibre
K must be dlstrlbuted heterogeneously.

The data were analyzed by means of a two compartment .mod-

el for the distribution of monovalent catlons. One of these

compartments is deflned as the myop&ésmlc space containing
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. . ' .
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the free cations: the otherp conpaftment-becomes the remain-
ing intrafibre épace-which ‘contains’ the remaining cations

" which are either bound or at least indccessible to the ion-
,;,'f

selectlve m1croeleatrodes. According to this analysis oua-

e ¥

bain treatment produced losses of both free,ﬁnd‘bound K and‘

[ 1ncreases of both free and - bound Na° whereas exposure to

K= “free Ringer initiated an internal sequestraéﬁon of free K

and free Na by the "bound"™ compartment 1n.exchange for ana

unknown ~on. _- _ | ‘ ‘ ‘ '

-~

Intiaflbre ‘pPH, inﬁrafibre Cl activiéy and total intrafi-

bre C1, otal.lntraflbre Ca and Mg were also measured under
K-free condltlons in order to éhrn 1n51ght 1nto the funda-
Amental change which must have occurred to induce the inter-
.nal K and Na shf?gﬂi;om the free to the bound compartment.’
Although these experlments,revealed.llttle thej at least
permitted one-to suggest that K might be displacing Mg at a.
binding site. }
S N .

The calculated fractional volume of the two compartments

are 0.23 and 0.77 of the intrafibre water for the free and

bound compartments respecfively. On the basis of these vol-

' h
umes the second compartment was assigned to myofibrils and

"the free compartment to*iés surrounding myoplasmr

The results and analyses _ show thnt wvhile cuabain and
K—freglRinger both inhibit the normalloperatiqn_of the Na‘
‘pump -as shown by the increase in ;he Na levels their effects

on the overall electrolyte distribution were not identical.



The combined effects of ouabain ..and K-free Ringer vere
compared with that of K-free Ringer. Both experiméntal pro-
tocols gave eqgual falls of free K and 51mllar 1ncreases of
total intrafibre Na, "however, the total K fell only when
ouabain was present, -indicating that ouabain‘and K-free
Ringer operated by indepengent mechanismg. More' important-
‘ly, the results of this thesis show that the myofibrils can
dct as a sink for monovalent cations such Ehat during expo-
sere to K-free Ringer the muscle fibres gonserved its total

1ntraf1bre K at the expense of its free intrafibre K. But,

during exposure to normal ‘Ringer containing ouabain there.

was a 1:1 exchange of bopnd K for free Na.

Muscles that were previeusly expo&ed to K-free Ringer
for 40 minutes when returned to normal Ringer for 40 minutes
revealed that the expected extrusion of the accumulated Na
did not occur., It was observed that the muscle ‘fibres
gained an additional Sm.moles/kg fibre water of td%al intra-

fibre Na while free Na remained constant. Total intrafibre

K fell 5m.moles/kg fibre water while free K increased 21mM._

Within the context of the two éompartment model, returning a
muscle .to normal Ringer caused a release of the previously
sequestered K into the myoplasm some of whiqp then exits the
muscle fibre by'a 1:1 exchangelfor external Na. This influx
of Na then enters the myoflbrlls. This unexpected redistri-
bution of ions is dlscussed vith respect. to an altered
xntraflbre ionic dlstrlbutlon mediated by the 1n1t1a1 expo~

sure to K- free Rlnger.

- Vi_
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In a group of gxﬁfriments de51gned to exam1ne the mecha-

nism of 1ntraf1bre sequestration of K duririg exposure to
'K-freg Ringer it was observed that. the sequestration .was
abolished by removal of external Na. That is, both free angd
tokal K remained constant in muscles exposed to K-and Na-
free Ringer while both free and total Na fell. -The intrafi-
bre seduestration of K was also abolished by detubulating
the muscleé'by the glycerol shock techniqué. These muscles
did not exhibit~significant changes in either K or Na levels
when'exposed to K-free R{nger, It was tentatively‘concluded
that the internal sequeétration of K may be initiated by-an
- influx of Na across the tuSular membrane,

In the last series of experimeﬁts, muscles exposed to
Na-free Ringer .showed ’decreases in both free and total
intrafibre Na while both free aéd total K increased although
not significantly. The fall in the Na levels was inhibited v
but not abolished by 10-¢ M ouabain. Ouabain also initiated
deéreéses in both free and tétal intrafibre K. Th' group
of éxperimentg shows that during exposure to Na-free Ringer
part of the Na efflux exits the muscle fibre via the ouabain
sensitive Na/K ATPase pbssibly linked to an influx of K.
More importénﬁly, the‘experiments of this thesis show that
the frog skeletal ,Muscle possesses a means of conserv1ng 1tsﬂ
K when exposed to K-free Ringer 'but does not possess a cor-

responding means of conserving its Na in Na-free Ringer.

L%
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Chapter I
! CONTROVERSIES IN THE STATE OF INTRACELLULAR

WATER

v

1.1 PHYS?EO-CHEMICAL'PROPERTIES OF WATER

It will becoﬁe,apparent that in order to understand the
findings of this thesis, that a brief review of the state of
intracellular water and intracellular ions will be neces-
sary. The state of intracellular water can \Be reiated to
the unique physico-chemical ‘properties of the water mol-
ecule, The water molecule consists of an oxygen atom and
tw; hydrogen atoms. " The two oxy-hydrogen bonds are 0.99 A
long and- are seperated by a 104.5°Aangle. This arrangement
gives the water molecule ité_dibole moment ! and its_abi}i-
ty to form hydrogen bonds *. This hydrogen bonding effect

is hypothesized to be a cooperative phenomenon, that is; the

! The dipole moment is a measure of the moment on a mol-
ecule for a given electric field. The dipole moment of
water allows it to be oriented by an electric field such
as one from a dissolved ion or a charged surface,.

The hydrogen bonding results frof the marked differences
in the electronegativity between oxygen and hydrogen atoms
which causes an  unequal charge distribution within the
water molecule. Because of the oxygen atom's electronega-
tivity or affinity for electrons, the electrons .of the
hydrogen atom tend to spend more . time within the 2p orbi-
tals of the oxygen atom. Thus completing the electron

.. shell of the oxygen atom while the hydrogen atom is
stripped to its bare proton. This sets up the assymetri-
cal distribution of charge and allows the water moledules
to form the so-called hydrogen bonds.

;/_1_.
o
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formation of one hydrogen bond promotes the formation of
other hyd}ogen bonds, It is precisely the ability of water
molecules to form hydrogen bonds and its dipole moment that
gives rise to ﬁater's unique propertiéé and structure. An
in dépth review of the properties and étructure of water is
beyond the scope of this thesis, The.intereSted reader is
referred to two excellent monographs (Eisenberg and Kauzman,"
1969; and Tanford, 1980). However, a review sufficient for
the reader to understand. the anomalies of intracellular
water is presented here. | ‘

Many models for the struéture of water have been postu-
lated, but none can account for all the properties of water,
The most generally accepted modél of water is that'of Frank
and Wen (1957).  This model is based on the hypothesis that
the.formation of hydrogen bonds is a cooperative phenomenon.
That is, as one hydrogen bond 1is formed others are encour-
aged thus forming clusters of water molecules, Conversély,
as hydrogen bonds are broken by thermal motion nefghbbuk{ng“.

_hydrogen bonds are destabilized. Thus one can envision a
model of "flickering" clusters of water molecules.  The
cluster formation has been proposed‘ to be ice-like (Nemeth§_
and Scheraga, 1962),. These authors have made quanﬁitatiﬁe'
calculations based on this model and have found that at %0
°C 70% of the water molecules lie in ice-like clusters with .
an average 57 molecules each. The structure as ﬁéntioned.

above is ephemeral with a half-life of 10-'® to 10-21 sec-

AN
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onds (Collie et al., 1948). Because of the transient nature

of the water strhcturg the viscosity of water is similar to
M ' 1‘ " " Ve

that of-nqn:asquiated liquids, however, physical properties

§uéh as boiling ‘peint and freezing point are much greater

. than those of non-associated liquids. It 1is intuitively

~obvious that, factors which affect the structure of water

will aiter the physical properties of water.

The precise arrangement of liquid water is unknown, but
thé tetrahedral %ymmetry of the éxygen bonds * and the tet-
rahedral étructdre of ice suggegté “a local tetrahedral
éqrangemgnf: This. is supported‘by X-ray diffraction aata
(Tanford, 1980) " which shows that liguid water has only 4.4
néarqst neighbours. This is also supported By thermodynamic
data (Tanford,_l980) where the heat of sublimation of ice is
i1;2 kcal imole at 0 °C, _of‘ this 9.8kcal/mole is the energy
required to eak the hydrdgeﬁ bonds. However, the heat of
fusion of ice is only l.4kcal/mole. This is indicative that
the hydrogen bonds in the solid state are maintained in the

liquid state.

Pure water is isotropically distributed and the solution

L

of any solute disrupts this distribution. For polar

solutes, strong bonds between water and solute can form

which may more than compensate for the disruption or distor-

* A water molecule is capable of forming four hydrogen
bonds. The two hydrogen atoms can each take part in form-
ing a single hydrogen bond by being a hydrogen donor and
the oxygen atom can act as an acceptor of two hydrogens.

The tetrahedral structure is centered around the oxygen
atom.

3
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tion of the hydrogen bonds betwéen water molecules. For
. this reason polar substances tend to be soluble in water.
No such compensation occurs for nonpolar solutes hence their
solution is thermodynamicaliy untavored accbrdingly. When a
nonpolar substance is added to water, hydrogen bonds must
first be- broken to accomodate the nonpolar molecule  then
reformed around the nonpolar molecule. ﬁith a different.ori-
entation. .The net resu1£ is an increase in the ordering of
water molecules in the vicinity of the nonpolar molecule.
This explains the decrease in-entropy observed when nonpolar
solutes are dissolved in water (Frank and BEvans, 1945),

Following this brief,eccount,' it can be readily appre-
~cilated that a complex macfomolecule with both hydrophillic
and hydrophobic regions must produce considerable breakage
and reformation of the water Structure before it can be
accomodated in an aqueous env1ronment The end result is a
new local order of water_ molecules close to the macromolec-
ule with altered phy51cal properties,

The muscle flbre contalns many ‘macromolecules, the most
abundant group be1ng those which ' form the contractile fila-
ments,. which may well alter the physical propertles of a

significant fractlon of intrafibre water.

1,2 STATE OF INTRACELLULAR WATER

For most of this century, most bidlogists have been con-

tent to regard the cytéplasm as a simple homogeneous solu-
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tion ih which all cytoplasmic water acts ;s solvent for all
cytoplasmic solutes, -This.s}hplé model has admittedly
explained many membrane phenomena very well,. It has, for
example, produced excellent theories for the resting mem-
"~ brane potential, the adtion potential, and active and pas-
sive transport. However, the fact that these‘theories ére
successful should ﬂot be used as evidence to support the
initial assumption that the cytoplasm is indeed a simple.
homogeneous system because too much morphological and
physico-chemical evidence has accumulated to indicate that
such is not ths case.

Evidence in support .of the idea that‘cellular water may
be* non-ideal may ‘be found as early'as'the turn of the centu-
ry. Overton (1902), for example, immersed a muscle in‘a
half normal osmotic strength solution and observed that the
muscle did not swell to twice its initial size. He conclud-
éd that a substantial fraction of the fibre water was osmot-
icaily inactive. Later, Rubner (1922) measured a fraction
of water which did not freeze at -20 °C and concluded that .
23% of the fibré water was "bound"™ *. However, contrary §é_.u
these observations, Hill (1939) found from his water vapour ‘
measurements that only 4% of the intrafibre water was bound
in the frog musclé. But, as pointed out by McLaughlin ang

Hinke *(1966), Hill had scaked a muscle in an equal volume of

solution at two times the normal osmotic strength and deter-

4 The term "bound" from hereon refers to water which devi-
ates from ideal behaviour. It does not imply any thermo-
dynamic state.

.
- ~
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mined the vapor pressure‘ofébathiﬁg solution. His determi-
nation of the vapour pfess&re was accurate but he did not
-considgr the weight io;s of 10-20% by the muscle. McLaugh-
lin and Hinke (1966) by assuming a weight loss of 15% in
Hill's muscles calculate that at least 27% of the total mus-
cle water was bound. Unfortuately, because of Hill's con-
clusion the debate concerning the state of intracellular
water was left dormant for years.

The abundance of complex cytoplasmic structure should
make it obvious that there are many intracellplar components
which can affect the physical properties of intracgllular
Qater. For example, the surface of a membrane composed of
lipids and proteins presents a charged surface with a charge
density_'of approximately 1 electron. charge per 300 a*
(McLaughlin, 1977). Clearly,‘sth a surface will alter the
oriention and the physical properties of water molecules in
its vicinity. It 1is important to study the properties of
intracellular water because : (1) in order to properly
define transport rates one must know the appropriate frac-
tion of water involved:; (ii) the stability of the myofila-
ments may_depehd on the properties of water (Morod and Gin-
gold, 1979); and (iii) the activity of enzymes are related
to their hydratlon (Yang and Rupley, 1979; and Bone and
Pethig, (1982). The following w111 be a summary of data

which demonstrates that part of the intracellular water must

be bound.
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The exact degree to which intracellular water is bound
is currently unresolved and dependent ‘on the experimental
methbd employed. For example, the degree of hydration 2of
a variety of crystallized proteins as measured by diffusion
and viscosity has been summarized by Tanford (1961, p.359)
and Tanford(1961, p.395) respectively. The values given in
these tables contain the caveat that Ehey are the maximum'?
values calculated by assuming that the proteins are spheri-.
cal, nevertheless, even a cursory examination of the values
produced by these two techdiques-reveals a large discrepancy
in the amount of bound water for-every protein listed. Both
these techniques do shﬁw a significant fraction of . bound
water.- For example, the water of solvation of hemoglobin
measured by diffusion was 0.36g H,0/g protein; whereas that
measured b§ viscosity was 0.69g H20/§ protein. Savitz et
al. (1964) made volume measurzmentshon red blood cells and
found that these célls do not'behave as a perfect osmometer.
This deviation from ideal behaviar could be accounted for if
20% pf the cellular water was assumed té be osmotically
" inactive. These' authors calculate that l2g ﬁ;b/lOOml of
cell particibates as the water of hydration_ for hemoglobin
(based on a hemoglobin content of 359/100ml cell and by
assuming a water of solvation of 0.3gH, 0/ghemoglobin).

Since the water content of their cells wepe'729/100ml cell

' No distinction is made here between bound water and the

water of hydration.  The discussion is merely meant to
illustrate that the measured amount of water affected, by
the protein is dependent on methodology.
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it aﬁpears that the water

p '. ) 8
ydration is if fact also the
fraction of water which 1s.osmot1cally 1nact1ve.

Volumetric measurements. on single fibre; from the frog

semitendinosus have shown -that 35% of the fibre wvolume is

osmotically inactive (Reuben et al., 1963).- Blinks (1965)

also made volumetric measurements on isolated fibres'ofhfrog
tibialis anterior muscles and found that 33% of the cellular
volume was osmotlcally inactive, 1In addltlon Blinks (1965)
caIbulatﬂE)that 20% Of the intrafibre volume is occupied by

solids. Rome (1968) measured the myofilament lattice volume

- of toad muscles by X-ray diffraction and found that approxi-

mately 38% of the volume. of the sarcomere was osmotfcally
inactive, Thus it appears that almost 20% of the intracel-~
lular ‘water of amphibian skeletal muscle .is osmotlcally
1nact1ve and that this osmotically inactive water is located
in the myofibrils. Hinke (1970) measured the osmotic behav-
ior of single barnacle muscle fibres by two techniques and
found that 27% and 28% of the total intraceilﬁlar water was
osmotically inacti;e. He also measured the solvent water
for free Na, K and c1l by five techniques ané reported that
22 to 29% of the total water was not available as solgént.
Caille and Hinke (1974) measured the volume available for
the diffusion of water in the barnacle muscle fibre angd
found that 20% of the flbre water was not avallable for dif-
fus1on. Evidently, . a significant fragtion of.water_ in a

muscle cell deviates from ideal behavior. Furthermore, it
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appears that the solvent water for free ions, the osmotical-

“ly active water and ‘the water available for diffusion may be

identical.
. -

Nuclear ‘magnetic_resonance (NMR) has also been used
-extensively to study the- properties_oﬁ intracellular waier:
There are two principle moflels used tomexpaain'the NMR data.
In one model, intracellular water is essentially identical
to pure watef with only a .small fraction bound by intracel-
lular const{tuents. In this model the observed deviation of
the NMR parameters of intracellular iwater gﬁom that of pure
water is caused by a fasf exchange between the small bound
fraction and the bulk fraction. In the second model, - a
large fraction of the intrafibre water is bound and 5ccord-
ingly the physical 'propefties of a significant fraction of
water is altered. There is a vast anount of data from the

‘
proponents of both models.

Proponents of the first model state emphaticélly that
only a small‘fraékion of thé iptracellulag water ié actually
bound. For example, Cooké and Weini(1973) report data to
support this view,using glycerinafed rabbit psoas muscles
dried to varying degrges of hydration.‘wnTﬁéy.reasoned that
if the eﬁchange of water between intracellular phases is
slow compared with the aeday ‘of magnetization of water pro-
tons then the decay -shéuld follow a sum of exponentials,
However, if the converse were true then the decay should

follow . a single exponential. Furthermore, these authors

v

s



PIFCII

argue that the rate of decay of magnetization should
. ' ’ - '

decrease with the decrease in the degree of hydration - thus
: EY

indicatiﬁg that the bound water is responsible for the fast

decay of ;the water protons .invariably observed by‘ NMR ¢,
These authors found that the decay of the proton magnetiza-
tion followed a single exponential and also that the relax-
ation times decreased as the degree of hydration de;reased.
They conclude from these observations that the behaviof.of
intracellul;?“ﬁater agrees wlth the claséical.theory of cel-
lular water, 'that is, the cell is essentially a salt solu-
tion with a very small fractlon of bound water (4-5%).
These workers also dite the small decrease in the intracel-
lﬁlar'diffpsion co-efficient of water as support for a f;st
exchange modél.. Finch and Homer (1974) also used a two
compértment fast exchange meodel to analyze their data on the
frog gastrocnemiusimuséle. These authors calculate that 97%
of the intracellular water h;s identical motional freedom as
that of ordinary'water ané bnly: 3% ,0f - the water had its
mot ion restrictedﬂtq between that of liquid water‘apd ice.
Foster et al.. f197é) working on barnacle muscle fibres
observed that only"l.daéer molecule per 1,000 (0.1%) is so

tightly bound as to lose its translational and rotational

motion. These bound water molecules have a Brownian motion

‘ The consistent observations made for water protons in

various tissues in comparison to pure water are: (i) the
spin-lattice relaxation time, T1, does not equal the spin-
 Spin relaxation time, T2; (ii) T1 is reduced by a factor
of four or five ; (iii) T2 is reduced by a factor of about
50; and (iv) the self diffusion co-efficient of water is -
reduced by™a factor of 2.

'3
- .
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eséentially identical to that' of the protein to which it is
'bouna.' The bound time of these water molecules-afe tens of
microseconds, consistent with a fast exchange model.

The small fraction of bound water is infapparent agree-
ment with thaf found in protein‘solutions. Kuntz et al,
:(1969) working on bovine serum albumin, ovalbumin, lysozyme
and a-chromotrypsin ,fopnd that 0.3-0.§g_H20/g protein ;as
bound. This corresponds “to épproximatéiy 7% of intracellu-
larly bound water. The data of Foster et'al. (1976)-is also
in agreement with the data of Koenig and .Schillinger (1969 a

"and b) and Fabry et al. (1970). That is, only a .very small
number of water molecules are 50 tightly‘boun@ as to have
the'éage Brownian-motion as that of the protein. ﬁodévef,
as st;ted by Koenig in r;sponse to Cooke and Wein (1973) the
water of Ehé/ first hydration” sphere coﬁsists of 10-20 mol-
ecules that bind sufficiently well to ﬁakg their Brownian
motién essentially identical to that of the protein,. These
water mglecules do, howev$r, exchange rapidly'with the sur-
rounding water with a  time constant between 0,1-10usec.
However, the;e_is a layer of water around the pfotein with a
tumbling time'oné-hundred times slower <than that pure water
but one-hundred times faster than that of the protein. This
fraction of water Qas 10-30% of the weight of the protein.
1It is in this fraction that the controversies lie, There is
no doubt that only ‘a small fraction of the intracellular

water is tﬁghtry bound such that its translational motion is

-
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identical to that of protein. As concluded by 7Jswift and
Barr-.(1973), all of the muscle water is NMR visib e but only
a small fraction is tightly‘bouna-but a significéntly larger
fraction.of the muscle water' has some motional restriction.
It is apﬁarent that different expérimental paradigms measure

different fractions of bound water because they are measur-

ing different deqrees of binding. Perhaps the relevant

question to this thesis is what are the fractions of free
and bound water wh}ch participates in the non-uniform dis-
tribution of intracel}ular monovalent cations.

Proponents of the second model state that a éignificant
fraction of water: is affected by the protein in -closer
agreement with the osﬁotib experiments than p;oponents of
the first model. Hailewéod et al. (1969) found that the NMR

signal of rat skeletal muscle was consistent with a signifi-

'-canﬁ fraction of structured intracellular water. The

observed structuring could be removed by denaturing the mus-
cle proteins through heating. fhese investigators concluded
that the intracellular structuring of Qater was dependeﬁt on
the native conformation of the muscle proteins, Belton et
al. (1972) mea;ured the NMR transverse relaxation times in
frog gastrocnemius and sartorius as a function of tempera-
ture. Three fractions of water were observed: (i) the frac-
tion with the least motional restriction had a fractional
size of 15% was identified as water of the ‘extracellular

space; (ii) the fraction with intermediate motional restric-

1Y
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tion had a fractional size of 65% and was identified as the
bulk intracellular water;' gnd'(iii) the fraction with the
greatest motienal restriction hed a fractional size of 20%
was identified as the water "strongly" bound to proteins.
This bound fraction did not freeze at temperatures as low as
-30 °C and is in good agreement with the fraction of the
non-osmotic’ water discussed above, There was a loss of

approximately 80% in the NMR signal at about -8 °C indica-

tive that at -8 °C freezing of the bulk of the intracellular

water had occurred and that the remaining 20% was prevented

from undergoing the liquid/solid transistion. The mechanism -
by which water molecules are prevented from joining the ice
3

lattice will be discussed below. 4

In an attempt to study the -moleculaQ)brg ization of
bound water Fung (1975) and Kaeturi et al.q (1980) studieé
the‘anisotropy of their NMR spectra. Fung (1975)/discovered ’
that' the spectra of the frog gastrocnemius exhibiteﬁ an
angular dependence and concluded that fhere must be a
favored orientation for muscle fibre water Kasturi et al
(1980) studied the temperature dependence of the anlsotrpy
and observed a decrease in anisotropy with temperature. They
dlscovered that ‘as water froze the remaining unfrozen water
(25% at-5 °C and 20% at -10 °C), showed a decreasing aniso-
tropy from which they concluded that the anisotropy resided

more in the’ frozen-water. In other words, the preferred
. : . o .

orientation of water was a ‘long range effect of the contrac-

3
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tile proteins.  Peemoeller et al. (1980} also conducted
temperature, studies on mouse muscles and foung the non-
freezing water to be in a semi- liquid state at room tempera-
ture whlch undergoes ‘aigﬁjse transitien to the solld phase
at -27 °C into a polymer ‘of water different from, ice. \}his
‘-1s add1tlonal eVidence thgt ‘a fractlon of: the cell water is
affected by cellular constltuents such that its structure 15
different frod that of ideal water.

Self-diffusion co-efficient measurements by NMﬁ {Chang
'et al., 1973) have shown' the intracellular kdiffusion of.

S
‘water to be an activated jump process similar to that of

pure water‘and ice. The process involves- the breaklng of |

two hydrogen bonds in 1ntracellular water and in pure 4ater
and-indicates a seml—crystalllpe structure. -The'energy of
intracellular water hydrogen bonds was essentially ‘identical
. to that of pure. water. The reductlon 'of diffusion co-
eff1c1ent g%uld not be accounted for by the cd@ﬁartmentall-
zation of water by the sarcolemma or by the sarcoplasulc
reticulum (Chang et al., .1973) nor by .obstruction by the
myofilament lattice (Rorschach et © al.,v- 1973; - and
G.C. Cleveland ef aft 1976). It was concluded by Chang et
. al. (1973)  that fhg,/%educt1on in .the self- dszu51on co-
effrc1ent was due to a change in structure the water mol-
ecules by the presence of macromplecules. Thie conclusion

»

is supported by Finch and Homer (1974) who observed that a

“portion of the intracellular water: had a, decreased entropy

R
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by Clarke et al. (1982) the calculated value of ‘hydration is

-51ngle barnacle muscle fibres by Burnell e

15
and by Harvey and Hoekstra (1972f who also observed a
decreased entropy' in the water of hydrat1on of lysozymes.
This is andlcatlve of an 1n£teased order or a preferred ori-
entation of intracellular water molecules. Thus macromolec-
ulee alter the propert:ee_of its vicinal water not by chang-
ing the bondzng character15t1cs‘of the water molecules but
by 1ncre351ng the local opder of the water molecules. It

should be apparent from the preceeding section that these

are the properties of the hydrophobic effect and that the

alteration of the struture of water may alter its physical
propertles without any_ demonstrable changes in some of”ite
motlonal freedoms. Thus there could exist a fraction of
watef Yhi&h‘could be boupd such that its physical proé&gties
are_aite;ed yet this fraction could‘ remain undetected by

technigues- employed b; proponents of -the first m%del of

intracellular water. . Thl% point. will be elaborated on

" below.

The, current controversies in the state of intracellular

water has been summarized by comprehensive experiments on

al. {1981) and

by Clarke et al. (1982) Thése workefs made NMR measure-

;
ments and ‘found that the magnetization relaxation experi-
mgnts (Burnell et al., 1981). gave values ' of Hydration an
order of: magnitude lower than that measured by self-

diffusion experiments (Clarke et al.,»1982) As pointed out

11}
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substantially affected by the model chosen. In addition,
they show that the measured degree of hydration is dependent
on experimental Eechnique employed. These authors pointed
out the three aspects of hydration that are measured: (i)
thermodynamic afpecfs'which relate to enthalpies and entro-
pies of molecular interactions ; (ii) dynamic aspects which
" correlate with.molecular motions; and (iii) structural
aspehts which are correlated with the geometric arrangement
of solvent molecules. This.was illustrated very well by
Pezolet et al. (1978) wﬁo used Laser Ramam Spectroécopy to
compare the molecular structure of intracellular water with
that of pure water. They observed that no more than 5% of
the intracellular water of the barnacle muscle fibre could
have structure angd hydrogen bond energy different from those
of of pure water, vyet they also observed that at -10 °c 20%
of the water remained unfrozen.

NMR experiments measure the motional aspects of water,
that is, the translational and the rotational mobility of
water molecules and these properties are not related to sol-
.vent, osmotic or freezing properties which are thermodynamic
aspects. The NMR technique employed By Burnell et al,
(1981) measures only that fraction of water with greatly
reduced translational and rotational mobility ki.e. tightly
bound water). Accordingly, they measurg only a small frac-
tion of bound water (0.07g H,0/g macromolecule). “In con-

trast, - the self—diffusion co-efficient determinations of

—
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Clarke et al. (1982) measures that fraction of water with
less severely restricted mobilities (i.e. loosely bound
water),. Accordingly, they measure a larger fraction of
bound water (0.65q H,0/9 macromolecules). Clarke et al.
(1982) proposed that the molecular interaction between water
. and macfomolecules‘results in a gradient of water mobility
with virtual zero at the surface of the macromolecules and
increasing with disStance away from the macromolecules.
These authors also proposed that the reduced self-diffusion
of water is mediated by long range hydrophobic effects ofthe
‘non- ~“polar groups on the macromolecule which produces the
) extensi&e ordering of intracellular water. Furthermore, it
is this ordering that reduces the translational motion of

the water melecules that ig manifested in the reduced self-

d1ffu51on of water
| Recently, water tlghtly bound to crystalllzed lysozymes,
have been studied with x- ray analysis (Blake et al. 1983).
They carried out their analyses on crystals of human lyso-
zZyme and tort01se eqgg whlte lsozyme and found ‘that 140 water
molecules and 128 water molecules were bound respectively as
to lose their translational motion (X-ray analysis provides
structural information on molecules that have lost their
transiationai motion it is insensitive to rotational
motion), This level of bound water corresponds to a hydra-
tion of about 0. lg H,0/g protein. This is similar to the
value of 0.2g H,0/g9 protein (Burnell et. al, 1981). ‘These

water molecules were bound to the polar groups of the pro-
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tein molecules by hydrogen bonds;: 33-35 of the water
molecgles formed two or more h&drogen bonds to the proteins
and the remainder formed. one hydrogen bond ta either the
protein or the double bonded water. -These numbers are in
good agreement ;ith those observed by Bone ang Pethig (1982)
who used dielectric relaxat1on Measurements on hen egg white
lysozyme and found that 3% water molecules were S6- tightly
bound to the lysozyme (with two hydrogen bonds) . as to lose
their rotational and translational, In addition, there were
. 69 water molecules with one hydrogen bond to either the
lysozyme directly or to the doublé bonded water, This lat-
ter fraction of the water loses its-'translational motion but
retains its rotational motion, _

Structural information from X-ray analysis (Blake et
al., 1983) indicates that the tightly bound water exists in
two forms. The primary form has hydroben bond angles
between 100 and 110 degrees, indicating a tetrahearal pack-':
ing. The secondary form has hydrogen bond angles between 70
and 80 degrees, indicating a triangular structure, These
workers argue that since the water structuring waé similar
in four types of lysozymes witﬁ different crystallipe struc-
ture and that the water structure was independent of the
salt present, the 'water structure, -therefore, must _Be a
function of the lysozyme, Furthermore, they arque that this
bound water is reflective of the Structure of ‘-bound water in

a solutlon of macromolecules, If thisg hypothesis is correct

(
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then one has a .structural model for the fraction of tightly

bound water.

It'ia clear that the state of intracellular water is
con{royersial and unresolved. There is currently no theory
which links the varioua aspects of water (i.e. the thermo-
dynamic, the structural and the dynamic aspects), The NMR
data suggest that.only a very small fraction (about 4%) of
the intfacellular.water s so tightiy'bound to the macromo-
lecules as to lose all of its Brawnian motion, This frac-~
tion, however, excﬁanges rapidly with the remaining intra-

cellular water. X-ray analysis Suggestg that this water is

hydrogen bonded to the polar groups of the protezn or hydro~

gen .bonded to these bound water molecules. In additien, .

this water appears exists in, two forms, a primary tetrahe-
dral structure and a secondary triangulaf structure, There
is, in‘addition, to this fraction of tighly bound water a
fraction of intracellular water that is loosely bound and
retains some of its motional freedom. It was suggesteé by
Clarke et al. (1982) that there exists a gradient of
motional freedom witﬁ zero motional freedom:for water mol-

ecules .at the surface of the protein-to total motional free-

dom for those in the bulk solution. = It follows that there

must also be a gradient of binding and hence there must also

be a gradlent in the alterations to the propertles of the

intracellar water,



et al. (1980) have shown
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Pezolet et al. (1978) have shown that 20% of the 1ntra—
cellular water does not freeze at a temperature significant-
ly below that of pure water. This resistance to freezing
océurs without a large alteration in the structure " or the

hydrogen bonding pr6

.the alteration to the ifjtrakellular water must be subtle yet

it.brevents the liguid/sobli phase transition. Poemoeller

hat this unfrozen water is in a
semicrystalline state ferent from the structure of pure
water. This alteration was due to a decrease in the local
entrophy of water molecules in the vicinity of the proteins

(Harvey and Hoekstra, 1972). Clark et al. (1982) suggested

that this is mediated by the hydrophic portions of the pro-

telns.'

Alte:atipn to the structure of water will affect its

physical properties. For-example, a significant fraction of

the intracellular water have been shown not to participate
in thé solvation of ions nor to be osmotically active, Yet,
there is evidence that bound ‘’water can act as solvent
water (Vargi-Manya, 1979}, Thus it is not clear how solva-
tion water is related to ideal water measured by-various
methods, Therefore, it would not be productivé to argue
what the exact fraction of "bound" water is rather one
should be concerned with the appropriate fraction of watér

that deviates from that of pure water with respect to the

" Bound water here refers to water that migrates with a

charged molecule in an electric field.

ties of water. This indicates that

ke
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pararameter under study.

For this.thesis, it is enough just to -know that the sol-
vent water for the free ions in the muscle (as mea;ured by
the ion-selective microelectrode) need only be a fraction of
the tgtal analyzable intrafibre water. 'It will emerge from
the analysis of the experimental data that the ) remaining
fibre water (that not related to the free ions) is\substan-
tial but it will not be necessary to decide on its exact

) .
physico-chemical state.



Chapter II
HETEROGENEOUS DISTRIBUTION OF INTRAFIBRE IONS

2.1 BINDING OF IONS BY CONTRACTILE PROTEINS AND BY )

MEMBRANELESS MUSCLE FIBRES

_It'has beeﬁ established that the structure and proper-
ties of intrafibre water can be affected by the macromolecu-
lar structure of the‘cytoplasm. One‘of the properties that
.may be altered as water increases its structural order is
its ability to solvaté ions. In addition, many of the cyto-
pPlasmic macromolecules may have an prof?und effect on th§
_ Mobility of ions because of their chargé at physiological
PH. Biological polyelectrolytes particularly the contrac-
tile proteins and DNA bind-ions . * The binding of ions by
DNA in frog skeletal mus les- is insignificant compared to

,proteiﬁs and. will not be discussed

that of the contractil

in this thesis. The linterested reader should consult the

(i) Wilson et al. (1980); (ii) Ander-

N
b}

following refereqafs :

* A rigorous treatment of the mechanisms of ion binding

will not be explored in this thesis, Suffice it to say
that the "association" of ions to polyelectrolytes can be
divided into two categories: (i) ions that are site bound.
(i.e. ions that have lost their water of hydration) and
are restricted to the vicinity of a charged group; (ii)
ions that are loosely or territorially  bound by the
electrostatic field of the. polyelectrolyte and have
retained most of their water of hydration, This latter
group retains. most of its freedom ang mobility within a
domain around the polyelectrolyte,

. - 22 -
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son et al. (1978); and Schellman and Stigor (1977).

' Ling'e' Association-Induction Hypethesis (1962) and
Troshin's Sorption Theory (1960a) have stimulated a number
of stuaies_ to prove that the _entire cytoplasm is a highly
ordered and semi- crystalllne state and that such structure
is totally respon51ble for the selectlve and unique accumu-
lat1on of ions apd solutes. ThenprinEiple preoccupation of
Ling and his disciples in the laet'quarter century has been
'to prove that the K ion is selectiveiy bound to the ordered
cytoplasm. Their primary intention has been to discredit
the Membrane Theory rather than to look objectively at the

problem of ion blndlng, detached from all theories and/or

®
hypotheses. .

'In order Lto avoid a fruitless discussion on the exis-
tence or non- exlstence of the plasma membrane and its pumps,
it was decided to neglect many interesting experiments car-
ried out by Ling and his disciples. It should at least be
mentioned-here, hoeever that this group‘;? 1nvest1gators
were Lnstrumental over the past twenty five years in keeping
alive the important question of water structuring and ion
bipding during e'period in biology whem\most cell physiolo-

gist and biochemist preferred not to con51 er such complexi-

pre

ties.
It is known that extracted contractile proteins (Szent-
Gyorgi, 1948) and muscle homogenates (Steinbach, 1950) bind

ions. However, Lewis and Saroff (1957) were the first to
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examine the monoealent cation bind}ng properties of these
proteins in a rigorbﬁs manner. They have shown that the
monovalent cations are bound in a pH dependent manner. They
calculated'a maximum binding capacity of about 50 eq/10%g
myosin whlch is equivalent to 60 m. moles/kg muscle wet
weight. Interestlngly, Lewis and Saroff also correlated the
loss d% ion binding with a change in sedlmentatlon as the
'temperature was increased. This suggests that the binding
of monovalent cations was”depehdeqt on the tertiary and qua-
ternary structure of the contractile protein. The binding-
of monovalent cations by contractile protein has also been
observed by Edelman (1980 and 1981) in freeze dried muscles
using both X-ray and laser microanalysis. It can be arqued
that extracted proteins do not represent a good model for
the structure of proteins in e cell especially the contrac-
hiie proteins with its cross-linked matrix and ,therefore;
cannot reflect the true state‘of ion binding in a muscle
fibre@: It nevertheless demonstrates that contractile pro- -
teins can bind monovalent cations hence may cause the non-

| uniform distribution of intrafibre cations. |
‘Muscle fi;res with destroyed membranes have also been
used to study the charge density of the contractile appara-
tus and its effects on io?s. The methods of membrane remov-
al include glyceviﬁgzion, mechan1ca1 removal and detergent
treatment, RoPe (1968) in a study of ‘the lattice dimension

of the myoflbrkkgﬁln glycerinated muscles found that .the

.-
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1attiCe.dimension wvas a function' of pH, Jionic strengfh apd
the compositién éf the medium. This dependence of lattice
volume on the electrical para&éters of the bathing medium
suggests the presénce of electrostatic forces on the con-
t;actile proteiné. Furthermore, it was suggested from the
pPH dependence and-bhe ionic composition dependence that the

>
electrostatic fokces _arose from the presence .of ionizable

groups on the contractile proteins. It follows that the
existence of an elec;rosﬁatic potehtial on._Fhe contractile
p;otéiﬁ§ must influence the behavié: and'ﬁgstribution' of
ion§ in solution including a sointién'éuch as the myoplasm.
Collins and ﬁéwards (1971) . analyzed - the electrostatic
potential and the charge density at the su;face of_fhe myo-
filaments in glycefinatedtmuscles by measuring thq:bohnaﬁ
potential ‘’using ﬁicroelgctrodes filled with KCl. Théy
found that{the measured potential varied with pH and ionic
strength. The variations witﬁ ionic stgength was as expect-
ed for a Donnan potenfial; This potential could be
decreased by partial extraction of the contractile proteins

in"0.6 M KC1 and could be made to reverse 'sign when the pH

* The dimensions of the tips of the microelectrodes used in

- Such studies are typically 0.1 um (i.e. 100nm); whereas
the dimension of the filaments are about 10nm and the dis-
tances seperating the filaments are about 40nm, It is
obvious that the: microelectrodes- will actually measure
only an averaged electrostatic potential within the myofi-
brils and not the true Donnan potential between two solu-

- tions seperated by a sharp boundary. However, Elliott and
Bartels (1981) and Naylor (1981)  have shown that under
physiological conditions the analysis of charge by the
Donnan approach is identical to the analysis of-charge by
the electostatic approach.
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was lowered from 7.5 to 4.0 (the isoelectric points of the

contractile proteins are about 5). Furthermore, these .

' authors measured the activity of K in the myofibrils and in

the surroundlng bath and found them to be in thermodynamic
equilibrium, These observations led these authors to con-
clude that  the - Donnan potentlal ‘Wwas caused by the contrac-

tile proteins. The important implication of a Donnan poten—

- tial is that one or more mob1le 1on1c species is restricted

in its mobility and this leads to regional differences in
the concentration of mobile ions, This conclosion is corro-
borated by tﬁe work of Fenn (1957) .who by chemical analysis
demonstrated an -acoumulation ofﬁNa oy ‘glycerinated fibres,
Many other investigators have also measored. the Donnan
. l§67;
Pemrick and Edwards, 1974; Elliott, 1973, and 1980; Elliott

potential in membraneless muscle fibres (Weiss et al

et al., 1978; Caille, 1981; Bartels and Elliott, 1980 ang
1981; Stephenson et al.; 1381; and Hinke, 1980) and have
also found a similar dependence of tge Donnan potentiai on
pPH and ionic.strength. Hinke (1980) and Stephenson et al.

{1981) have also combined the potentlal measurements with
chemlcal analysis. Hinke (1980) found that at phys1ologlcal
PH there was a negatlve Donnan potential between the myofz-

brillar phase and the surroundlng flu1d which correlated

with his observation by chemical analy51s that the myofi-

brils accumulated cations and excluded anions, From his pH

dependence studies he deduced that the isoelectric _point
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from the potential measurements correspdhded with the isoce-
lectrlc point of the contractile proteins. Furthermore, it
was also shown that as the measured’ potential reversed sign,
anion accumulation was observed rather that anion exclusion.
Hinke (1980) also made ionic activity measurements * of the
myofibrillar. phase and confirmed the observation of Collins
and Edwards (1971) that the myofibrils are indeed in equi-
“librium with the surroundiﬁg fluid and that the non-uniform

distributioh of ions- must be a non-energy reguring process.

“Stephenson et al. (1981) extended the chemical analysis to a
large variety of ions and neutral molecules and_demonstraeed
that the accumulation of cations -and exclusion of anions at

., physiological pH' were phenomena not restricted to inorganic

4 ions but a general characteristiclof the Donnan equilibrium.

Indeed such behaviour is expected .from polar molecules Since

Elliott (1978) reperted that the potential gradient at the

surface of the myofilaments is in the order of 10" V/m aris-
ing from a charge density of about le/éO A'and le/150 A for

the thick and thin filaments respectlvely.

It is clear from the- foregolng dlscu551on that both the
extracted coﬂ%ractlle proteins and membraneless muscle
fibres can indeed bind significant guantities of ions and it
follows that the myofilaments in an intact muscle must also
bing- iops and hence cause a non-uniform distriburion of
ione. Indeed the intrafibre binding of ions may be substan-

. tial since the myofibrils occupy about-83% of the intrafibre
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"volume of the frog sartorius muscle (Mobley and Eisenbébg;

-

1975). \ . o : 7‘\

-

2.2 HETEROGENEOUS DISTRIBUTION OF MONOVALENT CATIONS AND

ITS. INTRACELLULAR LOCATION

The first indication that-monovalent cations might not
be homogeneously distributed in an intact muscle fibre came
from experiments of Tobias (1950) who found that a fraction
of the Na could noi be’ leached out by prolonged soaking in
distilled water, This was corroborated by tracer kinetic
studies of Harris (1952 and 1953) who reported that a por-
tion of the K from a frog skeletal did not exchange ;ith
externally applled tracers and by tracer kinetic studies of
Conway and Carey (1955) who observed that a portion of the
Na in a1frog skeletal muScle did not exchange with external-
ly applied tracers. Harris and Steinbach (1956) extended
“the experiments of Tobias and concluded that a fraction of
the monovalent cations existed in an adsorbed state. Trosh-
in (1957) and Sorokina (1964) calculated from their tracer
studies that about 30% of the intrafibre Na was not free,
Hinke (1970) also dsed'tracer studies and calculated that
perhaps as much as ?4% of the total intrafibre Na in ah
intact single barnacle muscle fibre may either. be bound or

.~

compartmentalized.

Two hypotheses have been put forth fo e intracellular

locat1on of the bound monovalent catlons. In one hypothe-

~
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sis, membrane limited orgénelles, in particular the sarco-
piasmic reticulum are responsible for the comparmentaliza-

tio&,of ions. This hypothesis can now be laid to rest. Som-

lyo et al, (1977a, b and 1981) have shown by X-ray micro-

probe analysis that the sarcoplamic reticulum, the

mitochondria and the nuclei do not' concentrate monovalent

cations above the levels of the cytoplasm. It should be

noted that these workers did not provide a precise defini-

tion of their cytbplasm,_that is, were the myofibils includ-

ed. However, this caveat will not_alter the conclusion that
the membrane limited organelles are not responsible for the
heterogeneous distribution of monvalent cations.

The compartmentalization of -Na as suggested by the
tracer studies have also been corroporated by experiments
combining the Na-selective mig;oelééérode with whole muscle
chemical anaiys{s. Hinkel(iés9) performed the first of such
experiments oﬁ crab and lobster muscle fibres and found that
the concentration of Na measured by chemical analysis
exceeded that found by the Na-selective microelectode using

any reasonable value for the intrafibre activity co-

'* lonic concentrations were calculated from the activity

measurements by the following relation : (aNa) = Y, {cNa

where (aNa) 1is the activity of Na, Y. 1s the activity
co-efficient and (cNa) is the concentration of Na. Y.
can be calculated from the Debye-Huckel theory which
relates the activity co-efficient to the concentration.
Robinson and Stokes (1955) should be consulted for a
treatment on this subject. It is reasonable to assume
that the binding of  ions by macromolecules will not
affect the activity co-efficient of the free ions (Lewis
and Saroff, 1957). Thus Hinke (1959) was justified in
using the’ activity co-efficient of an electolyte -solution
which approximates the composition of the myoplasm for

£

t
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efficient ‘¢, However, these éxperiments were only c;nsid—
ered to be preliminary by Hinke since the number of measure-
ments were too small. Lev (1964) and McLaughiin and ﬁinke
(1966} also carried out similar experiments on frog skeletal
muscle fibres and single barnacle muscle flbres respective-
ly. Both conflrmed that chemical analysis gave values of Na
concentration much higher than the Na concentration measured
by the microelectrode. Allen and Hinke (1970) combined the
lmicroelectrode measurements and chemical analysis with 22Na
isotope efflux and concluded that between 40 and 50% of the
total intrafibre Na was frge.»r Tﬁefe_ experiments provide
good evidence that a siénificant fraction ¢f the intrafibre
Na is not in a free state.

The distribution of intrafibre K is more uncertain than
that of infrafibre Na. It was stated above that Harris
(1952 and 1953) suggested that'part of the muscle K existed
in a bound state. This postulate has been supported, for
exampie, by the high frequency condictance measurements of
_Masszi and Tigyi-Sebes (1962) who found a 51gn1f1cant por-
tion of the intrafibre K that behaved as if it were bound.
However, combined measurements of the K-selective microelec-
trode and of total muscle chemical analysis have shown that
the free K cqncéntration and the total intrafibre K concen-
tration were very similar (Lev, 1964; McLaughlin and Hinke,

1966 ‘Hinke and Gayton, 1971, and Armstrong and Lee, 1971).

Thus it is debatable whether intracellular K is bound. How-

the activity co-efficient of tHe free intrafibre ions.
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ever, as pointed out by Hinkerand Mctaughlin (1966) and lat-
er by Lee ang Armstrong (1974) the fraction of the free ion
determined by microelectrodes is. squect to varigtion
débending on the fraction that one chooses as solvent water
e, Armstrong and Leé (1971) aﬁ% Lee and Armstrong (1972)
provided the first strong evidence that ‘intrafibre K is not
distributed homogeneously, They reported changes in the
free and total K and Na during prolonged exposures to K-free
Ringer that were incongruous with a homogeneous distribution
of K whefe K existed entirely in the free state.. Briefly,
these investigators found that changes in total K "and Na
were much greater than the changes in free K and &a. It
follows that changes in the K and Na levels must have
involved at least two compartments. Furthermore, the magni-
tude of these changgs were consistent with a 1:l'exchange
6f bound K for 'Na. This observation led these investigators
to conclude' that there mus? exist a fraction of bound K in
the normal frog skeletal muscle. |
The location of the bound monovaleﬁt cations as Suggest-
ed by the discussion at the beginning of this chapter are
the myofibfils. "It has been shown that extracted contrac-

tile. proteins and membraneless muscle fibres can sequester

'* The fraction of water chosen as solvent water will not
alter the conclusion that intr ibre Na is bound. It
- will only change the exact erical value which is
inversely proportional to th i
It should be apparent from thé{discussion of the preceed-
ing chapter that an exact v lue for the fraction of

intracellular water with idsa solvent properties cannot
be provided. .
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monovalent cations, In contrast, meﬁbrane _ {imited
organelles have been shown not to Sequester monovalent ions.
Hinke and McLaughlip (1967) measured the Na and K levels in
a barnacle muscle fibre as the temperature was increased and
found that the muscle fibres shortened irreversibly between
37-40 °C. Concomitant with this shortening was a loss of
total intrafibre K and Na, while the Na activity increased.
In addikion, intrafibre pH fell while free intrafibre K
remained constant. It should be noted that the increase in
Na activity occurred while the muscle fibres were in Na- free
Rlnger. From +his observation, they concluded that the
increase of free Na could only have come ﬁrom an intrafibre
source. Since this increase in free Na coiecided with the
irreversible shortening of the muscle fibre , these ahthors
concluded that the contractile proteins must be the source
of the Na and H ions. The fect that the contractiie pro-
‘teins do release their bound ions during thermal denature—
tion was first reported by Szent~Gyorgi (1951). It should
also be remembered that Lewis and Saroff (1957) 'correlated
the loss of monovalent cation binding by.the contractile
proteins with a change in the sedimentation value as the
temperature was increased.-- Finally, Aronson (1966) obseryed
that at a critical temperature gi}cerinated muscle fibres
undergo a loss of A-band birefringence which was corfeleted
with the loss of A—Sand etructure observed by electron

microscopy. Thus McLaughlin and Hinke (1967) were justified

N
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in concluding that the increases of Na ana H ions during
their temperature dependent shortening were indeed due myo-
fibrillar denaturation. It should be pointed out that Hinke
and McLaughlin (1967) were preoccupled with locating the
bound Na and did not- examine the possibility of myofibrillar
K binding, | The fact that they observed a significant fall
in total intrafibre K while the K activity remained constant
during thermal denaturation is evidence for myofibrillar
bound K, The compartmentalization of Nalby the myofibrils

is supported by optical density measurements of McLaughlin

. and Hinke (1968), The optical density of a polyelectrolyte

is related to the degree of ion binding. These workers
obserQed a loss of optical density when muscle fibres were
exposed to Na-free Ringer. This result Is consistent with a
loss of myoflbrlllar bound Na.

It is cleal that the myofilaments can influence the
behavior of .ions and water. Caille and Hinke (1972, 1973,
and 1974) examined the diffusional profiles of Na, K, c1,
sorbitol and water in single barnacle muscle fibres. They
compared these diffusional profiles with the theoretical
profiles for a simple system wunder identical,ggomeéric con-
ditions. From these ahalyses, Caille and Hinke concluded
%&Pat a significant fraction of water dig not diffuse ang
that a significant fraction of Na and K were condensed or
bound to polyelectrolytes, In support of ion binding rather
.than some form of actlve sequestration by a membrane limited

organelle as the.cause of the deviation was the temperature
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dependence of this'deviation whiéh was coﬁbatible with a
non-energy requiring diffusion of an electrolyte. These
investigator§ also examined the pH degendeﬁce of the diffu-
sionélrprofiles and found that at RELE/R®  (the iscelectric
«boint of the contractile proteins) the experimental and
theoretical préfiles were identigE&J uThgddeviation between
the theoretical and experimental profiléé.reéembies the pH
dependence of the Donnah potenéial in membraneless muscle
fibres. Notice algo tkat the bH at which diffusion of mono-
valent cations is’ unimpeded also coincides with the igoe{ec-
tric pH of the contractile proteins.  From this disscussion
it seems safe to conclude . that the non-uniform distribution
of monovalent-cations in a muscle fibre is caused by the ion
binding properties of the myofilaments, ¢
Ion binding and ionic heterogeneify is by no means a
special or unique property of the muscle fibre because of
the presence of the myofibrils. For example, Hinke (1959)
combined ion-selectiye microelectrodes with total chemical
‘analysis and found that 24% of the Na and 10% of the K in a
squid axon is probably bound‘. This binding of_ions was also
-demonstrated in the extruded axoplasm and therefore cannot
be a property of the membrane. The squid axon is essential-
ly devoid of organelles and presumably the heterogeneous
distribution of ions is effected by the macromolecules of
the cytoskeleton. The non-uniform distributiqn of monova-

lent cations ions has also been demonstrated convincingly in
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the salamander | oocyte by Horowitz et al. (1979)  and by

Horowitz and Paine (1979). These workers also concluded
that the non-uniform distribution of ions was caused by

adsorption by the macromolecules pPresumably in the yolk pla-

telets, If one nNow accepts the premise that significant

quantities of monovalent cations are bound to the contrac-
A :

tile proteins in the muscle . fibre, how will the ion binding

affect our thinking about membrane phenomena such as the Na

pump.‘ This w1ll be examined in the following chapter.



Chapter III
THE NA/K PUMP AND HETEROGENEITY

The last two chapters have established that part of the
intracellular water and part cf the 1ntracellular monovalent
cations are bound by the cytoplasmic proteins. This chapter
will explore the effect that such b1nd1ng may have on our
thinking of the Na/K pump. It is well establlshed that the
Na/K pump transports Na and K across the 'plasma membrang.
Intuitively speaking when the Na/K pump moves Na and K
across the plasma membrane it must also have an effect on
all fractions of intracelluar Na and K or conversely speak-
ing the heterogeneous distribution of monovalent cations )
must also affect the function of the Na/K pump,

The sodium pump was originally proposed as a mechanism
‘to explaln the cell's maintenance of an internal composition
low in Na and high in X in an environment high in Na and low
in K when it was learned that both K and Na could indeed
permeate the plasma membrane (Dean, 1941). In intact tis-
sues, for example, it was observed that Na entered cells in
exchange for intracelluar K when extracellular K was. low
(Heppel, 1939 and 1940) or following activity or fatigue
(Fenn, 1938). Steinbachf (1940) found that sartorius mus-

cles from Rana pipiens lost K in exchange for Na when stored

—.36_
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in K-free Ringer. . He also observed that this (K)i-(Na)o
exchange cogld be reversed when the muscles were returned to
K containing Ringer (10mM). _ Desmedt E1953) observed a simi-
lar (K)i- (Na)o exchange when he soaked the sartorius muscle
for 68 hours in 0.2 mM K Ringer rather than K-free Ringer,
' and a similar reversal to normal when he returned the
muscle to K containing Ringer, Thus from these observa-
tions, it was concluded that the muécle fibre must have a
mechanism to preferentially accumulate K and to extrude Na.
The sodium 'pump has beep intensely studied and a complete
review of all of its properties is beyond this thesis.
Since the primary objective of this thesis is to examine the
effects of K-free Ringer and ouabain on the internal distri-
bution of monovalent cations this chapter will focus on lit-
erature which describe the effects of K-free- Ringé; and oua-
bain on the Na/K pump and how compartmentallzatﬁ;n of Na and
K may affect our understandlng of the Na/K pump.

The K concentration dependence of the Na/K pump was
first studied carefully in the eéythrocyte by »Giynn'(1956)
who observed a linked Na and K transport‘which'was dependent
on the external K conceq{ratibn. He observed that the
uptake of K and extrusion §¥ Na were completely abolished by
K-free solutions. Furthermore, Glynn observed that glucose
removal abolished this linked Na and K transport to the same

degree as K-free Ringer. Thus it appears that K removal has

'? Desmedt used 0.2 mM K rather than K-free Ringer because
K-free Ringer was observed to produce 1rrever51b1e alter—
ations in membrane characteristics.
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abolished the active uptake of K and extru51on of Na. The K

concentration dependence of the Na/K 'pump has also been

studied in axons of Loligo and Sepia by Hodgkin sand Keynes
(1955). They found a loosely linked Na extrusion and K
uptake that could be accelerated by electrical stimulation.

These ionic movements were senditive to external K but not

external Naand could be ished by metabelic inhibitors
(2:4 dinitrophenol, cyanide and'low temperature). This is
further evidence that the external k depéndent (Na)i~(K)o
exchange is the active uptake of K énd extusion of Na.

Since the active uptake-of K and active extrusion of Na
are dependent on external K, it is reasonable to expect that
the inhibition of the Na/K pump by K-free Ringer will result
in a loss of cellular K and an uptake of extracellular Na.
This situation is (Na-eririchment, . K-depletion) ihdeed
observed in muscles that have 'bgen exposed to K-free Ringer
for extended periods. " For example, Steinbach (1940) and
Desmedt (1953) have already been ment}oned. Others include
Johnson (1956), Kernan (1962{, Frumento (1965) and Adrian
and Slayman (1966). .

The mechanism of thg Ng/K pump‘has also been extensively
studied by cardiac glycosides. For°example,‘ Machett and
Johnson (1954) and Johnson (1956) found that cardiac glyco--
sides (ouabain and strophanthidin) could block the extrusion
of Na and re-accumulation of K when Na- enrlched K depleted'

frog sartorius muscles were returned to K containing solu-

F
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tions. Similar observations were made by Schatzmann (1953)

in erythrocytes. In addition, Schatzmann demonstrated that -

the effects of strophanthidin were specific effects on the

mechanism of ion transport and not some non-specific inhibi-

tory effect on metabolism. The effects of cardiac glyco-.

sides 13 hés been confirmed in the erythrocyte bx_Glynn
(1957), | ] .{

_'Since cardiac glyéosides specifiéélly inhibit the Na/K
pump much like K-free Ringer albeit by an entirely different
mechanism one should observé’a loss of fibre K and an uptake

of Na when muscles are exposed to cardiac glycosides. This

is indeed observed in muscles exposed to cardiac glycosides..

For ekample,'Qprrie and Bonting (1966) found that when frog
sartorius muscles were exposed to card%ac glycosides for 4
hours there was a loss of intrafibre* K and an uptake of Na.
Clearly, both K-free Ringer and cardiac glycosides block a

common mechanism of monovalent .cation transport.

The location of the Na/k pump on the plasma membrane was

first suggested by the work of ‘LiBet (1948) who observed a
-~

"Mg-dependent" ATPase activity in the squid axons extruded

of their axoplasm. Unfortunately,'the alkali cation depen-

‘dence of the ATPase activity was not examined.  Skou (19%7)

13 The mechanism of inhibition of monovaleht cation trans-

port by cardiac glycosides is via the stabilization of an
intermediate in the reaction sequence of the Na/K pump
leading to ion transport (Skou, "1960). This inhibition
is independent of “energy production by the cell. Cald-
well and Keynes (1960) found that only externally applied
ouabain blocked *INa-efflux; the inhibition of transport
.was independent of ATP levels. i

b



provided further evidence for the plasma membrane location
of the Na/K’bﬁmp when he found a K stimulated ATPase activi-

'ty in the 'presence of Na and ﬁg in isolated fragments from
finely minced c}ab peripheral nerves., Furthermore, this
ATPase activi'ty could, be blocked by ouabain (Sﬁou, 1960).
The plésma membrane location of the Na/K bumpnwas convinc-
ingly demon§trated by_Post et al. (1960) and by Dunham and
Glynn (1961). These investigators found an ATPase activity
in the erythrocyte ghost which shared all the essential fea-

tures of monovalent cation transport jn the intact erythro-

cyte. Specifically, Post et al. (1960) .found that: (i) both

- the ATPase activity and the transport required K and Na:

w{ii) both were inhibited by ouabain; (iii) both accepfed
ammonium in place of K ; and(iv) both demonstrated ; compet -
itive inhibition of K by high cbncentraiions of external Na.
Clearly, the Na/K Pump is a membrane  located mechanism of
regulating the intracellular _oncent}ation of monovalent
cations and that the normal operation of the Na/K pump is
inhibited by K-free solutions and by cardiac glycosides.

The problem of heterogeneity as discussed in this thesis

is not a challenge to the Na/K pump. The objective of this

thesis is to point out some of the shortcomings of trying to

extrapolate a membrane phenomenon to an intact cell such as

a muscle fibre in which the monovalent cations are distrib-

uted heterogeneously. In fact if one is only interested in

the properties of the Na/K pump alone one can dispense with

N\
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the problem of heteregeneity by using a‘ preparatlon dev01d
of cytoplasmic structures - such as the erythrocyte ghost or
the squid axon with its axoplasm extruded. Alternativél&,.
one can make use of activity measurements which measures the
approprlate fraction of ions for membrane transport rather
than isotope flux measurements or analytical chemistry both
of which measure the cell as a whole and cannot: dlstlngulsh'
various intracelluar compartments. Heterogeneity is 1mpor—
tant, however, if one is to consider all intraceliular
events during ion transport. ThlS is espec1ally 1mportdnt
in exper1ments where the Na/K pump has been studied- by per-\
turbing the normal ionic distribution: for example by K-free
Ringer or by cardiac glycosiges, ' ‘ |

Cardiac glycosides and ion-deficient Ringers have been
used extensively with isotopes to'hissect the various compo-
nents of monovalent cation transport. The sarcolemmal flux-
es of K and Na elucidated by these techniques are° (i) -a

(Na)i~(K)o coupled exchange blocked by cardiac glycosides
which involves a (Na)i-(Na)o exchange when external K is
absent; and (ii) g (Na)i-(Na)o excﬁange'insensitive to to
both external K and cardiac glycosides and saturat%ng'at a
lower intrafibre Na concentratlon than (i), However, these
experiments have, in general not con51dergd the effects of
heterogeneity. A notable exception is .Keynes and Swan

(1959) who attempted to dissect the components of Na-efflux

in frog skeletal muscles by following The efflux of 22Na

7 —
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into Na-free Ringer. .They'fouhd a component of Na-efflux

qonsietent with a (Na)i-(Na)® exchange as propdésed by Ussing

--(1949) s However, they fqund that if the Na- efflux were fol-

loWbd for more than 1l hour then the Na efflux was con51stent

~

Wlth the 2flstence of a bound fraction of intrafibre Na

t

(0{54). '"That is, the Na-efflux behaved.as it were propor—

tional to only %9% of the 1ntraf1bre Na. But, they argued
e

‘_thatthelr results were also con51stent w1th a carrier mecha-

-

three.s .This'fcontréversy was® left kargely unresolvg@yet

many ‘subseguent lnvestagators did not address the possible

effects of-heterogenelty. For example, Mullins and Frumento

(1963) stud1ed .the "Na efflux from Na-enriched muscles as a

¢

function  of intrafibre Na concentration and concluded that

Na.ions 1eft.thé muscle fibre .in groups of three via a car-
rier mechahiem. However, examination of their Figure 5
reveaie that the ?“*Na efflux is also consistent with a het:
erogeneous d1str1butlon of intrafibre Na. Other 1nvestlga-
tors that have not consxdered heterogenelty in the1r analy-

ses. of 1sotope efflux fromk the frog skeletal muscle include

7Horow1cz and Gerber (1965) .Keynes (1965), Sjodin and Beauge

(1968 and 1973), 'and Horowicz et al, (1970).

The role of heterogeneity was re—considered by Keynes

and-Stelnhardt Llﬂﬁ&l_“ui_ﬂsﬁgrize compartment model They
¢>teinhar

’,,«f”” found that théir Na- efflux was not compatlble with a muscle

fibre in which the Na’ ions.were distributed homogeneously

. nism’ in which Na jons left the muscle f1bre in groups of,

=
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" (see their Flgure 7) and debated the exlstence of’ two intra-
fibre compartments for Na wh1ch were elther in series or in
parallel with the extracellular space. Harris (1953) also
reported from his labelled K fluxes. that part of the gntra—
fibre K must be bound. Unfortunately, K fluxes have not
been as well documented nor as carefully studied as Na flux-
es, .

From the discussion above, it is clear that K-free Ring-
er inhibits the Na/K pump' by removing the stimulatory
effects of externél K on the" Na/K pump while cardiac glyco-

“sides 1nh1b1t the Na/K - pump by stablllzlng an intermediate
)1n the re tion sequence lead}ng to transmembrane ion trans-
port., ;i:\%Qerali long term effecté of both treatments are
. a loss of intrafibre K and an uptake of Na. But, one cannot
simply me that the two preat;ents will have identical
effects throughout the muscle fibre. For instance, K-free
Ringef hyperpolarizes the membrane even after 24 hours (Lee
I-and Armstrong, 1974) whereas a 4 hour treatment with ouébein
depolar1zes the membrane (Corrie and Bonting, 1966). Fur-
thermore, what are the possible effects of the two treat-
ments on the heterogeneous distribution of monovalent
cations.' The effects of solutions whlch perturb the normal
ionic distribution .on the 1ntraf1bre dlstrlbutlon of monova-

lent cations will form the main objectlve of this thesis.

3



Chapter 1V |
SCOPE OF THE THESIS

’

The main purpose of this thesis was to continue the work
of Lee and Armstrong (}974) who had demonstrated that both K
and_ﬁ‘“LmuSt exist in at least two states or compartments
within the frog sartorius muscle fibre and tha® these two
ionic pools can exchange cations btheen each other during
conditions which disturb the normal ionic distribution. Lee
and Armstrong had confined their study of this problem to f
the new steady state resulting from long exposures to K-free
 Ringer (24 and 48 hours). They measured the final free and
total intrafibre K an Na concentrations then by comparison
with the controls deduced that both t}ansmembrane ionic
movements and internal ionic movements between the two pools
had occurred.

It was elected to extend their study by examining the
acute changes (within 40 minutes following a solution
change} in free and total intrafibre K and Na‘concentra—
tions. Furthermore, rathe; than confin&ng the study to the
effects of K-free Ringer., it was also elected to study the
effects of ouabain (in normal Ringer), of K-and Na-free
Ringer and of Na-free Ringer. . In selecting the first 40'
minutes for study it was my intention to capture the very

_;
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first ionic exchanges which might occur between the two
internal ionic pools. There was some doubt whether what Lee

i .
and Armstrong saw after 24 hours could indeed be extrapolat-

. ed back to the first hour of solutidn change. In selecting

other perturblng solutions beSided K-free Ringer, it was my
initial intention only to see how intrafibre K would re-
dlstrlbute itself between the two internal pools when inter-

nal Na was made Eﬁ increase or decrease with out necessarily ’

v

altering external K.-

Like Lee and Armstrong (1974) the basic experimental

protocol was to measure the free intrafibre K and Na, by
~

means of ion-selective microelectrodés, and the total intra-

&

fibre K .and Na by means of atomic absorption spectrophotome-

try following an external solution change, In some cases
the changes in, free intrafibre K and Na were measured con-
tinuously-following an exéernal solution change; in most
cases, however, only the initial ang final free and total K.
and Na were determined for a given time period in a given
solution. IA all cases, it was essential that the microe-
lectrode measurements were done on the same muscle and that
the chemical analysis were done on paired muscles, _because
too much variation ig_electrolyts confént was found , even
among frogs in the same colony, Such matching of control
and test muscles eventually led to a bonus quring analysis,

It permitted one to make meaningful comparisons of ‘changes

in experiments whose muscles might have differed signifi-



) 46

cantly in their fgnitial absolute values for free and total K
and Na. The }jig skeletal”muscle seemed the obvious choice
for this study for the following reasons. First, it was the

muscle type used by Lee and Armstrong (1974). Second, its K

and Na activities had been measured by others (see Chapter

VII). Third, its electrolyte content had had been measured

by many others under ‘the experimental cohditions_anticipatﬁ

ed. Finally, a vast literature on the subjects of membrane

ionic transport and permeability, Na pump activity, myofi-

brillar and- sarcotubular architecture could be referred to

when required. Although the basic experiment (i.e. combin-

'ing ion-selective microelectrode measurements with chemical
analysis) seemed relatively simple it proved rather diffi-

.£ult to execute. For more experiments were begun than were
actually completed. The common reason for aborting an

experiment included the

llowing: (i) a dissected muscle
with a relatively lo initial resting membrane potentials
(i.e. < BO mv) ; ii) an ion-selective microelectrode with
deteriorating properties; and (iii) feilure of the ion-

selective microelectrode to recalibrate correctly at the end
of an experiment.

The actual experiments successfull}\cgmpleted are list-

ed here:

I. comb1ned measurements of free and total 1ntraf1bre K

~y

and Na before and after a.40 minute (or 80 minute) superfu-

sion with K-free Ringer;
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II; a repéat of experiment I except with normal Ringer
containing ouabain rather than K-free Ringer;

III. combined measurements of free and total intrafibre
K and Na first following a 40 minute superfusion with
K-free Ringer,then following a second Superfusion with nor-
mal Ringer; |

IV. combined measurements of free ang total iﬁtrafibre
K and Na follow1ng a 40 minute superfusion with K-free Ring-
er contalnlng ouabaln-

V. combined measurements of free and total intrafibre
Cl following a 40 minuté superfusion with K-free Ringer;

VI. measurements of intrafibre PH following a 40 minute
superfusion with K-free Ringer;

QII. measurement$ ‘of total Mg and Ca content following
a 40 minute superfu51on with either K-free R1nger or normal
Rlnger containing ouabaln'

VIII. a repeat of experimgnt I except with K-and Na-
free Ringer rather thanlﬁ-free Ringer;

IX. a repeat of experiment 1I. except with Na-free Ring-
er {either Tris or Li substituted) as'the superfuste;

X\ detubulatlon of the muscle fibres by hypertonic gly-
cerol shock method and verification studies to assure >90%
detubulation had occurred;

XI. repeat of experiment 1I. except on detubulated mus-

cle fibres.
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Since the total intrafibre ionic concentrations vere .

required, it was essential to make an extracelluar space

correction on all analyzed ionic concentrations. Predimj=
nary experiments were done to determine the extracgllular

space by radiocactive inulin uptake method. Once a me val-

ue was determined it was.a;suﬁed to be ¢onstant and was u
as a correction factor in all subsequent experimenﬁs excebt
those involving detubulation. New inulin spaces had to be
determined for the latter. |

All acquired data was fitted to a two compartment model
defining the distribution of intrafibre monovalent.cations
between one compartment measurable by the ion-selective
microelectrodes and® another compartment not measurable by

the ion-selective microelectrodes. The mathematical deriva-

tion of this model is given in the next chapter.



Chapter v

g ' THEORY

/

The concentration of an ion (as determined by chemical
analysis’in an excised'muscle containing n compartments each
having its own unique size and content, is of necessity only
the average goncehtration.for all coméartments. For a mus-

cle with n unique compartments, the total analyzed concen-

tration, {(C)t of .ion C can be described as follows;
j=n

(C)t = 1. aj (€C)j 3 (1)
j=1

<

where aj is the fraction of the total muscle water and (C)j %l

is the concentration of € in compartment '§.

Sinée the experimental data from this study only permit
the analysis' of ionic changes in threé compartments (one
extracellular and two intracellular), equation (l) must be

simplified ' ’ : to;
(C)t = a°(c)e + ar*(C)t + ar(C):? (2)
where superscripts 0, 1, and 2 refer respectively to the

_49 —
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extracellular space, the intrafibre compartment containing
free ions measured by ion-selective microelectrodeé and an
unknown intrafibre éompartment containing the remaining C
ions,

Since ¢g° and (C)®* are always knowp, Ehen ‘Ehe total
intrafibre concentration of ion C can be defined as (C)j =

(Clt - a°(C)® and related to two intrafibre compartments as

follows

(©)i = ai(C)* + ai(c): - - (3)

Equation (3), in effect, defines the two compartment model

used to analy ze all the experimental data of this thesis.
Since most of the data analyzed represents anges in C with

time, it was necessary to examine the dey§vative of (3),

d{C)i a3 (Cc)* az3(c): {C)13a: (C)2daz (4)
- . R e i &
dt ot at ' 3t ot
A B
- ' - In

this equa;ion S(C)i/dt is the.change'in . the total analyzed
concentration of C in the fibre, a represents the changes in
(C)* and (C): only when 1ons move, and B represents changes
in (C)*.and (c)2 only when water moves out of compartments 1
and 2, Arquments will be Pr°V1dequ2>the Results Sectlon to

discount the possibility that a® and a? might change signif-
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icantly during the ouabain ezééﬁipents, hence equation (4)

can be . ) ' simplified - to
d(C)i  o'dAlC)r  grd(c): T (s)
at T ar Y& |

In
practice, equation (5) cannot be used for analysis since
d(C)i/dt was never measured continuously. In most experi-
ments, only -initial and final determinations of (C)i and
{(C)* were made, hence it was necessary to restrict onesel{

-~ L0 equation (3).

In a typicél experigeﬁt, where the initial and final

‘

equation (3) . may be rewritten as/’ follows,

“

A(K)L = aA(K): + a?p(K)? (6).
A(Na)i = ap(Na): + a’A(Na)i. (7)
ai. + ? = 1 : : (8)

' - | In
.equation (8) the sum of g? and a® is defined as the total
intrafibre water. Since the unknowns {a?, aﬁ, A {(K)*, and
A(Na)?) exceed the'number of equations certain assumptions

were necessary.

»

values of free and total intrafibre K and\Na‘w%Cé determined
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During the exposure to normal rc ining 10-¢ M

ouabain, it was ongrved  that A(K)!'>aA(K)i and that
A(Na)'<A(Na)i indicating that both K and Na were ngt uni--
formly distribﬁted and that an .ntrafibre exchange of K and
— “Na could be taking place. * The simplest and most reasonable
assumption was an electroneutral exchange of K and Na in o°
similar to the exchange proposed by Armstrong and Lee (1971)
which is didgramatically depicted in Figure 1. With this
assumpt {on\then A{Na)?=-p(K):z, Using this identity, equa-

tion (6) and (7) v . can be rewritten  as

A(K)L + A(Na)i f

o = ‘ (9)
, A(K)* + ap(Na):

_,\\\ Implicit in this equation is the assumption that the frac-
“7 tion of water which acts as solvent for both free K and free

Na are 1dent1ca1 The assumptlons of electoneutral1ty in o

and identical fraction ?f water for free ions were main-

tained for all expeéimedfal conditions analyzed. Conseqg-

uently, the calculated ff;;;ion"of free Qater (@) and

unknown water {g?) were applied to all her experiments.

Impl;Eit in this statement is that equation (5) applies to.

.all perturbationsl of the ionic dlstrlbutlons used in this

thesis, that is, a', and o? do not change,

o
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It should be kept in mind that the two compartment model

is only a crude approximation of reality because the muscle
fibre interior is known to contain ﬁo;e than two compart-

ments. Furthermore, the water in  each compartment may or

" may not act as solvent water for ions. Defined in this man-

ner, it may appear that a calculated value ﬁor.a’ may have
very little meaning, Arguments will.be pfeseﬁted to show
that most of a® can indeed be regarded as relatively normal
mobile water belonging to one very'large organelle (i.e. the
myofibrils) and _can account for the observed electr01yte
content, .OF necessity, however, it must also 1nclude vater
of hydration for protelns (see Chapter l) ;s .well es com-

partmentalized water in membrane limited organelles (i.e. 'in

- the sarcoplasmic reticulum, mitochondria and nuclei).

hid P

»
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Schematic representation of the ionic move-
ments in a two compartment model during
e€Xposure to normal Ringer containing 10-+ M
ouvabain. There is an influx of Na into the
muscle fibre and an efflux of K out of the
muscle fibre, There is' an assumed 1:1
exchange of free Na for bound K in a2,
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Chapter VI

METHODOLOGY ; T

I

6.1 DISSECTION AND SOLUTIONS

Sartorius muscles of Rana pipiens were‘/uséa\throughout.

The frogs were caught at local ponds during the summer

months and were purchased from various suppliers during the
yinté} months. The frogs were pithed and both sartorii were -

remofed as matched pairs and tied with silk threads at both

tendons to a 'glass frame. The muscles wére equilibriated in
normal Ringer for 1 hour beﬁ&?e proceeding with any experi-
mgnt. One muscle of each:pair was transferred fo a chamber
ith & continuous flow-of Ringer and used for microelectrode
recordings while its companion muscle remained in normal
Ringer. Once successful récordings were made the Ringer was
changea to a solution designed to perturb tﬁe normal ionic
distribution of the .muscle. The recordings were either con-
tipued as the spperfusate' was changed or resumed‘ after a
fixed period. After the éuperfusion‘period both muscles\
were removed for chemical analysis. o ’

All solutions used ﬁére.23812 mOsm unless specified and
were buffered to pH 7.2 with iOmM Hepes
(N42-hydroxyethylpiperazine-N'-2-ethanesulphonicacid) from
Sigma Chemical-Coﬁpany (St. Louis, Mo.). Normal Ringer con-

'. -
~
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*sists of 115mM NaCl, 2.5mM 'KC1, 1.8hM CaCl, and the buffer.

K-free Ringer was made’ By 'éubstituting.Kcl with- TrisCl
(hydroxymethylaminomethane Cl). Ouabain containing Ringer
solutions were mgde fresh when required _by adding a pfe—
weighed amount of ouabain to a given volume of solution so
that the final conceﬁtration was always iO“ M. K-and Na-
free Ringep. was made by substituting the NaCl with either

TrisCl or LiCl., Hypertonic glycerol Ringer was made by add-

ing 400mM glycerol to normal Ringer.

6.2 MICROELECTRODE FABRICATION

The K-selective 'microelectrodes were made from Corning
liquid ion-exchanger 477317 (Cornihg’fﬁedical, Medfeild,
Mass.). Borosilicate tubing (Kimax 46485) supplied by Glass

 Company of America'(Bargaintown, New Jersey) was pulled by a

modified David Kopf 700C vertical pipette puller (David Kopf
Instruments, Tujunga, Calif.) to typically give a resis-
tance of 10~-20MQ2 when filled with 3M KC1. These pipettés
were siianized either with Siliclad according to the proto-
col of Walker (1971) or with a 13 (v/v)‘ solution of Aquasil
(Pierce 4 . Chemical Co., Rockford, I11.) in
a-chloronapthalene; air dried in a dessicator for 24 hours
then baked at 220 °C for 2 hours, Thé latter type pipette
we;e backed filled with the ion—exchanger and a coaxial
Pipette filled with the reference solution was lowered into

the ion—excﬁanger (Ujec et al.,.1979).
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lThe C{—sélective microelectrodes were manufactured in
thgasame manner as the K-selective microelectrodes ekcept by
using Corning liéuid ion-exchanger 477315, The reference

solution was 0.5M KC1 for both the K and Cl-selective

“~ Microelectrode. The configuration of the Walker electrodes

and the Ujec electrodes are®shown in Figure 2,

The Na—seleét?ve microelect;odes and pH micrdelectrodes
were of the Thomas configuration (Thomas, 1970). The con-
figuration of the electrodes are shown in Figure 3. The
inner blind éapiliary of Na-Selgctive microelectrodes was
méde frém Na-selective glass (Cérning NAS;;_,3) and the pH
microelectrodgs were constructed from pH glass (Corning
0150). The NAS = = was pulled from pieces of 1.0mm outer
diameter (0.D.) tubing on the David Kopf 700C puller by
using 22 gauge wire made of QO% Pt /10% Ir (Englehardt
Industries, Toronto, Ont.): whereas the pH'glass was pulled
from 1.0mm O0.D. pieces using 26 gauge Nichrome wire‘(Engie—
hardt Industries, Toronto, Ont.).

The tips of the resulting pipettes of ion-selective glass
were sealed by means of a home brewed microforge which, made
use of a piece Oof'25 um Pt wire to form a sealed membrane.

It is important to minimize the heat used in working with

‘the Na-selective glass since excessive heating at any phase

of the jabrication will diminish ' the selectivity towards K,

The sealed pipettes were then manipulated into the insulat-

'ing .micropipette made from aluminosilicate gléss tubing
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Figure 2:

0.5 M KC1

»

The configuration of the Walker type of -
liquid ion-exchange electrodes .(A) " and of
the Ujec type of liquid ion-exchange elec-=
trodes (B). Both types of electrodes were
silanized by dipping their tips- into\ a
silane solution (see téxt)ew The Walker
type was filled with 1liquid ion-exchanger
by dipping their tips into a pool of liquid
ion-exchanger and allowed to £ill by capil-
lary acton. The reference solution (0.5 M
KCl was injected into the microelectrode
barrel. The Ujec type was filled with lig-
uid ion-exchanger 'in an identical manner,
however, an additional amount of ion-
exchanger was back injected into the
microelectrode barrelto form an ion-echange
column of about S5mm. A coaxial microelec-
trode filled with the reference. solution
was advanced into the 1liquid ion-exchange
phase. The tips are not drawn to scale.
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Figure 3:

ZOQﬂm

The configuration of the Thomas type of
Na-selective micrbelectrode (A) and pH-
microelecrode(B). The outer insulating
micropipette of = both electrode types were
fabricated aluminosilicate tub n
was sealed™ to the. .ion-selective glass at
approximatel 200 um from the tips as
shown. .The tips are not drawn to scale.

(Glass Company'of America, Bargaintown,‘N.U.).

-

Aluminosili-
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cate was chosen becahse it hag the highest specific resis-
tivity and for its resistance against tip breakage. Typi- ,
cally, the aluminosilicate pipettes had resistances of 20-40
M when filled with 3M KCl. The Na-selective glass and pH
glass were then sealed to the insulating pipette by the
microforge to the as described by Thomas (1970). The com—.

\J; L pleted microe;ectrodes were stored in a dessicator until
| use. ' The ﬁa-selective ‘microelectrodes were filled with
100mM NaCl buffered to pH 7.0 with 10mM Hepes. - The pH
.mﬁcroelectrodes were filled with either 0.1M HCl1 or 100mM

NaCl buffered to pH 7.0 with 10mM Hepes.

The open tipped microelectrodes were made by pulling
micfbpipettes from Kwik fill tubing from WPI or from Glass
Company of America on the David Kopf fOOC. The micropi-
pettes were filled with 3M KC1. -

6.3 MICROELECTRODE CALIBRATION AND REJECTION CRITERH\/

‘tion-selective microelectrodes are not perfectly specific

to one ionic species, that is, " they Eespond to other ions,

The equatid& which. describes the - behavior of an ion-

selective microelectrode is
% /% |
E = E° + RT‘ﬁa}ai+ Lk 5 ay ) o (1)
_; a JAL

where
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E is the measured potential, E° is the electrode potential
when (ai * I kijay=1}, a is the . lonic activity of ion i
(The pr1nc1gT2 ion), a is the ionic activity of ion jj (the
interfering ion), k is the selectivity co- eff1c1ent of the
electrode towards ion j relative to ion i, énd RT/2zF has its'
usual thermodynamic significance.

Under the experimental conditions of this thesis, only
cne inéerfering ion had to be considered per microe1ectrode
type. For monovalent iong equation (1) simplifies to.

P -
Zi/Zj

124 ) (2)

E = E° + RT log(a; .+ k;

zF .-

ey

‘ " The
ion-selective microelectrodes do not respond w1th an ideal

slope of 2.3 RT/zF for.a ten fold change in activity and for

' practical purposes equation (2) - simplifies to
E =E' + g log(a; + kijay ) (3)

for

monovalent ions where E', § and KLJ are constants for a giv-

en electrode determingd from a set/ of standard solutions

containing known activities of jon i and ion j,
For this thesis, electrodes chosen for actual experiments
were such that the interfering ions under the expefimental_

conditions did-not cause significant errors in the determi-
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nation of the activity of the princip}e ion (i.e. kijaj is
negligible), Equation (3) then simplifies to

E = E'"' + § log(a; ) . . (4)
The slope,‘ S, of the K-selective micréelectrode was
detegmined in standard solutions containing 10mM and 100mM
KCl. The selectivity co-efficient over Na was'determined by
comparison with a standard solution containing 50mM KCl +
50mM NaC1l™ ™\ | |
The slope . of the Cl-selective microelectrode was deter-

mined in standard solutions of 1mM, 10mM and 100mM KCl. The

LTy
Cl-selective microelectrode has a relatively poor selectivi-

ty for Cl over HCO, . However, under the experimental condi-

tions the intrafibre HCO, level was low and will not cause a
51gn1f1cant error in the Cl act1v1ty determlnatlon Never-
thelegs, Cl:HCO, selectivity curves will be- shown in Appen-
dix A— |

All ion-exchange microelectrodes used had inpu£ resis;
tances of 10°-10t°q. The K-selective microelectrode was
rejected if (i) the 90% response t1me firom lOmM KC1, to
100mM KCl exceeded 2 seconds; (ii) S < 55mv between 10mM K 1
and 100mM KCl; and (iii) if KK Na > 0.01. The Cl-selectjke
mzcroelectrodes were rejected if : (i) the 90% response’ time
from 10mM to 100mM KCl exceed five seconds;  and (ii) S <

55mV between 10mM KCl and - 100mM KC1.

p
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The slope of sfhe Na~seleétivé microelectrode was deter-
mined in 10mM NaCl and 100mM Naélgbuffered to pH 7.2 with
lmM Hepes., The selectivity co-efficient for Na over K was
determined by comparison with ~standard solutions épntaining'
10mM NaCl + 90mM KC1 and 50mM NaCl + 50mM KCl. The input
resistance of the Na-selective microelectrode was typically
10t°-102:Q, The electrodes were rejected if : (i) the 90%

response time from 10mM KCl and 100mM NaCl exceeded 1 min-
ute; " (ii) S < 55mv between 10mM NaCl and 100mM NaCl; and
- (iii) if kNa,K > 0.01. .

The pH microeletrode was calibrated in standard commer-
cial buffers ranging from pH 6.0 to 8.0. These electrodes
were rejected if: (1) the 90% for a decrease of 1pH unit
exceeded 1 minute and (ii) 5<55mV. The input resistance vas
typically 10:°-102:Q,

The open-tipped microeleétrodes were routinely checked in

200mM KCL and 200mM NaCl. The input resistance was typical-

ly 20-40Mp. These electrodes were rejected if: (i) the

junction potential in 200mM KC1 differed by more that 1mv
" from that in 200mM NaCl; and (ii) the noise exceeded Inv

peak to peak.

6.4 RECORDING APPARATUS

The recording apparatus is shown in Figure 4. Because of

. A _
thehhigh ,impedence of the ion-selective microelectrodes it

was necessary to place this apparatus in a Farady cage. s
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Figure 4: Photograph of the microelectrode recording 3
’ apparartus and the the recording chamber in °
experimental position. The recording cham- °
ber is connected to a push pull pump which 3
maintains a fresh supply of solution to the 3
muscle at all times: . The microelectrodes 2
are mounted ,directly onto the preamplifiers 3
~of the electrometer. The microelectrode °
and the preamplifier are moved as a unit by 3
the micromanipulators. The recording cham- -3
ber and the micromanipulators are floated
On a Micro-g Table and confined to a Fara- °
day Cage. ' 2
3J
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Electrometer

e

Chart recorder.

)

Recording chamber or
calibrating solution
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Figure 5:

-tipped microelectrode,

-

Schematic diagram of
tus. Electrode
microelectrode,

the recording appara-
A is the
electrode B' is the
and electrode C is
Both microelectrode
the calomel electrode
be referred to elec-
The output of the
connected to the chart

the calomel, electrode.
can be referred to
and electrode A can
trode B (see text).
electrometer isg

recorder for a hard copy of the data. Thisg
apparatus was used in both the actual
experiments and in the electrode calibra-

tion,

ion-selective-
open .
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The recording apparatus is schematlcally represented in Fig-
ure 5. It consists of a coﬁmerc1el calomel electrode in
contact with the bathing solution (or a calibration solu-
Eion) through a saturated KC1 bridge to which*microeleg;:
trodes can be referred to. The electrodes-(microelectrode
and calomel) are connected to a WPI FD-223R electrometer{se&
Flgures 4 and 5). | This circuit was used for both intracel-
lular recordlngs and electrode ca11brat10ns. .
The ion- selective microelectrodes when pushed into -a

muscle fibre measures a sum of two. potentials, one associat-

ed with the iirafibre ionic activity, Ei, and the membrane

potential, Em. That is,
. ) " | /o
E =Ei +Em - (5)

where E is the‘meésurec intrafibre‘potenﬁial. The WPI elec-
trometer allowsfor the simultaneous measurement of Em (thed
open-tipped microelectrode ie referrea to the calomel elec-
trode) and the subtraction of Em from E (the ion-selective
microelectrode‘ is referred to the open-tipped microelec-
trode). Ei.an@ Em were then fecerded on an Esterline Angus
Speed Servo II strip chart recorder (indianapolis, Ind.).
The electromete; and the chart recordec were calibrated bi-
weekly against a standard voltage source. | -
For intrafibre recérdings, ~the bath chamber in Flgure 6

Qas used. The shaded portlon of this chamber is filled with

-
-
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the silk threads tied to
.

he muscle tendon. ~The raised central portion contains two

1

-

pieées of 22 ghage Pt wire. These wires serve a dual pur-
pose of ralslng the central portlon of the’ muscle to facili-
tate mlcroelectrode punctures and to ensure that the muscle-

is exposed to fresh solution on both surfaces and of acting

- as stimulating electrodes.

The myégie was pinned in the chamber so that fibres on

its deep surface (in situ) were used for the microelectrode

——

measurements. The chamber was connected to”ﬁ pump which
szmultaneously drlves solutlon into and out of Ehe chamber
wvhile microelectrode rér(ﬂdlngs were in progress. '

The total volume of the chamber is” 3.0ml, but, during an
expériment the tyical wbrking volume was‘l.Sml. . Tﬁe'fiow

rate wh1le recordlngs were in progress'was 0.5ml/min except

) durlng a solutlon change when the rate was'increased to

2.0ml/min. At this rate the solution within the bath could

be éhanged in about 2 pinutes without disturbing reCérdings

in progress. . ' - ;

‘The calibration of ‘the m1croelectrodes were performed

K

-us1ng beakers filled with the calibration solutions:

-



#

4

r—uuduuuuuuutouuuuuuu'

Scaled drawing §1X) of the recording cham-
ber. The chamber- was milled from.a single
piece of plexiglass. The shaded area is
filled with Sylgard for. pinning the muscle.
The raised central portion contains two 22
gauge Pt wires (not shown) which serves the
dual purpose of supporting ‘the

s - - ; -
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6.5 _CRITERLA FOR REJECTING.AN EXPERIMENT

all m1croelectrodes used for an actual experiment were

'callbrated before’ and after' an experiment. The experiment

4

was dlscarded\}gﬁ the calibration L_'of"z-.u"ly of the microelec-
y

trodes in any dne standard solution deviateg by more than

ImV before and after an experiment. This criterion was cho-

-gen because evep an error.of 1mV in either the K-selective.

microelectrode will cause a'reletively large error in the

. ! ) , /
CalculatEd (aK)ll - ~ g . . ’ ;

.fibres were 'punctured by~ both an ion-

‘selectjve micreelectrode and . an open-tipped microelectrode.
. electrode puncture - 51tes were typically seperated by
about 250 um._ “The. sequencg of punctures with the electrodes
':was varied with either ekeftrode-belng first. -
Two tépes .of recordings were performed in this thesis.
In one groub.fhe recordingl were ccntinuous. Single surface
.fibres'.were cﬁpctﬁred' in'ndcmal ‘Ringer., Once a stable
recording was acheived: the ' superfusiné solution was changed
to a solution which perturbed the ﬁormal ionic distribution.
-'The second group of experiments . were sampllngs. Recordinge
were made from several surface f1bres in normal Ringer.
These recordings_were resumed_usually after 40 minutes and
were not extenéed past ten minutes of the designated time.

These recordings were accepted only if recordings from both

electrodes were stable to within 1mV for 1 minute.
-' *
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Intrafibre ionic activities were calculated aéqprding to

equation (4), : _ » A

6.6 DETERMINATION OF FREE IONIC CONCENTRATION FROM IONIC
ACTIVITY '

According to the Débye-Huckel théory concentration is

related to actiJity by

-
!

a' = th; . \ .(5)

where a! «is the activity of ion i,C* is the analytical con-

W

centration of ion i, and Y+ is the mean activity coeffiént
for both the ca?ion and anion of the.salt. Empericaliy, at
can be considered as the effective thermodynamic concentra-
tion of ion i. Thus Y+ is a co—efficieﬁt which relates the
interactidn of ion i with other molecular species. The
interactions usually lowers the effective concentration frbm
the analytical concentration®*. A detailed trgatment of the
Debye-Huckel theory is well documented and (

this thesis. The interested reader is referred to any\sgan—

nnecessary to

dard textbook of electrochemistry. Briefly, according to
the | Debye~Huckel o Theo-
ry

&F

Il

- e~

{

As jonic strength increase!k& can exceed unity for somg
solutes, for example KOH. ‘

14
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logYi.= A|z+z_]1i + bl ,- (6)

1 + BaIE

wvhere A, B, a, and b are consﬁénts, Z4 is the charge of the
2
cation in solution, 2Z_ is the charge of the anion solution,

and I is the ionic strengtl, of the solution defined as
: A

)

1/2 5 ciz? ' (7)

i | :
a ) A\(
where C! is the concentration of ion i and é‘ is the valence
of ion i.

Since the mean activity co-efficient for the mixture of
ions in the myoplasm cannot be measured, it has become con- .
. vention to regard it as equal to the extrafibre activity

co~efficient (vg£), that is, ‘Y; = Yi. ‘In support of this
assumption Hinke (1970) deéuced from single barnacle muscle
fibres that the intrafibre ac21v1ty co- eff1c1ent was about
-‘\b 64 which closely agrees with the activity co-efficient of
barnacle R1ngfr (0.65). ' Since Y} for frog Ringer is 0,75,

this thesis continues the convention of a551gn1ng the same

value to Y; of the frog myoplasm.
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6.7 DETERMINATION OF TOTAL INTRAFIBRE IONIC CONCENTRATION

Chemical ana1y51s wvas always performed on paired muscles.
One muscle of the pair was exposed to a solution designed to
disturb its electrolyte distribution while its companion
remained‘in normal Rihger and served as a control, This
feature was essential in order to properiy document the
effects of the experimental solutions on the changes in the
electrolyte distribufion since the electrolyte content ;ere
found to vary widely from frog to frog

All muscles used for chemical analysis were blotted on
WhatTan 2 filter paper in an _identical manner angd placed in
stoppered preweighed borosilicate vials, The muscle wet
weights were determined. The muscles were then oven dfied
overnight at 95 °C, . fThe dry weights were then aetermlned
end the muscle water content was calculated as the differ-
ence:between the wet and dry weights. | .

Muscles analyzed for K and Na were digested in concen-
trated nitric acid tMen neutralized with ammonium. The
digests were then trans}erred te“volumeeric fiaeké and made -
up to volume. The K 'and Na contents were then determined by
atomic abserption Spectroscopy on a Vgrian: AA-5 atomic’
absorption spectrophotome€2r {(varian Techtron, Melbourre,

Austrailia). The total muscle K and Na concentrat1oﬁ§§were

calculated from the analyt1cally determlned total K and Na

and the muscle water content,

-
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Muscles analyzed for (1 were digested in ﬁadH and pro-
cessed according to the procedure of Cotlove (1964). The C1
content of the digests were éhen‘detefmined by electrometric
titration on a Buchler-Cotlove chloridometer (Buchler
Instruments, Fort Lee, N.J.). The total muscle Cl concen-
tration was calculéted from _the analytically determined
total Cl and the muscle water content,

Muscles analyzed for Ca.and Mg wére. digested with a

solution of LaCl, and perchloric acid according to the pro-

cedure of Ueba et al. (1971). The digests were then ans-

ferred to voiumetric‘flasks and made up to volume, The Ca
and Mg contents were then determined by atomic abggrption
spectroscopy. The_ total muscle Ca and Mg concentrations
were calculated from the analytlcally determlned total Ca
and Mg and the muscle water content. g ‘
The total- intrafibre concentration of ions were calcu-
lated from the total muscle concentratjon minus the exfra-
Before the total intrafibre concentration of an ion could
be obtalned it was necessary to know the size and ionic con-
tent of the extracellular space (see theory section). This
was determ1ned by '*C-inulin uptake. Commerci7f—“c—inulin
(New England Nuclear, Lachine, Quebec), upon arrival was
filtered through a UMOGRRIA filter (Diamed Lab Supplies,
Migsisséuga, Ont.) in‘order to obtain a populdtion of inulin

molecules in exqesé of 500 daltons._' The unfiltered residue



dissolved in normal Ringer and used in the following

ma

Muscles were exposed to normal - Ringer conta1n1ng

“C-{nulin for 2 hqurs wunless . spec1f;gd and blotted in

ly the same manner asrmuscles use for ;hemlcal analy-
& e
sis, The muscle wet weight, dry welght and water content

were determined as descrlbeaxabove. The arleé muscles were 

digested inm Soluene 350 (New Englan Nuclear) act1vated with

water at 70 °C overnlght ' The dzgeﬁHE werefrthen treated

'wzth 30 35%, H,0, to remove- color quenchlngé v then treated ;

w1th glac1a1 acetlc ac1d to. remove chem1lum1ne§yence. The
. samples are then dissolveq in Aquasol (New England Nuclear)
and counted on a Beckman LS 9000 11qu1d sc1ntlllat10n count-
er (B ctman Instruments, Irv1ne, Callfornla) - Each sample

~

as gounted several tlmes untll stable counts were achelved.

This step sz essentlal to ensure that sgyr1ous counts from

chemilumine®cence or from photolumlnescence did not contr1b~
ute to‘the.calculated “C-1nu11n content. '

-

The extracellular space was calculatgd with the assump-’

tion that inulin 'did not enter .the muscle fibre. The extta-
cellular space‘ was calculated as a fraction of the muscle

| water ©, ‘ contént, » hence

ot = o . . a ()
MxC® '_ | y o

.
]
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Vo

where a® 1is the extracellular space expressed as a fractlon -
of the total muscle water content, C' is the exper1mentally

. determined muscle !*C-inulin content, ‘M is the total muscle

) 4

water content,—amd C* 1is the concentration of *‘C-inulin in
]

the bath. The total intrafibre concentration of an ion was

then " calculated from the relation
B , -Il - a°I° .
LP? (1)i = ¥ a ‘ {(9)
D ey

! .
v

" where (1)i is the calculated totalhintrafibre concentration

of ion I; It is the experimgntally determined total muscle

concentration of ion 1, a°

is the fractional volume of the
extracellular space, and I
the bath. s

o L o

isgthe concentration of ion I in

r

6.8 TYPICAL PROTOCOL
:.Palred muacles were used throughout unless specified. Inu
. a typlcal exper}ment, one muscle of each pair is transferred
-to hhewrecording” chambers where mlcroelectrode recordings
were maoe. The solut1on was then changed and more record-
ipés'were made. Meanwh11e the’ companlon muscle is maip-
ftained in normal Rlnger. At the end of ke recordlng per1od
both muscles ‘were removed for chemlcal ana1y51s.‘

¢ N . P
- L s .
. . -
Fa .
[ .
-

4 ~N
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Chapter VII

(VII) SEASONAL VARIATION OF INTRAFIBRE K LEVELS

Experiments were performed year round from 1979 to 1983

on sartorius muscles of Rana pipiens from various sources as

outlined in the Methodology Section, The intrafibre K
activity,'“(aK)1 and the total 1nt;;f1bre K concentration,
(K)i, were observed to vary with season: The data are sum-
marized in Table 1 grouped arbitrarily by~season. _

“Notice fhat (aK)? was lowest and (K)i was highest during
the winter months,. The data indicated tﬁaﬁ winter frogs
have the higﬁest intrafibre K content but that a larger‘
fraction of it is bound while the converse holds for summer
frogs. However, a rigorous‘comparison of any of the par;;o—
ters cannot be made since the frogs were not obtained from
the séme_source. The summer frogs were generally the
healthiest, the most active and.survived the longest in cap-
tivity .

- The overall average value of (ak)' reported in this the-
sis is higher than those reported by Walker and Brown.
(1977). This discrepancy is worthy of comments. fheir val-
uves of (5&)1 range. from 91x10-° to 105x10-* with an average

of 97x10-°, The data of Table 1 are summarized in Table 2

along with hprevioosly'published K measurements, The most

+

[ gy
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I » 1
2 ‘ . _ . 3
> Table 1: SEASONAL VARIATION OF K-LEVELS 1IN FROG °*
NG SARTORIUS MUSCLES IN NORMAL "RINGER . 2
2 3
3 i ’
E ; )
3 RESTING FREE K TOTAL K¢ 3
3 POTENTIAL . (K)i -
3 Em(mv) (aK)*x10-3 (m.moles/kqg f. w.)
3 - 4 - +
3 - - - } 3
’ WINTER -85:0.7(95) 101+£2.0(85) 150%+1,5(96}) 3
3 & 3
3 p=0.02 ' - p<0,01 p=0.035 2
3 0 b |
3 - 3
? SPRING -87+0.5(104) 112x2.0(60) 145+£1.8(63) 2
3 . ) ‘3
. p=0.01 - p=0.01 p=0.065 2
3 R - - 2
2 SUMMER -89:0.5(167) *13125,0(75) 140%2,0(65) 2
3 . L] 3
3
3 . ] - 3
> All values are mean 1 standard error, the numbers in 2
? brackets are the number of determinations. 3
3 ) 2
? ¢ Corrected for the extracellular space using a value =
> of 20% of the muscle water., 2
3 - . . 3
> P is_the probability that the mean above and below are °
* equal, ) . . ‘ 3
2 - 3
3 ¥
L -

interesting feature of this table is that the calculated K
equilibrium botentiql Ek, is relatively constant ranging

. A R Co .
from -99mv:-to -101mV, yet the measured Em varies from -82 to
wgTe

=92 mV (the values of this thesis were not included). This

indicated that perhaps there are-variations of the resting K

permeability and/or Na permeabilityﬂthat "have not been pre-

viously doqpﬁedted. Notice also that the difference between

-

-

St
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W'Em ana Ek

T

for isolated muscles remains

.78
relatively constant
ranging from ~15mv to ~l9mV with an average of -17mv (the

values of Kernan and MacDermott were not included).

L

T -
& =3
I : : . 3
, Table 2: DATA OF (akK)!, (K)i, . Em AND Ek FROM FIVE o
’ ' PREVIOUS STUDIES AND FROM THIS THESIS. s
3 ) 3
3 . _J
: (aK)T (KJ1  Em(mv) (aK)® Ek Ek = Em °?
3 , . . ]
3 : x10-2 (mM) x10-? (mv) mv) 3
3 . R 3
3 f "-‘ - ’.3
> Lev¢! 98 127  -82  1.9- -101 -19 2
a 96 124  -82 1.5  -1o0° -18 3
3 . - |
>  Kostyuk . . r,
2 et al.¢ 94 133 -83 1.9 -100 - =17 3
3 . . 96° 134 -86 1.9 ~-100 - -14 3
3 . b 3
" {

> EKhuri 3
> et al, 105° 142 -89 2,6  -94 . -5 )
3 . s 3
3 3
? Lee and C . 3
’ Armstrong 94 140 -85 1.9 ~100 -15 >
2 95 142 -89 % 1,9  -1qp -15 2
> °7 14l -85 1.9 -101 -1g 3
3 .
* Kernan and _ : 2
2 MacDermott® 91 128 -92 1.9 -99 -7 2
3 h )
' Winter 101 150 . -85 1.9 -102 -17 3
3 Spring 112 145 -87 1.9 -104 =17 3
7 Summer 131 140 -89 l.9 =108 -19 3
3 N ! 3
> See bibliography of this chapter for references 3 ¢
3 . . . . a. o,
. ° Superfusing solution only given as Ringer. (aK)® -
? assumed to be 1.9, < : ”/’J
a 3
: ’In situ musblgs. 3

. -3
3 ) 3

i
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Thig difference does not seem to vary -with season. There
are two other interesting features of Table 2, F1rst the
membrane potential (data from this the51skd varies with the

seasonal variation'of (aK)® (i.e. the membrane behaves as a

© @S a K-electrode). Second, the variation in (K)i but not in

(aK)® indicates that theée manglso be variations in the
fraction of free and bound K not pPreviously “documented.
Howevef, the variations in {K}i may be artefactual. - For
example, Lev‘(1964) used an extracellular spacé of 10% to
calculate his (K)i.. If an'extraceliular space of 20% was
used instéad, Bis (K)i would be about 140 m.moles/kg fibre
water, Unfortunaﬁely, thig contention cannot be teéted with
the data from the other investigators'since their values for
the extracellular space were not glven with the exception of

Lee and Armstrong (1972), They +found an (K)1 of about

140m.moles/kg fibre water usi@g an extracellular sbace of

about 20%. It is also interesting that the value of (aK):

-

and Em from winter frogs, arevin close agreement with those

5f Lee and Armstrong (1974) who also used Rana pipiens.

However, the sprlng and summer intrafibre K act1v1t1es were
hlgher and Em was more negative accordingly. ‘ .

There were no seasonal varlatlons in either theflntaf1bre
Na act1v1ty, (aNa)1 or the total 1ntraf1bre Na concentra—

tion, (Na)l. Thefgverall mean water content was 78.5% of

the muscle wet weight with no seasonal variation. In all

greater than (aNa)® indicating
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binding of intrafibre 'Na. Variations in (aNa):? and (Na}i
s

'were'correlated'with the. state of health of the 1nd1v1dual

.

aniﬁéls, both parameters 1ncrea51ng in 51ckly an1mals. . The

.data from s1ckly frogs ee;e\lupluded if thelrprestrng mem-—

brane potentlal'exceeded ~80 mv as described in the Method- ;{”

ology’section." In healthy frogs (aNe)l was , about. 10x10-2-~ . .

while (Na)i was about 30m. moles/kg fibre water. In isolated ?

muscles, (aNa)? has been reported - to be about 9x10-2 (Ros~-

tyik et -al., 1969) to as low as 5x10-° (Lev 1964) 1 |
Clearly, these observatlons 111ustrate the importance of

. stringent set of controls when ‘one 1sf/exam1n1ng

PEas

changes in' the electrolyte content of frog skeletal muscles.-

batch to batch but not within an animal. In all experlments
presented 1Q thlS thesis, activity measurements dur1ng a
change in the experimqptal conditionsfare only referred to

its control measurements 1n the same muscle,” while total

1ntraf1bre concentratlons are only referred to its’ compan1on-r

,muscle stored 1n normal Ringer,. The exper1ments were dis-
carded if the “activity measurements were not successful in
oth the'tontrol Tand the experlmental cond1t1on or if there

was damage to elther puscle of a pair durlng the handling .

for chemical analysis.. : ” h

In general, .there were variations from frog to frog and from ' ‘
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Chapter VIII
THE DIFFERENTIAL EFFECTS OF K-FREE RINGER AND

" QUAEAIN ON THE INTRAFIBRE ELECTROLYTE

DISTRIBUTION

B.1 - INTRODUCTION

As discussed in Chapter III, K-free Ringer and ouabaiﬁ
have been used to.study the Na/K pump. This chapter exém;..
ines the effeﬁés of K-free Ringer and ouabain on the intré-
f1bre distribution of K and Na dhring the, flrst hour of
treatment. The data is analyzed by the two compartment mod-
el of -Chapter 1V, It will ‘become apparent that the acute
exposures to K-free Ringer and ouabain produce markedly dif-
ferent altéfation; té . the intrafjbreadistrisution of K and

Na.

8.2 . _RESULTS - - S ‘

-

"'8.2.1 CONTINUOQUS RECORDINGS OF (aK)* AND (aNa)! WHEN

"NORMAL RINGER IS~ REPLACED BY K- FREE RINGER.

In ‘thls group of experlments single sartorius mggcles
were used. (aK)® or (aNa)® and Em were recorded conpinously
from a single surface fibre before superfusion with K-free

Ringer and,, for 40 mlnutes after the onset of superfusion

‘with K- free Rlnger.

_81_.
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Figure 7 summarizes the averaged

recordings of

{ak)?

r

(aNa)* and Em. There was- a consistent and sigrificant fall
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in (aK)®' and a consistent énd 'sfgnif}cant increase in
(aNa):, Tﬁése free ionic, changes are in Qualitative agree-
ment wiéh what-‘should occur when thé Na pump is inhibited,
that is:-a loss of K and a(gain of Na. 'However, (aK).l fell
much more rapidly than (aNa):® ihcreaseq. The fall of (aK)?
can be fitted by a single expdnential with a rate coﬁétant
of 0.48 hr-?, This rate-is approkimaielx'e times the rate
constant for K-efflux measured by isotopés under similar
.conditions (Muilins and Noda 1963 Sjodin and Henderson,
1964; Henderson, 1971b; and Sjodin and Beauge, (1973).

It could 'bé argued that (aK)® was measured ‘in_surface_
fibres.while the isotope fluxes were measured in whole mus-
cles and that the diScrepchy ié caused by!delays in the
extracellular spacé of whole muscles., Arguments will be
‘given below to discount this contention. It is worth men-
tioning though that the ion-selective microelectrode only
provides information about the free fraction of ions, and
not ionic changes~inhzﬂé whole f%bre. Thesg éctivity meas-
urements must be supplemented by toﬁék chemical analysis to .

properly examine the problem of heterogeneity, )

Figure 1 also revéals that  hyperpolarization of the mem-
brane potential aécompanied the fall in (aK):.  This has
significance because it indicates that the original 2.5mM of
extracellular 'Kﬁﬁust have beén adequately removed during
K-free Ringer-superfusion. It also suggests that the lost
extracellular K might not have been replenished by transmem-

:brane-mbvements of K'even though (aK)® was observed to fall.

5
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8.2.2 CHANGES IN THE FREE AND TOTAL K AND Na DURING A 40

_MINUTE EXPOSURE TO K<FREE RINGER

f

“*™ This set of experiments combined the microelectrode meas-

\\‘ ,
|

‘urements with total chemical analysis to compare the changes

in free K and Na with the changes in total intrafibre K and

Na. Details of the .procedure have been described in the

Methdds, and the mean results from shccessfuily completed
eéperiments are given in Table 3. ‘ B

The chanbes in the free K concentration *3, (K)?@, ané

the free‘ Na concentration, (Na)?!, are in agreement with

those of Figure 1, that is, a lérge drop in (K)! of -36mM

and an increase in (Na)® of- +16mM, The tablé also shows

-that .tﬁe total iﬁtrafibre K ;oncenérag}on, (K}i, ~ was

unchanged while the total intrafibre Na cdncentration,

(Na)i, 1increased 5,5m.moles/kg fibre water. There was no

detectable change in the muscle water content of treated

muscles relative to their controls.

The apparent constant levelidf'total'intrafibre K concen-
tration is in agreement with Adrian (1956) who measured (K)i
by flame photometry and found- no significant bhapge in mus-
cle content after a.one hour equilibrat%on in K-free Ringer.

Indeed Simon et al. (1957) fouﬁd that.toad sartorius muscles

L3

maintained their total K in K-free Ringer for up to 4 hours.

[S—y
r

l _?:"

'* The free concentrations were calcuiated by dividing the

‘activity measurements by an activity co-efficient of 0.75
as detailed in the Methodology Section. * .

.
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Table 3: CHANGES-IN. FREE AND TOTAL K AND Na BEFORE
~ AND /AFTER A 40 MINUTE SUPERFUSION . WITH
K-FREE RINGER . - - - :

\ . - ‘

L]
~
[y

.

P )

; ,  FREE’ TOTAL
S CONCENTRATION®  CONCENTRATION *

Em{mV) (K)! ~“(Na)*  {K)i  (Na)i

‘Solution - .. .
Mf(mT? {(m.moYes/kg. £.w.)

Normal -85+0.8 ' 133£0.5 16:1.2 151£2.0 22¢1.1
Ringer ° (20) (12) (8) (20) (20)
K-free '  -103t1.4 97+1,7 32¢1.2 150¢1.8 27.5:1.2
Ringer - (20) (x2) - (8) . (20) , (20)
Difference -18t1.6 -36+1.8 +16:1.7 -1*2,7 +5.5¢1.6

(38) (36). (14) (38) (18)

. p<0.001 p<0.001 p<0.001 p<0.002

e
L}

All values are mean # ]standard error, ‘the numbers in
brackets are the number of determinations.

* Obtained by dividing the K and Na .activities by an 3
assumed mean activity co-efficient of 0,75.

* Values are ' corrected for an ewxtracellular _sﬁéce of

20% of muscle water. The p values are the probabili-

ties that the differences are zero (student t-test).
wr
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‘A constant total intrafibre K content indicates that the

observed fall in free K cannot be related to fﬁansmembrane.

an

movement of K. Instead, it suggests either that free K

moved “to an intrafibre location inaccessible to the
N, -

) ) . -

o f

[ T T T e T T Y T T T T T N e T T I L I~ I T ) ‘-.l [T T N N 1
. r
- §

. NI

— 0 W WY U uw

)

N



86

R—microelecﬁpede or that the free solvent water fraction (a?
in equation 3 of Chapter V) increased atfphe' expensehef
another internal compartment. However, J'the‘ observed
increase in (Na-)1 would argue agaﬁnst such an,event,' unless
the free compartment, @', is relatively small. For simplic-
ity, if ‘oqe assumes that o' does not change and that the
uptake of Na.is confined to a! then'&‘A(‘Na)1 = A(Na)i.. From
the data of Table 1 the initiel value a' cannot exceed 34%

of the total intrafibre volume if a shift of intrafibre

water is to account for the observed fall in (K):.

- . 3

8.2.3~ 'CHANGES IN THE FREE_AND TOTAL K AND Na DURING A 40

MINUTE EXPOSURE TO NORMAL RINGER CONTAINING OUABAIN

Accordlng to our current. knowledge of the Na pump, K- free
Rlnger and ouabaln both block the normal function of the Na
pump, c?nsequently, one ‘expects that their effects on intéa-
" fibre 'e16ctrolyte distribution should be szmllar. Bub,
since Corrle aqd Bontlng (1966) had observed a definite and
*significant loss of total K after 4 hours of ocuabain treat-
ment whereas Simon et al (1957) did not detect much loss

after 4 hours 1ip K—free Ringer, it seemed important\ to

establish once and for all whether the t;ansmehbrane and’

intrafibre movements of K are indeedodifferent for the two
.treatmenté, . ‘

The experimental protoeol was identical to'thae of the
previous section except that.the superfusate was ‘'changed

from normal Ringer . to normal Ringer containing J!E;‘ M cua-

3



: ba1n instead of to K-free Rlnger. The results are summarized

87.

e

e

in Table 4 and for brevity only the mean changes are listed
as in the bottom row of Table 3. For convenience ‘and clari-
ty,.TaBle 5 lists the mean changes from Tables 3 and 4.

As with K-free Ringer treatment, there was a significant
fgll in (K}* (-27mM), and a small but significant incfease

in (Na)* (+5mM}. Unlike  the K-free treatment, however,

"there was a significant fall in (K)i of 12m.moles/kqg fibre

water. The increase in (Na)i of 7m.moles/kg fibre water was
similarNto that of.K—free treatment. The host\importaht
point to be derived from these results in \comparison with
the’data from the K-free exposure (see Table 5) is that
while both treatments block the Na pump as shown by thé
increases in (Na)? and (Na)i, their effects on the intrafi-
bre ion&c distribution diffe;ed markedly. That is, both
cauéed a decrease in (K)*, but only ouabain initiated a
transmembrane efflux of.‘K. It should be pointed\out that
neither procédure caused an observable change in the muscle
water content. | ‘ | _
"The data of Table 3 dlso points out that the loss of (K)i
during ouabain clearly de;onsérates that if the fall in (K)®
observed during K-free exposure did actually cross the sar-
colemma it should have been detected by chemical analysis.
Therefore, the discrepancy between (K)? énd (K) i during
K-free exposure was not caused by delays in the extracellu-
lar. space. A more theoretical treatment of this problem is

presented in Appendix B.
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Tabie 4: CHANGES IN FREE AND TOTAE ¥ AND Na DURING A -
40 MINUTE SUPERFUSION WITH 10-* M OUABAIN."
,, :

FREE CONCENTRATION .TOTAL CONCENTRATION
Em(nv) _ (R)* - (Na): (K)i . (Na)i
' {mM) ' (m.moles/kg f.w.)
- o
0.8  -27+5.0 +5:0.5 -12¢1.8 F75L
42) {20) (22) (36) : {(36)

p<0.001 p<0.001 p<0.001 p<0.001"

4 . ..
All values are the changes during a 40 minute exposure
to normal Ringer containing 10-4 M ouabain.

The p values are the probability that -the difference

is zero. . The values in . brackets are the degree of
freedom. T

o I T T I I F T T T R T S T R T PR T B TR PR PR PR Py

From these arguments, it can now be concluded with

greater conviction that K-free Ringer and ouabain have very

different effects on the monovalent cation distribution in

frog skeletal muscle and it clearly shows that K-free Ringer

can induce an acute change in (K)!, the free K, without a

concomitant change in (K)i, the total intrafibre K. The

fact that there was a loss in (K)* and (K)i dﬁring'ouabain
treatment shows that the disappearing free K was caused by
an efflux of R rather than an increaée in myoplasmic solvent

thus justifying the initial assumption’ of"Chapter (v)
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Table 5: COMPARISON OF THE CHANGES 1IN FREE AND TOTAL
K AND .Na MADE BY K-FREE RINGER AND BY NORMAL
RINGER CONTAINING 10- ‘M OUABAIN,

»

. <
- : "FREE _ * : +POTAL
* CONCENTRATION CONCENTRATION
TREATMENT Em(mv) ~TKF* . (Na)JT ~(KIT — (NaJi
(mM) o (m;moles/kg“f.w.)

" .
L L [

K-free ~18:1.6 -36:1.8 +16:1.7 ~122.7 +5.5:1.6

Ringer (38) -(22) (14) (38) {18)
. p<0.001 p<0.001 p<0:001 p<0.002
Ouabain 0+0.8  -27:5.0 +5£0.5 -12:1.8 +7%1.1
: . (42) (20) (22) (36) - -{38)

p<0.001 p<0.001 p<0.001 p<0.001

Moreover, the fact that., A(K)? > A(K)i (-27hM Vs
-12m.moles/kg fibre wéter), is evidenée that the free com-
partment cannot contain all pf the fibre water and it fol-
lows that the fibre must contéin at,least one other compart-
ment with or without K; . ~

A simple. first approximation model for the djstribution
of_ibns was developed in Chapterrv. Substitution of the
values of Table 4 into equations 8 and 9 of Chapter (V)
gives a value of 0.23 for a* and 0.77 for a?® which suggests
that the free 1ions (as ﬁeésured with the’ ion-selective

microeleqtro&es) are dissolved only in 23% of the intrafibre

) ‘ [ TR TR TR FEL
_UHUUHUUUUUUUU‘UQUUUUUU.
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water and that the remaining 77% is to be found in an qrga-_ ]}f

nelle. (or organelles) not sampled by the microelectrodes.

If these -a values are to.be accepted they, must be shown
to have morphological significance. An examination of the
stereological work of Mobley and Eisenberg..(1975) reveals
that such a large a? (77%) can only be re};tgd to the myofi-
brils, an organelle which occupies‘ B83% of the intrafibre
volume. 1If so, then the a® water mﬁét represent the extra-
myofilrillar space which is indeeé where the tips of the
ion-selective microelectfodes are usually located.. The sar-

coplasmic reticulum can be rejected as a compartment since

Somlyo et al. (1977a,b and 1981) have reported that the sar-’

coplasmic reticulum contains a level of K and Na essent{glly
identical to that of the sarcoplasm. .

Implicit in this model, although not staﬁéd, is the sup;
podition that an equilibriumbboundary or interphase must
exist between the two intrafibre compartments. Within the
context qf the muscle fibre mofphology, there is an inter-
phase around each myofibril. But, -the myofibrils though
well defined morphologicglly do not possess a limiting mem-

brane. However, they,do'have their own unigue Donnan poten-

tial (Weiss et al., 1967; Collins and Edwards, '1971; Pemrick

and Edwards, 1974; Bartels and Elliott, 1980; Hinke, 1980;
- and Stepﬂenson et al:;, 198l1). because of the net negative
charges on the myofilaments (both_thick and thin) at physio-

logical pH. It should be emphasized here that '‘a membrane is

(g

s
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not esqen?i&i\fbr the existence of a potential between two
phases. What is essential thoﬁ;h, is- that there must be a
concentration gradient of the diffusible ions between the
tho?phases-effected by, for example, a membrane or by fixed
charges such as those on the myofilaments;
an%e no complete membrane envelopes the myofib;ils (the
S.R. forming only a discontinuous envelope) it follows that
ionélshould'gove freely between the myoplasm and the myofi-
brils buﬁ probably in a way that only permits electroneutral
exchangeé to occur between the two compa;tments. This can
be done by an-exchange.of co-ions or by a concomiéant move-
ment of counterions. ' |
For the ouapain trea£ment, a l:1 exchange of myofibriilar
K for myoplasmic Na ' has already been assumed in order io.
calculate o* and a3, W}th this a;sumption and application
of the Table 4 data to equations (6) and (7) of Chapter (V)
it was calculated that 7.5mM of myofibrillar K exchanged for
a similar amount of myoplasmic Na' during the 40 minute
treatment. Figure 1 in. Chapter V summarizes schematically

the transmembrane and internal XK:Na exchanges that have

occurred during the 40 minute treatment with ouabain.

8.2.4 RE-EVALUATION OF THE K-FREE RINGER INDUCED CHANGES
el

In the K-free Ringer_suberfusion experiments,’ if equa-
"tions (6) and (7) (Chapter™ (V))  are applied to the data of
Table 3 and if the newly calculated values of a! and @2

(from the ouabain daFa) are used, then one calculafés that

'
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the myofibrillar concentrations of K and Na increased by
10mM and 2mM respectively while myoplasmic K decreaéed by
36mM and myoplasmic Na increased . by 16mM. élearly, a 1:1
exchange of myofibrillar Na for free K cannot be used to
explain the data of Table 1. If qlectroneutrality is to be
maintained in «? and if the net fixed charges“reﬁained con-
stant, then one must eithef postulate that an udknoﬁn‘cation
was‘disﬁlaced-from the myofibrils whep'K and Na entered or
permit an anion to aécompany the inward,movment'of K and Na.

This latter hypothesis -is less likely-Eince the myofibfils

are known to exclude anions (Hinke, 1980; Stephenson et al.,

1981). Hence; I prefer the first hypothesis where an.

\
.~ unknown cation, X, is in some" way encouraged to leave the

myofibrils for tﬁéxmyoplaém. The ionic movements during.a
40.minute treatment with K-free Ringer is summarized sche-
"matically in Figure 8. ' M

However, as discussed previously, an increasg in myo-
plasmic- solvent ‘'can ‘also account for the simultaneous
increase of free Na, and the decrease of free K, if the myo-

plasmic fraction of water was small and if the increase of

tgtal intrafibre Na concentration, was confined to the myo-

plasmic space.  Since a® was calculated to be 0.23 thus it

seemed prudent to re-consider this hypobhgsis. The intra-

cellular changes of ~-this hypothesis. are schematically repre-

sented in Figure 9, According'to this scheme the increases

LY

in myf&lasmic water mu be from «? (i.e, an f%trafibre

§
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sarcolemma °

Figure 8:

Schematic representation of ‘the ionic shift

model according to the two compartment mod-

el during a 40 minute exposure to K-free
Ringer. THere 1is an influx of Na across
the sarcolemma and_an internal sequestra-
tion of free K and to a lesser extent an
Wnternal sequestration of free Na by the
myofibrils. The internal sequestration of

%X ‘and ‘Na. is, for reasons of electroneutral-
ity {see text), an exchange for a cation in

the myofibrils (solid arrow) or a concomi-
tant influx of an anion (dashed arrow).
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' change in-the total muscle water. Since (K)i remained con-

| L. 9

-

redistribution. of ‘water), since there was no detectable'

stant ‘then one’ . can - write

-

aio (Khip' = aj(K)} B 5 (1

where the subscripts denote the time in K-free Ringer.
[ _\_\ - i . ! ? .
Using, the geta of Table 3, . the calculated value of ado is

0.32 which suggests that a? 1ncreased from 23 to 32% of the

- ~ -

“intrafibre water. - The crucial test for this model is its

A .

prediction of at® . from the Na. data (Table 3) As Betore, it

wvas assumed that the increase of (Na)i i§ confined to a?,

[

oy (Na)i, =-a2(Na)® + A(Na)i: (2)

A
-

From thlS relation the calculated oy, is 0. 29 %ery“close
'ﬂ

to that calculated from thg K data (0.32). Thus it appears

that‘either model can account -equally well fdr ‘the observed

changes dur1ng a 40 minute ‘exposure to K-free Rlnger." How-
ever, 1t i's hard to imagine how an uptake of Na by the mps-

cle can. be-confined to -the myoplasmic"water since it has

~already been argued that ieons are freely mobile between o

. \ ™
and a2, Therefore, for subsequent arguments, the ion- Shlft

model of Figure B w111 be favoured over the water shift mod—

el of Figure 9.

- one - : . can " write -
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Fiqure 9: Schematic representation of the water shift
model during a 40 minute exposure to K-free
Ringer. There 1is an influx of Na across

— the sarcolemma which is confined to the
myoplasm concurrent with a shift of water
from the myofibrils to the myoplasm. The

- measured fall in free K is an effect of
dilution of the free K in the myoplasm,
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8.2.5 CHANGES IN (K)!, AND (K)i AFTER AN 80 MINUTE

EXPOSURE TO K-FREE RINGER QS CHANGES AFTER A 40

- 7
MINUTE EXPOSURE TO K-FREE RINGER

©  When a frog skeletal muscle is exposed@ to K-free Ringer’
for exteuded periods af low temperetures- there.is a loss of
toeal intrafibre K and'a gain in intrafibre Na (Steinbacﬁ,
| 1940; Kernan, 1962; Adrf%n and Slaymen,_1966; Armstrong and
Lee, 1971; and Kernan and MacDermott, 1975). In the acute
exposures to K-free Ringer reported here there was a'lafge

féll of free K yet total intrafibre K remained cqnstant'
therefore, the acute effects must .be a tempqrary phenomenon
and 1ntraf1bre K must eventually leave the muscle fibre.  To
obtain supporting ev;dence for this idea, a group of prelim-
inary experiments were performed which only compared the
effects of ‘a 80 minute treatment with K—free Ringer with the
effects of e 40 minute treatmeut with K-free Ringer.

Paired muscles were'used. ‘(aK)1 and Em were measurea in
several surface fibres'in nerﬁal Ringer and in K-free Ringerfﬁ
in both muscles. In one muscle, the exposure to K-free Rlng—
~er was for 40 minutes while its compan1on muscle was exposed'
'Ee K free Ringer for 80 minutes. . For chemical analys1s of
(K?i, two additional pairs were used In one pair .one mus-
£le was exposed to K-free ginger for 40 mlnutes whlle its
companion was stored in normal Ringer. In the second pair;
one muscle was exposed to K-free Ringer for 80 minutes while
its companion muscle was stored in normal Ringer. The

A-\

changes in (K)!, and (K)l and Em are summarizéd. in Table 6.
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Table 6: CHANGES 'IN FREE AND TOTAL K DURING ‘A 40
MINUTE AND AN 80 MINUTE EXPOSURE TO K-FREE

RINGER.
(K}i
TIME IN K-FREE - . (m.moles/
" RINGER  _ Em(mV) (K)* (mM) kg f.w.)
40 minutes -18+0.9 (18) -35%1.0 (18} +1.5*1.5 (26)
. p<0,001 p<0.001 -
80 minutes -21+#0.8 (1B) -37+x2.0 (18) -5x2.0 (22)
p<0.001 p<0.001 p<0.025
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The 40 minute exposure data confirms the main result of
Table 1, that is, a large fall in (K)! while (K)i remained
constant. The 80 minute data shows once again a large fall
in (K}* but now there 1is a small but significant f511 in
(K)iindicafing that some 1loss of total intrafibre K can be
detected after 80 minutes but not after 40 minutes of expé—
sure to K-free Ringer. As :before there were no detectable
changes in the muscle water content for either the 40 or 80
-ﬁinute exposureé. Lee and Armstrong (1974) during a 48 hour
exposure to K-free Ringer observed a 20mM fall in their
total intrafibre K but observed only a 14mM f;ll in their
free K - -the relative magnitude of the changes in the free

and in théAtotal K were opposite those observed in this the-

sis. It seems logical to speculate that during the period
' .‘ . *
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“from 80 miﬁu;es to 48 hours as more fibre K leavés_the mus-
cle fibre that the K sequestéredfbf the myofibrils will be

released back into the myoplasm.

8.2.6 REVERSAL OF THE 40 MINUTE EXPOSUhE TOC K-FREE RINGER

A frog skeletal pﬁscle exposed to Klfree Ringer (Adrian
and Slayman,. 1966; Steinbach,  1940) or to low K {0.2mM)
Ringer (Johnson, 1956; and Desmedt, 1953) for extended peri-
ods re-accumulates. its lost K and extrudes~i£s gained Na
~ when returned to K containing Ringer. The long term effects
of K-free Ringer are<£ngrsible. Therefore, it was elected
to examine the reversal of the 40 minute exposure to K;free
Ringer. ‘ -

Paired muscles were used. In-one muscle, (aK)® or (aNa)?
and Em were recorded in normal Ringer and after 40 minutes
in K-free Ringer. (aK)® or (aNa)¥‘ and Em were recorded in
its companion mus;le after 40 minutes in K-free Ringer and

. . e I
after a 40 minute return to normal Ringer. . For chemical

analysis paired muscles were dissected and seperated into

two groups of match@ﬁ“pairs.Q@Tn one group, one muscle of
each pair was transferred to ‘ﬁ-frgg'ﬁfnger.for 40 minutes
while its companion mus&le remé{Hgd in normal” "Ringer, 'At
the .end of this period the muscles were all exposéd to
K-free Ringer for 40 minutes., One muscle of each pair vas
removed for analysis of K, Na and water content, 1ts com-
panion muscle was returned to normal Ringer for 40 minutes

then removed for analysis of (K)i, .(Na)i and water content.

The results of the averaged changes are summarized in Table
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7. There were no detectable changes in the muscle water

‘ .
experimental steps.

content during any-of the

The‘dat; from thé€40 minute exbosure‘to K-free Ringer
were con§istent with similar experiments (Tables 3 and‘ﬁ).
That is, a fall in (K)* while (K)i remained constant and an
‘increase of (Na):? greatfr than ‘thé increase of (Na)i. The
recdvery data, however, Wwas uhéxpected : (KJ"increased as
expected but (Na)! did not decrease as expe;ted. Further—
more, K now left the fibre and Na entered the fibre. These

i}

changes are ‘opposite lto the transmembrané ionic .iluxés
e¥p9cted when the Na pump is re-activated b& Lhe re-addition
of external K and perhaps at an accelerated rate due to the
Higherf(Na)*alevel. T oIt apéears that short term exposures
to K-free Ringer prdduce irreversible chapges in the elec-
trolyte distribution of keletal scle that have not
béen previouslyl Qeteéfed.‘ Indeed, Desmedt (1953) chose
b.ZmM K Ringer over K-free "Ringer to alter the eléctrolytes
in- his experiments because K-free 'Ringer produced some
unspecified irreversible changes. |
The ionic shifts during recovery.are schematically repre-
sented in Figure 10. Applying equations (6) and (7) of
Chapter (V) to the data of Table 7 gives values of (K)* and
(Né)2 of ~13mM and 9mM respectively. Tﬁe scheme of Figure
10 indicates that the unkoyn cation lost . during'the K-free

Ringer treatment did not completely return to 2 upon the

re-introduction of normal Ringer (see Chapter IX). Perhaps
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Table 7: CHANGES IN FREE AND TOTAL K AND Na DURING A

40- MINUTE RECOVERY FROM K~FREE RINGER. .

——

Superfusate Em(mv) (R):- (Na)1? (K)i {Na)i

- {mM} (m.moles/kg £.w.)

40 minutes -16£1.1 -35:2.0 +1B+1.0 O0+1.5 +5:1.0
(24)

K-free Ringer (24) (12) (12) (24)

, p<0.001 p<0,001 p<0.001 p<0.001
40 minutes  +15:1.0 +21%3.0 0£1.6 -5+2.5 +7+0.8
recovery? (22) (12) (10) (24) (24)

p<0.001 p<0.001 p<0.05 p<0.001

* Changes 1in this Ttow are referred to measurements
after a 40 minutes exposure to K-free Ringer and not
to normal Ringer at the start of the experiment.

i
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the altered distribution of the unknown cation is the key to
the unexpected pattern of recovery.

The data of Table 7 is incompatible with the water
‘'redistribution model, if one. postulates that &® must revert
back 56-0.23_ffom 0.32. ~ That is, (K)® should increase and
does so accordingly, while (Na)® should increfse margedly
since (Na)i was observed to increase. The fact that (Na):®
remained constant is further evidence that the water redis-

" -tribution model can be abandoned.



Figqure 10:

The 1ionic movements during a 40 minute
recovery, from K-free Ringer, There is an
internal uptake of Na and an internal loss
of K.

. i o According to
the . two compartment model the X cation
lost during the initial exposure to K-free
Ringer does not return completely to the
myofibrils. 'Notice that the transmembrane

fluxes of K and& Na are oppesiter those

expected for a re-activated Na /K pump.
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8.2.7 INDEPENDENT MECHANISMS OF K—FREE RINGER AND OUABAIN

IN PERTURBING THE INTRAFIBRE MONOVALENT CATION

DISTRIBUTION

Within the Framework of the ion-shift model, K-free Ring-

er pfoduces an internal exchange of myoplasmic K and Na for
an unknown cation in the myofibrils (Figure 8) whereas oua-
ba1n produces an internal exchange of myoplasmic Na for myo-
fibrillar K in addition to transsarcolemmal fluxes of K and
Na (Figure 1, Chapter V). This set of experiments examines
the interaction of the two- treatments on the intrafibré K
distribution,

Paired muscles were used.' In one muscle, (akK)?® and Em
were measured in norﬁal Ringer then aftér 40 minutes in
K-free Ringer. In its companion muscle, (aK)!' and Em were

measured in normal Ringer and after 40 minutes in K-free

Ringer contdining 10-‘M ouabain. For chemical analysis,

paired muscles were separated into two groups. In one
group, one muscle of the pair was exposed to K-free Ringer
for 40 minutes_while its companion remained in normal Bing-
er. The muscles were analyzed for R, Na, and water content.
The second group was treated in an identical manner as the
first group except that one muscle of the pair was exposed
to K-free Ringer containing iO" M ouabain. The averaged
changes are sumharized in Table 8. As before no change in

the muscle water content was detected.
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Table 8: dHANGES IN FREE K AND TOTAL K AND Na DURING

A 40 MINUTE EXPOSURE TO K-FREE RINGER AND TO
K-FREE RINGER CONTAINING QUABAIN

T

Superfusate Em (mV)l (K): (K)i (Na)i

(mM) (m.moles/kg" f.w.7} -

K-free Ringer =-12+#1.0 ~58:7.0 0:2.0 +5.6:1.5
. (16) - (16) (6) (6)
p<0.001 p<0.001 p<0.025

K-free Ringer ' .

+10° *M Quabain -11+1.,0 -58+7,0 ~9+x2,0 +8*1l.5
(1¢) (14) (6) (6)
p<0.001 p<0.001 p<0.01 p<0.005

v
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The K-free Ringer data {(upper row) confirm the data of
similar experiments (Tables 3,6,and 7), although the fall in
(K)* was larger. The K-free Ringer plus ouabain data (lower
row) revealed an equivalent fall in (Ki‘ but in addition a
significant fall in (K)i of 9m.moles/kg fibre water. This
result demonstfates that transmembrane K movements are
acceleratgd by ouabain but that the K~free Ringersinduced
internal K shift might still be present.' Applying equa$ion
(5) of Cbaptér (V) to the data of Table 8 reveals that (K)?
increased by about 5mM in K-freeé Ringer containing 10-¢ M
_ouabain éompared with about 16mM in K-free Ringer. Evident-

ly, the internal redistribution of K was still present

albeit attenuated. Thus during exposure to K-free Ringer
& .
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with ouabain both ‘mechanisms of pertu;bations of the
muscle's normal electrolyte disfributiqn were present but
antagonisticiwith respect to (K)’: It folfzws that K-free
Ringer and ouabain have independent machanisms, both capable

of lowering free K but only ouabain produces an acute Ioss

of total intrafibre K.

8.3 DISCUSSION

The most imporfant coqelusions from.these experiments
and analyses are: (i) that free and total intrafibre K and
Na concentrations are quantitatively different; (ii) that
intrafibre K and Na must exist in two different _concentra-
tions in at least two distinct compartments; (iii) that the
two compartments are probably the “myofibrils aﬁd the extra-
myofibrillar myoplasm; (iv) that 'ions move freely between
the two compartments subject only to the rule of eleétronéuj
trality; and (v} that such intérnal ionic movements do
indeed occur in_additioﬁ to transme&br@ne ionic movements;
and (vi) that K-free Ringer treatment and ouabain.treatment
produce quite different internal ionic an%> transmembrane
ionic shifts. '

The key observation was that K-free Ringer treatment pro- .
duced a large drop in . free intgafibre K, detectable in 40
minutes without producing a similar reduction in the total
intrafibre K. This observation alone strongly suggests that
an internal redistribution of intrafibre KAhad occurred dur-

4

ing the K-free Ringer treatment,
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It is somevhat sqrprising_thét 5uch an important obser-
vation has- remqihed undetected for so long. Perhaps ‘the
answer lies in the fact that ?;; past investigators had com-

bined chemical analysis with ion-selective microelectrode

recordings in experiments designed to invoke large transmem-

brane_ioniq exchanges. For example, Adrian (1956) and Simon

et al. (1957) studied the effects of K-free R;nger'on intra-
fibre K levels but were resticted to chemical analysis,

hence had no way of detecting the intrafibre redlstr1but1on

of K. Others have done m1croe1ectrode recordings and chemi-

cal analy51s but have been concerned mainly with the normal
condition (for example, Lev, 1964; and Kostyuk et al.,
1969). Notable exceptions are Armstrong and Lee (1971) and
Lee and Armstrong (1974). Their ekperiﬁents were very simi-

lar to ones reported here. Unfortunately, they were inter-

ested only in examining the effects of 24 fand 48 hour expo-

sures to cold K-free Ringer and not in the early induced

. ionic changes. Nevertheless, their study permitted them to

arrive at conclusions (i), (ii) and {(v). Among the secon-
dary observations, perhapg the most ;iﬁteresting was the
failure of the K-free Ringer induced changes to reverse
themselves when the muscle was returned to normal Ringer,
Even more puzzling was the transmembrane exchange of intra-

fibre K for external Na which was exactly opposite to that

- expected if'the Na/K pump had been re-activated. To explain

this observation, it was proposed that the unknown cation
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released during the initial K-free Ringer exposure might
have become preferentially bound, hence was unable to feturn

to'its original myofibrillar location during the subsequent
" @

“recovery. Alternatively, the unknown cation‘might have
altergd the no ;'forward mode of the Na/K pumpsuch that
“the pump now © erates in reﬁerbe.* .Anothér possibility is
that normal Ringer did not contain sufficient K to reverse
the redistributed ions since previous workers‘have used. .
Ringer containing 10 mM K as their solution following Na-
enrichment (Adrian and Sléyman, 1966; Kernan, 1962; Johnson,
1956; Desmedt, 1953; and_Steinbach,‘194p). This, howeveq,
is uﬁlikely since Frumento (1965) found that Na-enriched
muscles could extrude Na when~returned to normél Ringer
(2.5mM K).

A number of practical- considerations\arise frpm té%le
experimenfs. Many workers have wused isobdopes, chegmical

anélysis or ~ ion-selective electrodes alone to™gtudy trans-

he ‘musff;/fﬁﬁin

Gfibre exchanges

port rates across the sarcolemma. But si
fibre is non-homogenecus and since _ in
occur in addition to the sarcolemégzhe change one of

these Eechniqueg used alone cannot, provide a true pidture of
all intrafibre events especially when the steady ‘state of
the muscle is perturbed. A Since most of our knowledge on ion
transpdrt has come almost exclusively from isotope flux
studies,. perhaps one should crifically're—eéamine data of
this type in order to pinpoint pbssible 'errors_which might

arise when internal iomic shifts occur.
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It is also 'worth mentioning that many properties of the

.plasma membrane are dependent on transmembrane ionic gradi-

ents which, this thesis reveals, .should not be ‘derived from
’ Ld

chemical analysis. Strictly speaking, ionic activities
should be used. . For example, Kernan (1962), Frumento

(1965) and Adrian and Slayman (1966) measured Em under con-

ditions when the Na pump was.electrogenic and - deduced, the

contribution of the electrogenic Na pump to the membrane

/,/éotential as the difference between the measured membrane

potential and the K equilibrium potential, Ek, calculated
from the K gradient across the membrane determined by chemi—
cal analysis. The use of activities rather than Soncentra-
tions w?;}d not change the conclusion ébgt a hi;hly active
Na. pump -can be éiectrogenic. Nevertheless, ionic act}vities
are needed to define precisely the relation between.Em-and
Ek and the prégise eleétrogenic component of the Na pump.
Activity meaéurements alone cannot determine how the
vaNious fractions of intrafibre ions are affecEed by a high-
ly aétivg.Na pump. Another shortcoming of reiying on activ-.
ity'measuréments‘ alone can be'illustrated‘ by the data‘of
Table 4. . Ouabain must have induced an increase in the
permeabiliiy,fatio of K to Na, Pg/Pyy. -at tﬁe sarcolemma,
since Em remained constant while (K)* decreased and (Na)?
inéreased. Unless permeability measurements are made one

cannot concluded the precise cause of the increase. in

Px/Pna- The only safe conclusion that can be made is that
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“"already been suggested by Sjodin and Beauge (1973).
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- an ‘increase of Pg/Pys had. ocurred. . This observation has

~

8.+ CALCULATION OF o' AND o
© In Tables 3. and 4, the observation.that A(K)*£A(K)i and

A(Na)‘# A(ﬁa)i, are consistent with the existence of an

intrafibre compartment not measure _ by the ion-selective

microelectrode but involved in K and | exchange. If the

‘fibre interior was indeed homogenedus then. A(K)!=A(K)i and

: A{Na)*=pA(Na}i. This' conclusion cor oborate§ that of Arm-

s%;@ng and Lee (1971) and Lee and Armstrong (1974) who per-
formed similar experiments. It was .shown in Chapter II thet

the Hheterogeneous distribution of monovalent cations is

- caused by the macromolecules of -the ~contractile filaments.

This binding of ‘ions should give rise to an intrafibre Don-
nan potential. -
‘As a point of interest the intrafibre Donnan potential

was . caltulated accordlng to the - relat10nsh1p

'-(K)’+(Na) /(K)‘+(Na)‘~exp( EDF/RT) where RT/F=25.2mV. Using

the data of Table 1 and values of 0.23 and 0.77 for a® and
o respectlvely to calculate (K)* and (Na)* a -5mV intrafi-
bre Donnan potent1a1 was obta1ned. This value is close to
‘the measured value of —BmV in glycerol extracted frog sarto-
'rlushmuscles (Colllns and Edwards, 1971) and alsc close to
the measured u;lue of -9mV in mechanically skinned toad

iliofibularis muscles (Stephenson et al, 1981). However,

‘it is unreallstlc to expect ions in a muscle fibre to be

o
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divided inio two intrafibre compartments only given the com-
plex morphology of a muscle fibre. For example, the sarco-
plasmic reticulum, nuclei and mitochondria all occupy a
finite volume and thus an exact correspondence between the
c;lculatéd and the measured value cannot be expected. Nev~
ertheless, a closer agreement between the calculaged and
measured values is possible if it js assumed that the non-
solvent water is equivalent to the .non-osmotic water (Hinke,
1970) and resides in gz "¢ In the frog .sarkorius ﬁwscle
about 15% of the intrafibre water is non-osmotic (see Chap-
ter I) the o' and o® values are then 0.23 ahd 0.62 respec-—
tively. Applying these values to the data of Table 1 to
once again calculate (K)? and (Na)? gives a ~10mV intrafibre
Donnan potential. However, for'the sake of simplicity a?
and o? will be assumed to be 0.23 and 0.77 respectively for
future célulations. ~ This simple calculaéion shows tﬁat it
is reasonable to speculate that the myofibrillar aﬁbumula—
\/tion of cations could well be the in vivo fraction of mono-

valent cations which is not detected by the ion-selective

microelectrode, .

Enough supporting evidence has been providéa for the
. existence of an ionic Donnan distribution between the myofi-
brils and its surrounding medium, :There remains, however, a
question concerning the exact location of the Donnan poten-

tial generated by the seperation of cations and anions due

*¢ a? denotes all intrafibre water excluding the free com-

partment. N
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to the fixed negétive charges on the contractile filaments.
. For example, Hinke (1980) arqued that the true Donnan poten-
tial should be located inside the myofibril close to the
sﬁrfacg of the contractile filament whereas Stephenson et
al. (1981) argued that the true,Doﬁhan potential sﬁould be

located at the myofibrillar surface. Measurements of the
.myofibrillar Donnan potentidal haye been done by insertiné an
6ben-t;gped microelectrode filled with KCl into the myofi-

bril. Because of the size of the microelectrode tip in com-

parison’ with the size of - the myofilament lattice there is.

some doubt whether the measured potential is a measure of

110

the true potential at the surface of the contractile fila- -

[

ments. : ' s

Elliott and Bartels (1981) and Naylof {1981) have shown
from a comprehensive'theoretical study of the electrostatic
potéﬁ%ialé at the surfaces of the myofilqments and compared
their magnitudes .with the potentiéls actually - measured by
the oﬁen~tipped microelectrodes and‘which appear to relate
te the whole mYofibfil_rather than 'to the myofilaments.
Their analyses lead to the conclusion that the.measured myo-
fibriilar Donnan potential 17 shéuld‘not be too different

from the calculated myofilament electrostatic potential, at

least at physiological pH conditions. Thus, for practicalA

o

Strictly speaking, the Donnan potential is the potential
between two bulk phases with different concentrations of
diffusible .ions and therefore cannot account for the true
electrostatic potential at the surface of the myofila-
ments. The interested reader is referred to an excellent
and thorough review on the theory of the Donnan potential
by Overbeek (1956). = '

17

.
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purposgsﬂ it can be imagined that the measured Donnan poten-
tial is located at or near to the myoflbrlllar surface. it
can be imagined that the freely mobile and exchangeable ions
within the myofibrils are pgrtifioned in a way is defined by
the Donnan potential. . g- -

Truly site bound cations (or anions) to the myofilaments
of course cannot contribute to the Donnan potential .and need

not obey the Donnan distribution. if a fraction of the K

oA

and Na in the myofibrils are truly site bound then the ana-

lyzed myofibrillar K and Na should be larger/than predicted
from the Donnan potential. But, Hinke (198d) found that the
measured myofibrillar K and Na concentrations were close to
that predicted by the measured Donnan potentiala Therefore,
as a first approximation, one may assume that the bulk of
the intra-myofibrilla; K and Na are relatively free and
mobile, but functioning as counterions for the fiked neg-
ative charges on the myofilaments. "

In deriving the two compantmeﬁt model, no physico-
chemical significance was assiéned to the o' and «* water
fractions wuntil the physico-chemjcal szgn1f1cance of the
cations associated with the water factions became obvious.
Clearly, thé a' water cannot be anyéhing but free. solvent
water because the (C)! cations afe defined as thermodynami-
cally free (i.e. as measured by.the.ion-selectivg microelec-
trode) The o? water is ‘

, however, much more difficult to

define, partly because it may contain more than .one compart-
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ment (although it has been argued that most of it must be
myofibrillar), partly because some of the (C)? cations may
well be truly site boéund or at least restricted in the
vicinité of fixed qharge sites,‘ and partiy bécausé the a?
must 3150 include all the iﬁtrafibre non-solvent water
.(bepause by definition a® contains none);' If the results of
Hinke (1970) can be used -then ‘75% of the of the intrafibre
wafer can act as solvent water for the monovalent: cations, /
then a signifi}ant portion (i.e. 2/3) of the a? wétér should
be reasonably normal water. "Thé‘remaining portion (i.e.
i 1/3) of the o? water must, by définition,. represent anﬁe's
non-solvent watef which is sEructured'around the macromolec-
ules to some degrﬁe with  altered physical .properties (see
Chapter I). It is not unreasonable to imagine that the myo-
fibrils should include both structured and "normal” water
when one. considers that the myofibrils behave as a liquid
crystal with both ligquid and solid state properties.
8.4 SUMMARY - )

| The key observation of this chapter is tbat there are
intrafibre ionic movements when the normal ionic distribu-
tion‘of the frog skeletal muscle is perturbed. During the
40 minute treatment with K;free Ringer there was an internal
.sequestration of free K and to a lesser gxtént an internal

sequestration of Na probably by the myofibrils in exchange

for some unknown cation. During ouabain treatment there was
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an internal exchange of free Na for myofibrillar K . These
observations demonstrate clearl} that K-free Ringer and oua-
bain do,not'have_the same effecﬁ'on intrafibre ionic distri-
butiqn of monovalent cations despite a common attribute of
Na/K pump inhibition. The analyses of the data suggest that
it _is the intrafibre compartmentalization of monovalent
cations by the myofibrils that is responsible for the dif-
ference. Thus intrafibre compartmentalization plays a role

in regulating the intrafibre distribution of monovalent

cations.

w



Chapter IX
INTRAFIBRE CHANGES ASSOCIATED WITH K-FREE

RINGER TREATMENT

9.1 INTRODUCTION

During K-free Ringer treatment it was postulated that the
-myofibrils sequestered 12 mEg/L of myoplésmic K and Na in
exchange for an unknown cation. _Thepossible candidates for
the unknown cation are.Mg, Ca and H. Of these, the most
likely candidate is Mg because it is present inside the
fibre at a reasonable concentration (ca. . 15m.moles/kg fibre
water) (Page et al., 1971; Bfinley et al., 1977; and Lopez
et al., 1983) and because much of it is known to be bound to
theé myofilaments (Brinely et al., 1974 and Naninga, 1961).
It is, however, possible thét instead of an'efflux.of a myo-
-fibrillar-catipn for the incoming K and Na, that the incom-
ing K and Na might be accompanied by an anion. In order to
rule out some of these possibilities, changes in intrafibre
pH, free and total intrafibre Cl, and total intrafibre Mg

and Ca were determined following K-free Ringer treatment.
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9.2 RESULTS

'9.2.1 FREE AND TOTAL INTRAFIBRE Cl IN NORMAL RINGER. VS

FREE AND TOTAL INTRAFIBRE Cl AFTER 40 MINUTES ON

K-FREE RINGER

According to ghe two compartment model K-free Ringer
treatment produces an intrafibre sequestration of K and Na
by- the myofibrils. This sequestration may be concomitant
with a myofibrillar uptake of Cl to satisfy the condition of
electroneutality. Frog skeletal muscles are highly perme-
able to Cl {Hodgkin and Horowicz, 1959; Hutter and Warner,
1967a, b, ¢, and 1972; and Eisenberg and Gage; 1969). Hence
the Cl ion is accessible.to the myofibrils from the extra-
cellular space and could conceivably play a role despite a
.low initial intrafibre concentration (Kernan et al., 1974;
and Bolton and Vaughan-Jones, 1976 and 1977). However, it
is unlikely that the uptake of Cl plays a role in maintain-
ing myofibrillar eleétroneutrality since Hinke (1989) has
shown £hat the myofibrils exclude anions. Furthermore, the
intrafibre Cl concentration is slaved to the membrane poten-
~-tial (Hodgkin and Horowicz, 1959}, Nevertheless, it was
elected to measure;ihtrafibré Cl levels to ensure that noth-
ing unusual had occurred.

Paired muscles were dissected and treated as described
previously. One muscle was used for (aCl)!® measurements in
normal Ringer and afteh 40 minutes in K-free Ringer while

its companion muscle remained in normal Ringer. Both muscle
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were analyzes for total intrafibre Cl1 and water content.
Thé;results are summarized on Table 9.

. As before, Em hyperpolarized and the muscie water con-
tent remainea constant. Free intrafibre Cl, (Cl):,. fell 2.4
mM which means that free Cl either moved into‘the myofibrils
or moved out of the muscle fibre into the extracellular
Space as an adjustment to hyperpolarization. This latter
possibility is supported by the total intrafibre cl, (cl)i,

analysis which shows that (Cl)i remained constant.

-

r =
2 . . 3
> Table 9: CHANGES ‘IN FREE AND TOTAL Cl FOLLOWING A 40  °*
2 MINUTE EXPOSURE TO K-FREE RINGER{. ' :
3 . 3
3 (Cl)i- :
> Superfusate .Em{mv) (C1)*(mM) (m.moles/kg f. w.) °
3 ) 3
3 .- 3
' Normal Ringer -B86%1.0 .4.7520.2 19.1%0,7 .
2 (9) (4) {20) ?
? K-free Ringer -101:0.6 2.32%0,2 18.1%0.6 !
2 . (16) (6) (20) 3
3 ) : 3.1
* Difference ~15+1.2 -2,4%0.28 -1+0.9° 3
? (16) (6} (38) ?
3 3
3 3
3 3

i

If myoplasmic Cl1 did indeed enter .the. myofibrils in suffi-

cient quantities to maintain myofibrillar electroneutrality

total intrafibre Cl would increase in detectable amounts,

e
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Since (Cl)i remained constant, it seems appropriate to rule

ohp any role for Cl in the K-free Ringer induced internal

sequestration of free K. .

9.2.2 INTRAFIBRE pH IN NORMAL RINGER VS INTRAFIBRE pH

AFTER 40 MINUTES IN K-FREE REQFE?

&%g If the myofibrillar sequestration of K and Na displaced
protons on the residues of the myofilaments then one must
conclude that the K-free Ringer treatment had in some way
dramatically altered the net nega:ive charge on the myofila-
ments. Although this seems highly unlikely, nevertheless,
it was decided to vefify that intrafibre pH, pHi, remained ;;f
constant duriﬁg K-free Ringer treatment, as first observed”f
by Kostyuk and Sorokina (1961).

. Frog sartorius muscles were dissected and punctured in
the usual manner‘.with a pH microelectrode in normal Ringer
and after 40 minutles iﬁ K-free Ringer. In five successful
experiments pHi was 7.1810.002(meén_s.e., n=5} in normal
Ringer and was 7.21*0.002 (mean s.e.,/n=5) after 40 minutes
in K-free Ringer. It seems prudent then to discard the

1qvolvement of protons in the response to K-free Riﬁger.'

9,2.3 TOTAL INTRAFIBRE Mg AND Ca CHANGES DURING A 40

MINUTE EXPOSURE TO K-FREE RINGER AND TO NORMAL

RINGER CONTAINING OUABAIN

Ca and Mg are the remaining candidates. Ca can be ruled

out partly because its intrafibre levels are too 1low and
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partly because any release of Ca would elicit a contracture

which was never observed.  Thus Mg is left.as the sole can-

-dididate.

Paired muscles were used. One muscle of each pair was

bl

stored in normal Ringer while its companion muscle was

exposed ‘to either K-free Ringer or to normal Ringer contain- -
ing 10- ‘M ouabain. -Both muscles were aﬁalyzed for Ca and Mg
as désribed in the Methodology section. The results are
summarized in Table 10. h

Clearly, no changes in the total intrafibre Ca or Mg had
occurred during either K-free Ringer or ouabain treatment.
From this, one can conclude that no significant loss of Mg
or Ca had occurred. It is unlikely that Ca exchanged with K
and Na for reasons already discussed. However, one cannot’
conclude that an internal Mg shift haa not taken place. The
role of Mg will have to await the arrival of a reliable

means of measuring  free Mg,



-t

119

-

Table 10: TOTAL INTRAFIBRE Mg AND Ca FOLLOWING A 40
- MINUTE EXPOSURE TO K~FREE RINGER AND TO
NORMAL RINGER CONTAINING OUABAIN.

: (m.moles/kg f.w.)
Superfusate (Mg}1i (Cali
NJ%ﬁal Ringer .+, . 14.0+0.5 (8) 3.3:£0.2 (8)
K-free Ringer 14,0%0.5 (8) 3.3:0.2 (8)
Difference® 0 0£0.7 (14) 0£0.3 (14)
Normal Ringer . o 17.1+x0.4 (8) 3.0+0.2 (8)
Normai Ringer 16.7£0.4 (8) *3.0:0.3 (8)

+ 10-*M Quabain

Difference® —0.4+0.6 (24)  0x0.4 (14)

- ) /Ij.
*Difference between matched pairs in normal Ringer and
in K-free Ringer. - ) :

.
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‘Differnce between matched pairs in normal Ringer and
in normal Ringer with 10-* M ouabain. 2

- ) 2
J
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9.3 DISCUSSION

The intrafibre distribution of Mg can be described by

-

(mH‘=a%mP + a?(Mg)? + MgATP imw (1)

where (Mg}i, a'(Mg):, a?{Mg)*® have significances analogous
to the monovalent cations, MgATP is the concentration of

MgATP and MgR is the concentration of residually bound Mgq.

TN



' 120
Lopez et al. (1983) found that the free Mg concentration in
frog skeletal muscle was about .4mM. Brinley et al. (1977)
found 4.2mM andul mM for MgATP éné &gR respectively in bar-
nacle muscle ‘fibres. Applying these values to equation {1) .
gives a miofibrillar-Mg concentfation of 12mM. This calcu-
lation shows that the myofibrillar compartment does indeed
hold‘engugh Mg for its proposed role. The amount which
would have to be displaced by K and Na is 6 mM. If 6 mM of
myofibrillar Mg was indeed released into the myoplasm, the
myoplasmic Mg concentration would increase 20Mm. This would
satisfy the osmotic loss of 20 mM of monovalent cations by
the myoplagm. However, it is hard to imagine how a simple
deletion of external ‘K could lead tdo an intrafibre seques-
tration of K and Na in exchange for Mg.

If K-free Ringer‘did indeed initiate an exchange of $yo-
fibrillar Mg for myoplasmic K and Na, one is still left with
the task of finding a mechanism where a simple deietﬁon of
2.5mM of K from the exgrafibre space could elicit such a

response, Perhaps, the removal of external K in some inex-

. plicable way altered the éharge density on the hyofilaments

such that K is preferred over Mg. It is known that myofila-

ments on barnacle muscle fibres alter their effective charge
when induced to contract (Caille, 1981). Similarly, Bartels
and Elliott (1981} have found that during rigor the A42and
of skinned fibres undergoes a chénge in the Donnan poten-

tial, 1indicating that a the ‘charge on the myofilaments had

]
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occurred. The following two chapters will describe attempts
"to determine such a mechanism. ' _
S L i
I - ‘
N
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EXTERNAL SODIUM 1S REQUIRED FOR THE -
DISAPBEARANCE OF FREE K IN ,RESPONSE TO K-FREE)//A?P
o RINGER. ” o Q
? s | | . ”
10.]  Introduction ' - . _ -

This,chapéer reports on the effects-of deleting external
Na on. the response of the muscle fiber to Kff}Eé Ringer.
 ¢he rationalé for making this variafion is based on Hender-
son's finding-(1971a) that K-free Ringer induced K movements
could be modified by external Na. Ringer. Na was replaced
either by Tris or Li to'éafegaurd against the possibility
that the substituting cation ﬁjghﬂ‘ be responsible fqr.the
results found. The_experimeﬁts weré c;rried out in the usu;
¥ gihygnner, exdépt that both protocols were used, -i.e.n con-
?;%J:"tinuous'recérdiﬁgs of 'free intrafibre K and before and after s
- sampling of free intrafipre K and Na in sing;e surfac?
fipres. =

10.2 RESULTS

3

- 122 .~
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10.2.1 EFFECT OF Na REMOVAL ON THE K-FREE RINGER INDUCED

SEQUESTRATION OF FREE INTRAFIBRE K
Figure 11 is a summary of the continuous recording
experimehts. Notice that all muscles are'Eirst superfuséd
for 30 minutes wifh'K-aﬁd ?é—free Ringer then half were
super fused with)K-f:ee Ringer:and the other half were super-

fused with normal Rinéer for an additional 30 minutes. It

is important to remember that both terminal superfusates
. "o _

contained normal Na. _ o

Figure 11 clearly shows that (aK)? did not fall signif-
icantly when K¥and Na-free Ringer'was‘ used but it did fall,
rapidly an@ signifitantly,‘whén the sﬁperfusate was switched
to K-free Ringer. When the second solution was normal Rinéf
"er (with 2.5 mM K) there.was no fall in (aK)*®. Thq_uppeg
curves show that hyperpolarization of the membrane potential
occurred when extefngl K was absent but disappeared. when
external K was restored.. This ggperiment clearly shows that
the K-free Ringetr induced fall in free intrafiSre K required
the éresence of external Na and was not dependent on hyper-
'pélar}zation since it, occurred during both K-aﬁd Na-free

Ringer and K-free Ringer superfusions.

Q¢
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Fiqure 11:

Averaged continuous recordings of (ak)?
and. Em when the superfusate is changed
from normal Ringer to K-and Na-free Ringer
(TRIS substituted) at t=o. At t=30 min-
utes the superfusate is changed to either
K-free Ringer or back to normal Ringer,
From t=0 to t=30 minutes, the curve is
from 12 successful experiments and from
t=30 to t=50 minutes each curve is from 6
successful experiments. '

o
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Table 11: CHANGES IN THE FREE AND TOTAL INTRAFIBRE K
~  AND Na FOLLOWING A 40 MIN, EXPOSURE TO
K=AND Na-FREE RINGER (TRIS SUBSITUTED). -

Superfusate Em{mv) (K)? (Na)* (K)i (Na)i
o (mM) (m.moles/kg f.w.)
Normal Ringer -85%1.0 135%1.5 13+0.5 160+1.6 18+1.4
(27) (17) . (10) (15) (15)
K-and Na-free
Ringer -101*1,2 130%2.5 7%x0.5 159+2,1 9*0.5
' (27) (17) (10) (17) (17)
Difference -16x1.6 -5%2,9 -6:0,7 -1*2.6 -9+1.5
(52) (32) (18) - {(30) (30}
p<0.001 p<0.001 p<0.001
Difference* -18+1.6 -36x1.8 +16%1.7 -1:2.7 +5.5+1.6
' (38) (2?) (14) - {38} (18)
‘Difference is from Table 3 of Chapter VIII. Changes
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of free and.total K and Na in K-free Ringer.
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10.2.3 CHANGES IN FREE AND TOTAL INTRAFIBRE K AND Na

DURING A 40 MINUTE EXPOSURE TO K-AND Na;FREE RINGER

(Li SUBSTITUTED)

These experiments were identical to the previous group
except Na was reﬁlaced by Li rather than by TRIS... The
‘results are summarized in Table 12,
As before both (K)* and (K)i - remained relatively -

unchanged while both (Na)® and (Na)i fell significantly.

)

L3
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(38) (22) (14) - (38) (18)

‘Difference is from Table 3 of Chapter VII]. Changes
of free and total K and Na in K-free Ringer.
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Table 11: CHANGES IN THE FREE AND TOTAL INTRAFIBRE K °
AND Na FOLLOWING A 40 MIN. EXPOSURE TO °

K-AND Na-FREE RINGER (TRIS SUBSITUTED). - :

' 3

T j 3

Superfusate Em{mV) (K)*? (Na)* (K)i (Na)i °
3

(mM) {m.moles/kg f.w.) °*

3

Normal Ringer -85+1.0 135:1,5 13:0.5 160:1.6 18:1.4 °
: (27) - (17) . (10) (15) (15) ?
. . 3

K-and Na-free . o !
Ringer =101£1.2 130:2.5 7%0.5 15§$?.1 g+0.5
(27) (17) (10) | (17) - >

Difference ~léxl.6 -5:2.9 -6:0,7 -1:2,6 "-9:1,5 >
(52) (32) (18) (30) (30) >

p<0.001 p<0.001 p<0.001 *

3

. ] - 3
Difference®  -18:1.6 =-36:1.8 +16:1.7 -1£2.7 +5.541.6°
3

J

10.2.3 CHANGES IN FREE AND TOTAL INTRAFIBRE K AND Na

DURING A 40 MINUTE EXPOSURE TO K-AND Na-FREE RINGER
(Li SUBSTITUTED)

These expe;iments were identical to the previous group
except Na was replaced by Li rather than by TRIS..  The
‘results are summarized in Table 12.

As before both (K):? and (K)i remained rélatively -

unchanged while both (Na)! and (Na)i fell significantly.
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Since both TRIS and Li substitution produced the same effect

it seeems appropriate to conclude that external Na is spe-
cifically required to initiate the internal sequestration of
K by the myofibrils during K-free Ringer treatment. Perhaps

it is the entry of Na which initiates the seqguestration.

Table 12: CHANGES -IN THE FREE AND TOTAL K AND Na.
FOLLOWING A 40 MIN. EXPOSURE TO K-AND Na-
. FREE RINGER (Li SUBSTITUTED).

Solution Em{mv) (K)* (Na)® (K)i (Na)i- (Li)i

> e (mM) {m.moles/kg f.w.)

Normal -83¢ 143+ 20+ 134+ 31t -
Ringer 0.8 6.0 1.9 1.8 1.7

(16} (11) (5) (18)  (18)
K-and Na- -104%  139% . 7.3+ 130+ 11 11+
free 1.6 1.8 0.9 2.0 0.9 1.5
Ringer (18) (12) (&) (20) (20) (20)
Difference -21% -4+ -13+ -4+ ° =202 +11+

1.8 6.3 2.1 2.7 1.9 1.5

) (32)  (21)  (9) (36)  (36) _
p<0.001 p<0.001 p<0.001 p<0.001
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lThe differences between the mean initial values of free and
total intrafibre K and Na in Tables 11 and 12 warrant com-
ment. It was observed that total K and Na within the same
group of frogs do not Gary by more than :6% but that consid-

‘erably larger variations can be found between the muscles



128

from frogs obtained,at different times of the year and from
differenﬁ sources., It was reported in Chapter (VII) that
(R)*<(K)i ih wintep Frogs and that (K)!>(K)i in summer
frogs. . Finally, the sum of (K}i 'and (Na)i may vary by as
much as 20m.moles/kg fibre water in muscles from different
frogs. But the response to changes in bath composition

remains consistent as illustrated by comparing Tables' 11 and

12, . '

10.3 DISCUSSION

The disappearance of free intrafibre K during K-free
Ringer treatment required the presence of external Na
because it fails to disappear either into the myofibrils or
out of the muscle fibre when external Na is absent. The
internal K-shift is épparently not dependent on hyperpolari=
zation per se because the latter 'is observed to occur (Fig-
ure 1l1) without producing a fall in (K)*.

Henderson (1971b) - has suggested from his membrane
‘potential masurements that Li is mote permeable than TRIS in
the frog sartorius muscle. This conclusion was'baseQ3on the
observation that K-and Na-free Ringer (TRIS substituted)
produced an incrementafwhyperpolarization following aﬁ ini—'
tial.exposure to K-and Na-free Ringer (Li substituted). It
is noteworthy that no additional hyperpolarization was seen

here when TRIS was the Na substitute (compare the hyperpo-

larizations in- Tables 11 and 12). However, the data of
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Tables 11 and 12 were coilected at different times of the
“year on frogs from different sources, hence a rigorous com-
parison caﬁnot be made. | Nevertheless, it is tempting to.
speculate that the larger fall in both (Na)® and (Na)i
(?able 12 compared with Table 11) was caused by a greater
influx of Li than TRIS which then displaces Na. Notice that
in both TRIS and Li substituted Ringers the final values of
(Na)“and (Na)i 'were very similar. Perhaps the larger éall
in Ng;levels in the Ei substituted Ringer may merely reflect
the l;rger initial value of (Na)! and (Na)i since the fall ~
of intrafibre Na is depéndent,on the gradiént across the
membrane (Vaughgp-Jones, 1977) reachiné an asymtotic value
after about 30 minutes (White and ‘hinke, .1976 and Vaughan-
Jones, 1977). The_differeﬁces in the fall of intrafibre Na
in the two experiments were essentially identical to the
'diffefénces in the-initial Qalues. ‘'The data of Table 2 sug-
gest that Li entered the muscle fibre and specifically dis-
placed Na. This specific displacement of Na but not K by Li
has been observed. before in barnacle ﬁuscle fibre by Allen
and.Hinke (1971) and in the toad sartorius muscle by Simon
et al. (1959). If Li did indeed enter the muscle fibre and
specifically displaced bound Na but not bound K then the
muscle fibre may possess at least two distinct sets of mono-
vélent cation binding sites, one for Na one for K., Alterna-

tively, there may be a rank order of monovalent cation bind-

ing (K>Li>Na). The latter hypothesis 1is unlikely as Hinke’
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et al. (1973) have demonsltra in barnacle muscle_fibresr

'

. that Na is_hound preferentifally over K in a ratio of about
3:1. r '
It should be pointed out that any interpretation of total

intrafibre Na-concentration must be approached with caution
since a small error in the estimation'- of the extracellular
spacelvolume will result inta large error in the calculated
’total intrafibre Na concentratioﬁ. Moreover, Ling and Wal-
ton.(1975) have féund that 9:1% of the wet weight of a frog

(Rana pipien) is connective tissue,. This connective tissue

can bind up to 80 m.moles of Na/kg of connective tissue when
equilibrated with normal Ringer. This is equivalent to 7.3
‘m.moles of bound Na/kg muscle. wet weight. = This estimate—of
extracellularly bound Nﬁ is in good agreement with a value
of 8 mEq/kg muscle wet weigﬁt estimated by Carey and Cohway
(1957) . This fraction of Na was considered to be extracel-
lular since it was freely exchangeable. If Li did indeed
displace externally bound Na then almost all of the observed
Li uptake (Table 2k can be accounted for in the extracellu-
lar épape. Thus, great caution must be Exercised before one.
can concludé‘frOm chemical analysis. alone that Li did actu-
ally enter the muscle fibre. i
Finally, it is worth speculating on the fact that both
K-and Na-free Rinpger solutions produced-very similar final
ﬁ\balues of of (Na)® and (Na)i. Perhaps this reflects fhe
quantity of intrafibre bound Na. This thought will be pur-.
sued further in Chapter XII.
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Regardless of the cause of the larger fall in intrafi-
bre Na levels during Li substitution it is obvious that free

intrafibre K does not disappear during K-free Ringer treat-

ment unless external Na is present.

a

. ;‘;‘
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Chapter XI

DETUBULATION ABOLISHES THE RESPONSE TO K-FREE

RINGER TREATMENT

11.1 INTRODUCTION

— e,

This group of expergments‘ involved a2 re-examination of
the intrafibre electrolyte response to K-free Ringer treat-
ment in muscles which have been-.detubulated by the hyperton-
ic glycerol shock method. The rationale for doing these
experiments was based on the speculation that the transverse
tubular system (tts) may the operative communicating pathway
between the extracellulérLspace and the myofibrils; and, if
severed, the extracellular K-free condition might not be
detected by the myofibrils. It .is.certainly well estab-
lished that the tts communicates freely with the extracellu-
lar space(Huxley, 1964; Hill, 1964; and Endo, 1966) and that
the tts transmits th; electrical activity of the sarcolemmé
to the sarcoplasmic reticulum IGage and Eisenberg, 1967; and
Chandler ét al., '1976). There is also evidence that the
ionic transport properties of the tts membrane are different
from those of the sarcolemma (Eisehbergwfnd Gage, 1969; Lau
et al., 1979 and Kovacs et al., 1981). It seemed plausible
that the tts mayq‘also communicate e¥tracellulaf electrolyte

changés to the myofibrils since ' all myofibrils are close to

- 132 -
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glutaraldeﬁyde overnight then washed with 0.1M phosphate
buffer (pH 7.6) containing 5% sucrose. These muscles were
then embedded in 7% agér and cut to 65ui thick sections ?ith_
a Sorvol TC-2 tissuye sectioner. ' The sections were then
washed for 30 minutes in 0.1M phosphate buffer, then trans-
ferred to 0.05M TRIS-HCl buffer (pH 7.4) containing 0.05%
diaminobenzidine (DAB) and 0.01% H,0, and incubated for 30
minutes. {The sections were theh washed three times bréifly
.in distilled wéter, then post-firxed with 1% 0s0, in 0.1M
phospate buffer for 2 hours. Dehydration of . the sections
was achieved by successive washes in aichohol increasing
fiom 50 to 100% then with 100% propylene oxide. The dehyd-
rated sections vere then treated with a 1:1 solution of pro-
pylene oxide and an embedding media consi ting Epon 812,
Araldite 502 and dodecenyl succinic anhydrid (DDSA)  in a
1:1.25:1:3 ratio with t?i(dimetbyl amino mgthyl) phenol
{DMP-30) overnight. imh;_séctions were then treated with
embedding media alone and cured at 75 °C for 48 hours. The
embeaded sections were then cut on a Reichgrt OMU2 ultra
microtome and viewed wiéh a Philips 300 electron microscope.

The -electrical continuity of the tts with the extracellu-
lar space was examined on paired whole muscles by extracel-
lular stimulation.through a pair of platinum electrddes in
the récording chamber (Figure 6, Chapter VI). One muscle of
each pair was exposed to the glycerol shock. ThéVEEEErac-

tion was observed through the dissecting microscope in Fig-
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glutaraldehyde overnight then washed with 0.1M phosphate
buffer (pH 7.6) containipg 5% sucrose, These musgles were
then embedded in 7% agar and cut to 65um thick sections with
a Sorvol TC-2 tiésue sectioner. - The sections were then
washed for 30 minutes in 0.1M phosphate buffer, then trans-_
ferred to 0.05M TRIS-HCl1 buffer (pH 7.4) containihg 0.05%
diaminobenzidine (DAB) and 0.01% H,0, and incubatedQZOr 30
minutes. The sections were then washed three times breifly
in distilled wéter, then post-fixed with’l%.OsOu in 0.1M
phospate buffer for 2 hours. Dehydration of . the sections
was achieved by successive washes in aichohol increasing
from 50 ﬁo 100% then with 100% propylene oxide. The dehyd-
rated sections were then treated with a 1:1 solution of pro-
pylene oxide and an embedding media consisting Epon- 812;
Araldite 502 and dodecenyl succinic anhydride (DDSA) .in a
1:1.25:1:3 ratio with tri(dimé&hyléﬁmﬁno methyl) phenol
(DMP-30) overnight. imhglséctioAg’were then treated with
embedding media alone and cured at 75 °C for 48 hours.  The
embeéded sections were then cut on a Reichert OMU2 ultra
microtome and viewed with a‘Philips-300 electron microscoﬁ%.

The electrical ;ontinuity of the tts with the extracellu-
lar space was(examined on paired whole muscles by extracel-
lular stimulation through a pair of platinum electfodes {n
the récording chamber (Figur; 6, Chapter VI). One muscle of

each pair was exposed to the glycerol shock. The CQEEEQC—

tion was observed through the dissecting microscope in Fig-
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‘ure &4, Chapter Vi.  The st1mu11 were‘?}ngle . SqQuare wave

pulses of varylng amplitude and duratlon generated by a WPI
stimulator model 301T. An exc1tab1%1ty curve was generateq
for both the control and the glycerol shocked muscle.

The efficacy of the détubulation procedure and the damage
sustalned durlng the detubulation process were examined by
exposing muscles to **C-inulin at various. stages of the
detubulation prdcess¢ Thé inulin was filtered prior to use:
as described in Chapter (VI). The muscles were analyzed for

'4C-inulin content as described in Chapter (VI).

11.3 RESULTS o )

-k
11.3.1 VERIFICATION OF DETUBULATION BY HORSE RADISH

PEROXIDASE LOCALiZATION AND BY UNCOUPLING OF

EXITATION AND CONTRACTION °

Figure 12 wasgtakeﬁ from a normal muscle in normal Ringer
with HRP, The HRP;:eaction product is visible throughout
both the eitracellular space and the tts demonstrating that
tﬁe tts in an untreated muscle communicates freely with the
extracellular space. Figure 13A was taken from a giycerol
treated muscle which‘was not exposed to HRP until 1 hour
after the muscle was }etprni§ to normal Ringer. The HRP
reaction product once again is seen in the extracellular

space but no longer in the tts.s

Figure 13B was taken from a glyferol treated muscle which

was exposed to HRP 4 hours after-the return to normal Ring-*:
: _ o
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igure~13:

Longitudinal sections of muscle fibres
exposed to glycerol Ringer then returned
to normal Ringer for 1 hour (&) and
returned to normal Ringer for 4 hours (B).
In the last 30 minutes of each recovery
‘0.05% HRP was added. Notice that the HRP
reaction product is confined to the extra-
celluar space. Vacuoles of varying size
and distribution were seen after both 1
(A) and 4 hours (B) of recovery. The
vacuoles do not contain HRP reaction prod-
uct. Magnification of A 11,400x; magnifi-

_‘cation'of B 13,965x.
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the extracellular space even after a 4 pdtr recovery period
.in normal ‘Ringer. It was_éstimated from examination of all
electron micrographs of glycérol shocked muscles that' over
90% of the transverse tubules were devoid of ‘HﬁP in agree-
ment with Eisenberg and Eisenberg (1968) and Franzini-
Armstrong et al. (1973f.

" The efficacy of exc1tat10n contraction coupling of gly-
cerol shocked muscles was examlned by electr1ca1 stimulation
.as described above, Paired muscles were used. One muscle
of each pair was subjected to the glycerol treatméntvand‘
allowed to recover for 4 hours while its companion muscle
was left En normal Ringer. At the end of“the' glycerol
shock, the muﬁtreatgd'muscle was mounted in the reconding
chamber'(Figure 6, ChapterVl) with a continuous flow of nor-
mal Ringer and stimulated as described above. The glycercl
shocked muscle was then transferred to the recording chamber
and stimulated according to the excitability curve of the
untreated muscle. ;nvariaﬁiy, fhe detubulated muscles
showed only very small contractions and then onlylwheﬁ stim-
ulating voltage and duration of the stimulating impulse were
greatly increased.\ -

The electron micrographs and the electrical stimulation
demonstrate that the communicatiop between the tts and‘
extracellular space were morphoiogically and electrically

disconnected by the glycerol shock even after 4 hours of

recovery. s
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the extracellular space even after a 4 hour recovery period
in normal Ringer. It was estimated from examination of all

electron micrographs of glycerol shocked muscles that: over

90% of the transverse tubules were devoid of HRP in agree-

ment with Eisenberg and Eisenberq (1968) and Franzini-

Armstrong et al. {(1973).

The efficacy of exc1tat1on contraction coupling of gly-

cerol shocked muscles was examined by electrical stimulation

.as described above. Paired muscles were used. One muscle

of each pair was' subjected to the glycerol treatment and

allowed to recover for 4 hours while its companion muscle
was left in normal 'R}nger. At the end of.the' glycerol
shock, the ‘uﬂtreated muscle was ‘mounted in tﬁe recording
chamber (Figure 6, ChapterVI) with a contlnuous flow of nor-
mal Ringer and stimulated as described above. The glycerol
shocked muscle was.then transferred to the recording chamber
and stimulated according.to_the exc1tab111ty curve .of the
untreated muscle. Ihvariabi;}*—tﬁe"detubgi?ted muscles
showed only very small contractlons and then. only when stim-

ulating voltage and duration of the stlmulatlng impulse were

greatly increased.

«

The electron micrographs and the electrical stimulation

demonstrate that the communication between the tt and

extracellular space were morphologically and elect ically
disconnected by the glycerol shock even after 4 "hours of

recovery.
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11.3.2 '*C-INULIN SPACE IN DETUBULATED MUSCLES

This :experiment was performed to yield the following
information about the detubﬁlated'fibres of a given muscle.
First, it is imperative that the size of fhe‘extrécellular
space (i.e. **C-inulin space) of the 4 hour recovered muscle
be determined partly to assess the muscle fibre for damage
but primarily because a reélistic extracellular space was
required to dete{g}helthe total intrafibre electrolyte con-
tent from total analgsis, since an a priori assumption of a
constaﬁt éxtrace;lular 'space foilowing the glycerol <txeat-

ment cannot be wvalid. Second, it is interesting to know if
the '‘C-inulin that penetrates the tts could become perﬁa-
nently trapped in the tts when they are disconnected from
the extraceilular space during re-exposure of the muscle to
normal Ringer.

A total of 45 muscles were used and divided into three

groups of 15 muscles. 1In one group, the muscles were stored

in normal Ringer for a total of 6 hours. - The normal Ringer

‘was changed twice at two hour intervals. During the first

and the third 2 hour periods !*C-inulin was included in the

Ringer. This group served as controls. The second group of
muscles were exposed to normal Ringer containing ®*C-inulin
for 1 hour then transferred to glycerol Ringer with
'*C-inulin.These muscles were then returned to normal Ringer

without **C-inulin for 4 hours to recover and to eliminate

all extracellular inulin, The third group of muscles were

first transferred to glycerol Ringer without *4C-inulin then
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returned to normal Rinéer also without *4C-inulin for two
hours. Finally, these muscles were transferred to nbrmal
Ringer containing !*C-inulin  for an additional 2 hours.
This group was used to assess the damage sustained during
the glycerol shock and to measure the extracellular space
volume of 4 hour postglycerol shocked muscles, All muscles
were analyzed for water and '*C-inulin content as descibed.
The results are summarized in Table 13.

The control muscles (row I) | gave an extracellular space
of about éO% similar to other estimates by inulin (Neville,
1979; and Steinbach; 1961) and also similar to estimates by
’H—su;rose (Sperelakis et al,, 1978). The éxtracellular
space of 4 hour postglycerol treated muscles (row I1II) also
gave an extracellular Space of abouttzo%. The close agree-
ment between the two values indicates that glycerol treated
muscles did not sustain éigniﬁicant damage.

More interestingly, the muscles which wefe ;xposed to
**C-inulin prior to the occlusion of the tts (row II) showed
that !*C-inulin wés retained in the tts even after 4 hours
of recovery in non-radiocactive Ringer. Clearly, the tts was
‘disconnected from thé extrécellular space and rem;ined 50
even after 4 hours. The entrapment of an extracellﬁlar
Space marker in the transverse tubu}es following glycerol
shock has already been obserQed by Krolenko {1969) wusing

‘ferritin. The calculated volume of the tts is almost 2% of

the muscle water or about 10% of the extracellular space.

5
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er estimates based on morphology coulé be in error if
shrinkage had occurred during tissue fixation. This possi-
bility 1is supported by the the dependence of transverse
tubular morphology on the method of fixation (Page, 1964),
-Eﬂgfestimate by electfophysiolgy is very indirect and depen-
Hent}on a number of assumptions linking the delay of mem-
brané potential changes when the external K concentration is
‘changed to a temporary accumulation of K in an extracellular
compartment. The larger estimates of Téble 13 .and of Endo
(1966) could be in error if the extracellular markers
(*+C-inulin and Rhodamine Lissamine B-200) were non-
specifically adsorbed on the connective tissue of the sarco-
lemma and on the ground substance on the the-walls of the
tts. = The important point of the Table 13 (row II) data,
however, is not the calculated size'of the tts but, rather,
the demcnstrafion that '‘C-inulin can be trapped in the tts
and remain so for 4 hours, *djmés is very good demonstration
that the tts remains occluded from the extracellular space
during the recovery period. The high %H,0 of the giycerol

. treated muscles (rows II and III) indicates that the recov-
ery was incomplete even after a 4 hour recovery period,
This high %¥H,0 is consistent with the vacuclation seen in
the recovered fibre; (Figure 13).

Because of the increased water content , it is probable
that’ the extracellular space volume has changed even.though

the inulin space appears to remain constant. If one assumes
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er eatimates based on morphology could " be in ertor' if
shrinkage had occurred during tissue fixation. This possi-
bility 1is supported. by the the dependence of transverse

tubular morphology on the method of fixation (Page, 1964).

The estimate by electrophys1olgy is very indirect and depen-

denfﬁon a number of assumptions linking the delay of mem-
brane potential changes when the. external K concentration is
changed to a temporary accumulation of K in an extracellular
compartment. The larger estimates of Table 13 and of Endo .
(1966) could be in error if the extracellular markers
(*+C-inulin and Rhodamine Lissamine B-200) were non-
specifically adsorbed on the connective tissue of the sarco-
lemma and on the ground substance . on the the-walls of the
tts. = The important point of the Table 13 (row II) data,
however, is not the calculated size of the tts but rather,
the demonstratlon that *4C-inulin can be trapped in the tts
and remain so for 4 hours. This is very good demonstration
that the tts remains occluded from the extracellular space
during the recovery perigg. The high %HZO of the glycerol
treated jmuscles (rows II and III) indioates that the recov-
ery was incomplete‘ even after *a.4 hour recovery period.
This high $%H,0 is consistent with the vacuolation seen in
the recovered fibres (Figure lf).

Because of the increased water content ' it ls probable
that the extracellular space volume has changed even though

the inulin space appears to remain constant, If one assumes
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CQANGES IN K-ACTIVITY AND TOTAL MUSCLE K

space may vary with muscle water content.

Table 14:
AND Na DURING GLYCEROL SHOCK AND RECOVERY.
TOTAL
! . MUSCLE CONCENTRATION®
‘Solution -_Em(mV) (aK)'x10-° (Kt (Najt %H, 0
(m.moles/kg muscle water)
I Normal -85x0,5 114+2.,5 105x1.8 48+1.0 78,7+0.2
(85) (45) (37) (37) (37)
p<0.001 p<0.001 p<0.025 p<0.001
IT Glycerol -8B8+0.6 144:8.0 117+5.0 52+2.8 74.00.5
Ringer (80) (34) (8} (8} (8)
(1 hour)
p<0.001 p<0.001 p<0.001 p<0.001
IIT Normal -68x1.2 100:5.0 63x1.9 53+2.8 84.4%£0.2
Ringer (86) (48) "~ (19) (20) (20)
(1 hour
Recovery)
p<0.00} p>0.05 p<0.001 p<0.001 p<0.001
IV Normal  -83£1.0 112:+5.0 7821,5 63:0.9 80.7:0.2
Ringer
(4 hours (58) (14) (45) (41) (45}
Recovery)
‘Values are expressed as total muscle water not cor-
.rected for extracellar space because extracellular

p values are the péobability that the differences
between the mean above and below are zero.

»
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However, this view is an over-simplification because gly-
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Table 14: CHANGES IN K-ACTIVITY AND TOTAL MUSCLE K
AND Na DURING GLYCEROL SHOCK AND RECOVERY.

TOTAL
o MUSCLE CONCENTRATION®
Solution Em(mv) (aK)!x10-° “(RJt (Nalt %H, 0

(m.moles/kg muscle water)

I Normal -85:0.5 114#2,5 105t1.8 48+1.0 78.7+0.2
Ringer (85) (85) (37) (37)  (37)

P<0.001 p<0.001 p<0.025 p<0.001

e

I Glycerol -88:0.6 144:8.0 417¢5.0 52:2.8 74.0£0.5
Ringer (80) (34) (8) (8} (8)
{1 hour)
Y p<0.001  p<0.001  p<0.001 p<0.001
II1 Norma £1.2 100¢5.0 63%1,9 532.8 84.4:0.2
Ringe (48) " (19) (20) (20}

(1 hour\
Recovery))

592001 p>0.05 p<0.001 ~ p<0.001 p<0.001

IV Norma# -83+1,0 112+5.0 78+1.5 63x0.9 80.7x0.2
Ringer
{4 hours (58) (14) (45) (41) (45)
Recovery)

‘Values are expressed as total muscle water not cor-

.rected ' for extracellar space because extracellular

space may vary with muscle water content.

p values are the probability ‘that the dJdifferences
between the mean above and below are zZero,

-
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However, this view is an over-simplification because gly-
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cerol is known to to permeate the sa:colemma (Bozlgr,- 1961;

Krolenko and Adamjan, 1967; Dulhunty and Gage, 1973). ' Dul-

hunty and Gagé (1973) demonstrated at muscles exposed

hypertonic glyceroi Ringer shrank, in{icating water loss,

~ However, this'shrinkage was only tempora and the muscle

fibres recover tﬂ%&{;voluhe within 20~25 minutes. This sug--
gests. that glycerol had permeated the membrane and had.
replaced the water. To complicate matters even further, the
glycerol that enters A suscleofibre\will ’a&so contribute'
to the dry weight (the boiling point of glycerol is 290 °C

while the drying temperature used in .tﬁiS'thesis was 95, °C)

thereby lowering the $H,0. Moreover, Henderson (1970)

reported that muscles lose intrafibre K during expdgkure to

hypertonic glycerol Ringer. Thus it may be a

explanation for .the increase in electrolyte content.

If there was indeed a loss of fipre'K during the 1 hour
glyéerol (Hehdéfson, 1970), then the increased (aK): (row
II1) could result from either a release of bound K into the
myoplasm or from a change .E;§the activity co-efficienﬁ of
the éyoplas as glycerol enters or even from a dispropor-
tionately lgrge loss of myoplasmic water. Recall that about
15% of the intrafibre water of a frog sartorius muscle is
osmotically inactive and that this water resides in the myo- -
fibrils. The second hypothesis was examined by measuring

the K-activity (yith the K-selective micréelectrode) in a

. o F S
&_/,.
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150 mM KCl ‘solution with and without 400 mM glycerol. The
activity co-efficient increased from 0.737 to di?‘ by the
glycerol. This increase is only 4% and, therefore, cannet
account for the increase in (aK)® of more than'20%. Thus it
is plausible that .an internal release of of myofibrillar K
might have'occurqd or alternatively there was a dispropor-
tionately-iargq loss of myoplasmié water,

The decreases in (aK)® and (K)t and,ﬁhe increase in %H,0
in the 1 hour recovered muscles (row III, Table 14) suggests
that there was a swelling of the miscle fibres when the mus-
cles were returned fo hormal Ringertg;aﬁ;hypertonic'élycerol
Ringer.' The elevated water content is consistentlwith Hen-
derson (1970) who reborted that glycerol treated muscles
remain swollen for up to 4 hours when returned,\fg}pﬂfﬁél
Ringer but iﬁconsistent with Dulhunty and Gage. (1973) * who

reported. that glycerol treated muscle remain swollen fof
Vonly 20 minutes when returned to normal Ringer. X The (K)t
and (Na)t data are consiéteht with the find&ngs o Bianchi
and Bolton (1974) who.concludea that a loss of fibre K and a
gain of fibre Na had occurred. However, the fall of (aK)®
during the first hour of recovery was not as- low as would be
predicted from therfall in (K)t. This is further evidence
that there was indeed a release of bouﬁd K into the myoplasm
during the glycerol treatment. -

In the 4 hohr_recoverj' a {row IV), (aK)! and Em héve

returned to normal. T} ,0 has recovered close to its

7 - o
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‘preglycerol level, however, (K)t and (Na)t have not. These
changes in $H,0, (K)t and (Na)t are in agreement with those
of Henderson (1970, Table 3). These results show that even
‘after 4 hours of recovery 'the muscle fibres have not recov-
ered entirely. It"'ts interesting that (ak)®' and Em have
recovered but (K)t and (Na)t have not. There are two expla-
nations for this phenomenon. First, the postulated release
of bound K into the myoplasm during the giycerol treatment --
may not be ‘reversed or alternativély the cﬁanges in total
muscle electrolyte content may be related to the development
of vacuoles during thé recovery. The latter possibility

will be pursued in the Discussion of this chapter.

11,3.4 ~ RESPONSE TO_K-FREE RINGER BY DETUBULATED MUSCLES VS

RESPONSE TO K-FREE RINGER BY NORMAL MUSCLES.

As discussed above, the tts may be the operative pathway
by which changes in the external milieu are communicated to
the fibre interior, If this reasoning is correct, then

detubulated muscles should have an attenuated response to to
K-free Ringer. Paired muscles wvere dissected from two frogs
of the same batch in each éxperimeét. One”pair was identi-
fied as the control. Its response to K-free Ringer was

M

measured as before (see Chabter VIII}) to obtain the changes

in free and total intrafibre K and Na.  The seéond'pair was
first exposed to hypertonic glycerol Ringer for 1 hour antf‘x‘“~
allowed to recover for 4 hours in normal Ringer. , This pair

was then handled in an identical manner as the controls.
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The results are jgummarized in Table 15, The upper three

rows—are data from the control muscles and the lower three
rows ahe from the glycerol detubulated muscles.

It must be mentioned that these experiments contained
the basic flaw of being performed on frogs from a varlety of
sources (i.e, from var1ous suppliers and from local ponds)
trom November, 1980 to December, 1981. Furthermore, most of

the experiments in which " the K-selective microelectrode was

used were done in the summer months on frogs from local .

ponds whereas most of the experiments‘ in which the Na-
aelective microelectrode was used were done in the fall and
winter months. = This wide sampling. of frogs from different
seasons and from d1fferent sources leads to relatlvely large
scatter in the results,. All the collected data have been
pooled into Table 15 hence the reader should not attempt -a
critical correlation between (aK)®' and Em and between (aK}):?
and (K)i as had been done in Chapter VII. .

Despite these problems the . control results (upper: tHree

~

rows) still reveal the typical response to K-free

inger:
hyperpolarlzatlon of the membrane potentlal, a fall in\(K)?,
but a constant (K)i, and‘'increases in both (Na)1 and (Nd)i,
Except.tor the éaiher large fall in (K)?, all the mean
changes are comparable to those inﬁ?Table 3 of Chapter VIII,
a much more- carefully controlled experiment, In contrast,

the detubulated muscles do not show the typical response to

the K-free Ringer treatment (compare rows VI and III). Com-
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AND AFTER DETUBULATION

DURING A

Table 15: (EHKQQES’TNéigEE AND TOTAL K AND Na
40 MINUTE OSURE TO K-FREE RINGER BEFORE

'™

|

3

: Superfusate Em (KT (NaTT TR (RS

3 " . .

. " (mv) (mM) - {m.moles/ 3H,0
3 kg fiw,)

3

: =

} Normal

*  Ringer -86+ 177+  22x 137+ 26  78.4%
> (untreated 0.6 6,7 1.3 2.5 1.2 0.2

*  muscle) (96) (31} (49) (18) (20) (20)
3

" K-free _ . .

? Ringer -102+ 123+ 37+ 136 32+ 78.0%;
> {untreated 1.0 8.0 2.1 2.5 1.3 7 0.2

2 muscles) (90) (25) (29) (19) (20) (18)
: -

> Différende -16+ -54+ +15% -1+ +6% -0.4%*
> (untredted 1.2 1.0 2.5 3.5 1.8 0.3

> muscles) (184) (54) (96) (35) (38) (36)
3 p<0.001 p<0.001 p<0.001 p<0.001
* Normal .

3 Ringer =70z 144+ - 32+ 99+ 51z 80.7=+
> (post- 1.6 6.7 2.4 2.5 1.6 0.1

*  glycerol) (107) (51) (36) (49) - (37) (70),
3 ! . N .

} K-free . . N

’ © Ringer =67+ | 140+  28: 954+ 524 80.4x
> (post- 1.7 “6.7 2.0 2.5 1.6 0.1

> glycerol}) (129) (65) (44) (37) (37) (68)
3

>v Difference 44 -4 -4 = -4z +1+ -0.3z
> {post- 9. 5 3.5 3.1 2.3 0.1

: glycerol)%”z34) (118)  (91)  (71)  (72)  (136)
2 P>0.2 p»0.5 p>0.5 p>0.2 p>0.5

3

3

:‘
|
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parison of the row IV Table 14 data with the data of Table
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15 showsl‘thét tﬁg‘ Em of detubulated muscle fibres do not
always recover, however, ﬁhe ab91ition§ of the responée~to
K-free was never dependent on the recavery of the Em.
Cleariy,"the'reépoﬁse to K-free Ringer treatment has been

abolished by some qhange,of changes produced-by thé detubu-

S

11.4 DISCUSSION 3

’

Krolenko (1969) observed that vacﬁoles‘appeared in gly-
cerol treated muscles whén they were returned to normal
Ringer. Thesg vacuoles were often observed at the level of
the Z-line (see alsd Figure 13) énd,tb take up ferritin when
ferritin was included‘in.the recovery solution. The data of
Tabié 13 shows thatwthe tts can eﬁ%rap ﬁreviously deposited
“C-jnuliﬁ when glycerol treated muscles are returned to“
normal Ringer. Pre;umably,. most of the transverse. tubules
enlarge into Qaéﬁoles ~aftgr being occluded from the extra-
cellulaf'ﬁpéce.--'Bianchi and Bolton (1974)' found that the
*H-inulin space"of glycerol treated mggg}eé doubled during

the first hour of recovery when *H-inulin was included in

-

_the rgcovery solution of normal Ringef;' They attributed

. this 1increase in the *H-inulin. space’ to damaged fibres.

However, the “Gﬁinulih space of 4 hoqf postglycerol muscles
was only about 20% (Table 13) indicating that ‘glycerol

shocked muscles do not sustain significant damage. The

yaluof Table:13 (row III) was acquired after to the occlu-

+ N (s
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sion of the transverse tublues an

’

therefore, does. not
include the vacuolated tubules. The' *H-inulin space meas-

ured by Bianchi and Bolton (1974) wa acquirsd during the

occlusion 6{\the transverse tubules) and would presumably
included at least part of the voluhe of the vacuolated
tubules.  If the increase in «the *H-inuldn space observed by’

Bianchi-and Bolton (1974) were entirely due to vacuolation,

which if assumed to contain extracellulgg £1
. t ) .
conclusion ' that the intrafibre water of glyceroc treated

id lead to the

muscles must be over-estimated by the method of itssca a-

n in.this thesis., It was assumed that. the total intrafi-

brewater was the total analyzed water minus about 20% due
to the\extracellular space, It' fellows that caculations of
intfafibre concentrations of ' K and Na in glycerol
sﬁbcked musqles may also be in error since these.concestra-
tions Qere calculated with .the same assumption. . If the
vacuoles did indeed double the extracellular space from 20%
to 40% of the analyzeé water then the actual intrafibre
water content would only be % of'ﬁhe total analyzed water.
The "corrected” totai in@réfi re concentration of K and Na
(row III, Table 14) are 128\ and 28 m.moiés/kg fibre water
respectively. Thgéé valuesare fy similar to those of nor-
mal muscles (row 1, Table 14). éefhaps,-the changes “trn the
total muscle K and Na'during the glycéfol shock may reflect
‘fchanges in the volumé of the transverse tubular system.
7 é{his, howeverf cannot explaiprthe changes to-(aK)1 dur?ng
. :

Tl
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the glycerol shock. Dulhunty andfGagé.(1973),have postulat-
ed that vacuolatiog may be caused bK[;‘ shift of intrafibre
water into the transverse tubules. This can explain the
recovery of (aK)’ from 1 hour to 4 hours postglycerol treat-
ment (compare rows III and 1V, Table 14) but not the changes
in total” intrafibre Ksand Na concentration if .oneé assumes
that water is but' that K is not aliowed to permeate the
tubular membrane. However, this is uniikely.since the tubﬁ-
lar membrane is highly perméable.to K (Eisenberg andﬂGage,

¥969).  Clearly, the glycerol treatment has produced some
interesting bﬁﬁ inexplicable changes in the distribution of
monovalent cation in the frog sartorius mﬁscle.
) Since, the * transverse tubules have been disconnected
from tﬂe extracellular space b6th morphologicaliy and elec-
.trically, it is temptiné to conclude that the abolition of
the response to K-free Ringer was due sbecifically to the
elimination of the transverse tubular system as the pathway
gy which changes in the external electrolyte concentration
are detected by the myofibrils. }Unfortunateiy, this conclu-
sion must' remain tentative because other pertinent altera-

tions might have occurred which ‘may have also abolished the

. For example, Henderson (1970)

response to K-free Ringer.
and Venosa and Horowicz (1973) observed subtle alterations
to the sarcolemma following a long recovery period: from gly--
cerol treatment, More important, perhaps, was ﬁhe obgérva-
tion of Bianchi.and Bolton {(1974) who found that_the'glycer—

ol treatment produced a dfop- in muscle Mg concentration
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which cannot be éécounted for by assuming that the fall in
Mg concentratioﬁ was due to the appearance of vdcuoles
filled with extfacellular fluid. In.Chabter (1X) it was
suggested that Mg may play a key role in the*k—free Ringer
fnduced internal K-shift. It is .possible that any loss of

intrafibre Mg could have altered the internal redistribution

. of K. The one safe conclusion that can be drawn from the

" data of this chapter is that detubulation produced altera-

tionsthat have abolished the ability of the muscle fibre tq

internally sequester free intrafibre K when exposed to

K-free Ringer,
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Chapter XII

INTRAFIBRE CONSERVATION OF K BUT NOT NA

12.1 INTRODUCTION

;-During acute exposures to K-free Rihger, there was an
internal sequestrétion of free K rather than ; transmembrane
efflux so that total intrafibre K was conserved even at (fhe
expense of free K (at least for 1 hour),. This conservation
of intrafibre K is retained even when the K-free %ingér
induced internal K sequestration is abolished.by removal of
external Na or by detubulation. In contrast, intrafibre Na
(both free and total) is rapidly lost during Na-free Ringer
treatment (White and Hinke, 1976). Vaughan-Jones (1977)
also observed a rapid fall of (aNa)' in crab muscle fibres
exposed té low Na Ringer (1/10 -normal Na). Tﬁis falllin'
(aNai“was insensitive to ouabain (2x10-* M) and to Na/Ca

exchange blockers (D-600 and Verapamil). This led Vaughan-.

Jones to postulate that the rapid fall in (aNa)® was caused

~either by a membrane ion-exchange mechanism or by an inter-

nal redistribution of myoplasmic Na to a locatign. not
detected by the Na-selective microelectrode, Unfortunately,
he did not carry out chemical Bnalysis to test his hypoth-

eses. However, as described by White and hinke (1976) who

combined the Na-selective microelectrode with 232Na efflux,

intrafibre Na is indeed lost.

- 154 -
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The purpose for carrying out these Na-free Ringer exper-
iments and to include them in this thesis was to contrast

the response of intrafibre K and Na when each is eliminated

from the surrounding medium.

The experiments in this chapter are an extension of

experiments reported by White and Hinke (1976).

12,2 RESULTS

- o

12.2.,1 CONTINUOUS RECORDINGS OF {aNa)® IN Na-FREE RINGER

Continuous recordings were carried out on single surface
fibres while the superfusate was changed from normal Ringer
to Na-free Ringer. This experiment is identical to one

e res%;ts of six

in Figure 14.

described by White and Hinke (197
successful expériments are summarize

The decline in. {(aNa)® was rapid-an qmparable"?% that of

White and Hinke (1976) ,and of Vat han-Jones (1977) (i.e.
stabilizing at about 3xld'?'after about 40 minutes). This
fall in (aNa)? can be fitted by
(aNa)'=7.2exp -0.127(t-2) +3.3 where t is in ﬁinutes. This
exﬁeriment shows that free intrafibre Na disappears rapidly

when the muscle is exposed to Na-free Ringer: -

%
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. Figure 14: Averaged continuous recordings of (aNa)® @
- 2 . from 6 experiments when the superfusate is ?
: changed from normal Ringer to Na-free °3
3 Ringer. The curve is desc_r,%l?ed by . the 3
Dl equation . (aNd)'=7.2exp -0.1279t-2) +3.3, 2
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12.2.2 CHANGES IN FREE AND TOTAL Na DURING Na-FREE RINGER

TREATMENT, -
This experiment was performed to determine 'the concomi-
‘tant fall in total intrafibre Na by chemjcal analysis rather

‘than by isotopes (White and'Hinke, 1976) .when free Na exits

© the muscle fibre into the extracellular space during Na-free

Ringer treatment. Paired muscles were used. The protocol
was identical to the K-free Ringer treatment protocol of
Chapter VIII except Na-free Ringer replaced normal Ringer

instead of K-free Ringer. The results are summarized in the

'upper three rows of Table 16. The results of a larger group

of muscle in which only chemical analysis’ was done are
included in the bottom three rows. Both groups of muscles
show an identicai loss of total intrafibre Na even though
one set of muscle was exposed to Na-free Ringer for 30 min-

utes and the other set for 40 minutes.

These Na losses confirm the.- conclusion —of White and
Hinke (1976) that the rapidly disappearing free ﬁa traverses .
the plasma membrane into the ex;racellular Space. The total
intrafibre K data (bottom three rows, Table 16} suggegis
that extracellular K may he exchanging with intrafiﬁre Na in
tl coupling ratio as Na leaves the muscle fibré. How-

ever, this change is not statistically significant.
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Table 16: - CHANGES IN FREE AND TOTAL INTRAFIBRE K AND
T " Na AFTER A 30 MINUTE AND AFTER A 40 MINUTE
EXPOSURE TO Na FREE RINGER

4

L I R R L -~ T R R I T R T I

3

3

3

s -

3

J

: v

> (Na)? (mM) (Na)i (K)i

3

> Superfusate ___ - (m.moles/kg f.w.)

3 - . .

; i

* Normal 15.3£0.5 (10) 24.1£2,0 (12)

* Ringer '

> Naffree 4.1x0.2 (10) 10.6:1.0 (10)

* Ringer _ . 3
> (30 min.) ) . 2
3 - 3
* Difference -11,2¢0.5 (18) -13.5:2.2 (10) ¥ »
3, p<0.001 p<0.001 - ?
3 3
* Normal _ C 23.0:2.0 (36) 147+2.0 (34) »
2 Ringer . a0 ' '\‘» ' 3
3 . k]
* Na-free 9.4+0.4 (34) 153+1.6 (37) ?
2 Rlnger - . 2
* (40 min.) )
3 a
> Difference § -13.6:2.0 (68) +6x2.6 (37) °
> p<0.001 0.1<p<0.2 >
3 R 2
L |

12.2.3 CONTINUOUS RECORDINGS OF (aNa)! AND (aK)*® IN

-
Na-FREE RINGER VS Na-RINGER + 10-* M QUABAIN,

This experiment was carried out to determine 'whether the
efflux of Na during Na-free Ringer treatment wés via the
Na/K pump as suggested by White and Hinke (1976) E1ther
(aNa)‘ or (akK)! were recorded continuously in surface fibres

when the superfusate was changed from normal Ringer . to

£
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either Na-free Ringer or to Na-free Ringer with 10-* M oua-
bain. The fall of (aNa)® in Na-free Ringer w;th ouabain is
shown in Figure 15 curve A (curve B is feplptted from Figure
14 for comparison). The increase in (aK)®' during Na-free
Ringer superfusion is shown in curve A of Figure 16 -and the
fall in (aK)? during superfusion with Na-free Ringer con-
taining 10-* M ouabain is shown in curve B of Figure 16. _

The data of Figﬁre 15 is similar tobthat of White and
Hinke (1976), that is, ouabain inhibited but ‘did not abolish
the efflux of (aNa):®, After 50 minutes of superfusion,
(aNa)*® in the Na-free Ringer with ouabain was about twice
that in Na-free Ringer. Thus one may.conelude that part of
the Na loss is tﬁrough the Na/K pump.

Curve A of Figure 16 illustrates that the increaée of
{aK)*® in Na-free Ringer reached a maximum after about 10
minutes and began to decline after about 20 minutes. The
maximum increase in (aK)? (;bout 7x10°°) is equivalent to
the fall of (aNa)* after 40 minutes. The magnitude of these
changes suggests that Na left the muscle fibre in a 1:1
exchange with external K. / However, caution must be exer-
cised wheny one is making use \of activfty_ measurements in
~this manner because an internal exchange myofibrillar Na, for
myoplasmic K may also be occurring simultaneously. Certain-
ly, the transient increase in (aK)® can be used as support- -
iﬁg eﬁideﬁce'for such an internal exthange. " That is, the

transient increase in (aK)! may have been caused first by a

4

' : 2
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Figure 15:

10 20 30 40 50 60
TIME (MIN.) IN Na-FREE RINGER.

Average continuous recordings of {(aNa)!® in
Na-free Ringer containing 10-* M ouabain
from 6 experiments {curve A)., Cutrve B is
replotted from Figure 1 for comparison.

transmembrane exchange of K and Na during the first 25/;225\\
+

utes which was *‘then followed by an internal exchange during

L

the next 20 minutes.
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Curve B of Figure 16 illustrates that ouabain blocked
the increase of (aK)® during the Na-free Ringer treatment .
indicaéing‘that the K:Na exchange was indeed linked by the

Na/K puﬁp. In fact, ouabain did more than just to block the

N -

A"
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pathway by ~which K exits“the muscle fibre remains to be

shown.

12.3° DISCUSSION

This chapter clearly shows that Na rapidly leaves the

muscle fibre when the muscle is exposedlto Na-free Ringer in

contrast to the conservation of "total intrafibre K when the-

muscle is treated with K-free Ringer. Part of this Na-

efflux is ouabain sensitive and linked to an influx of K

through the Na/K pump. The fact that both (aNa)! and (Na)i-

fell when the Na/K pump was inhibited by ouabain shows that

Na can exit the muscle fibre by a pathway other than the -

Na/K pump. Likewise, the loss of K when Na is also being
lost (Na-free Ringer+ouabain) sﬁows that K can 1leave the
muscle fibre = independent of Na movements through the Né/K
pump., These observations are not new. They do, howeyer,
. iilustcate the complex ionic movements that can occur when
‘thé normal ionic distribution is perturbed.

The observation that the (aK)! increase in Figure 16 was
only temporary and the observation that (ak)? énd ‘(K)i

were not equal after 40 minutes (compare curve A, Figure 16

.with Table 16) is further evidence that intrafibre K is not"

uniformly distributed. . ‘It was suggested that the temporary
.increase in (aK)! was caused by an internal exchange of K
for Na. Likewise, the non-uniform distribution of Na is

corroborated -by. the two phase decline of (aNa)? in'Né—ffee
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Na/K pump, it initiated a loss of free intrafibre K. The
fact that K and Na can both leave.the muscle fibre when the
Na/K pump is blocked by ouab&in shows “that K and Na must be
able to cross the membraqe by péthwayﬁ oth%F than the oua-
bain sén§itivg Na/K pump. .

To cbnfirm that ouabain did initiate a loss of K to the
extraceilhlar space, chemical analysis was carried out on a
group of muécies exposed to Na-free Ringer containing 10-* M
ouabain.  The data is summarized in Table 17. The data in

Tasle 17 clearly sﬁow that the free K does leave the muscle

fibre inéo the extracellylar space. However, the

=,

Table 17: CHANGES IN TOTAL K AND Na AFTER A 40 MINUTE
EXPOSURE TO Na-FREE RINGER CONTAINING 10-¢

3

3

3

. M OUABAIN, .

.

3

> (Na)i . HR)P

3 Superfusate . (m.moles/kq f.w.)

3

3 Normal Ringer 120.5:2.0 (24) 156:1.5 (22).
: Ma-free Ringer 12.7:0.4 (37) 144:1.9 (&3)
2 + 10°* M Ouabain _ ‘ ) o
. Difference =7.822.0 (59) -12:2.4 (63)
> p<0.001 p<0.001 -
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. Ringer. A two compartment analysis similar to the one car-
ried out in Chapter VI!I was not attéméted for the the data

of this chapter because the parameters required were not

Yacquired in properly controlled experiments and;because the
change in (K)i (Table 16) was not statistically'significént.

Another interesting revelation from the data of this .
chépter and the data of Chapter X is that the muscle fibre
g“"' can lose large amounts of intrafibre Na rapidly'when exposed
) to Na-free Ringer or to K-and Na-free Ringer. This observa-
“tion is of importance to studies of monovalent cation trans-

port where a 10 to 30 minute wash in Na—free-of K~and Na-
free"Rdhger have been used to remo§e Na and K from . the
gxfraEel lar space. For example, Sjodin and Beauge (1973)

. used a Na-ffree Ringer wash td determine the intrafibre Na
concentratdion, and foﬁnd .that a 30 minute wash gave a lower
coﬁcentration than a 10 minute wash (16.9 m.moles/kg ffﬁre

water vs 10.6 m.moles/kg fibre water).- It is worﬁh mention-

‘iag that their values are lowe? than those obtained - by

, investiga.ors who "have hot used this tecﬁﬁique~(see Lev,
| 1964; LeetandJArmstrong, 1974 and éhis thesis). The under-
lying assumption is that the intrafibre ionic céntent is not
algered ¥ such a brief wash when_in actual fact free intra-
fibre ' _ leaves the muscle fibre with a rate constant compa-

rable to the extracellular c wance of *?Na (White amd

' Hinke, 1976; and Ngyiile, 19?9)."This chapter provides une-
guivocal evidence_thaf this practice can no.longer be _accep-

: . table. -
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Chapter XIII
SIGNIFICANCE OF THE RESULTS

o) .
There are several new and important observations in this

thesis., Perhaps, the most important and certainly the most
interesting is the - observation that free intrafibre K fell
whef\ the muscle was expoééd to K-free Ringer yet total
intrafibre K remained constant. Applicatisn of the two cﬁm—
‘partment model revealed that this disappearance of free
intrafibre K. was;mediatéd by an'gnternal--sequestration of
'free K by the myofibrils. 1In addition, t B LWO compartmen}l
model reveals that free Na was also squé@red during the
exposufe to Kgfree Ringer and that the sequestration of the
monoValenﬁ cations was an exchange pro%ess for. some as yet
undetermined myofibrillar cation probably Mg. It is also
interesting that the internal sequestration of free K can be

abolished by removing the external Na oﬁ by detubulation,
Together these results suggest that 'perhaps the entry of ‘Na
acrogg\the,tubulaf membrane may have in some way ini;jatéd
the internal sequestration of free K. These results also
show that the frog skeletal muscle has in some iqexplicablb

manner developed a means for conserving its total intrafibre

. L]
K when' K Is acutely removed from the external milieu.
] -
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f)\ e As a point of cantfast to the K-free Ringer treatment,
the dafa of Chapter XIII show that muscles, exposed’ to Na-
free Ringer lost both free and total intrafibre Na rather
fapidly&ﬁ\veiearly; the frog skeletal muqcle has develobed.a
A'means of conserviig its fibre K in K-free Ringer but hés‘not
developed a corresponding means oféconse;ving itéyNa when Na
////4/”f—\\;s acutely eliminated from the external milieu. The rapid’
loss of fibre Na in either Na-free Rjnger'or ih K-and Na-
free Ringer also has a innt of technical significance., The
fact that both free and total Na are rapidly lost (free Na
" is in fact lost at a rate comparable to the extracellular
clearance of Na) during Na-free or K-and Na-free Ringer
tréatment obviates the assumption that the treatment of a
mUscie with either of these solutions to remove extracellu-
lar Na and/or K will not significantly alter the intrafibre
distribution of K and Na. Clearly, the results acquired by
this typ; of protocol require carefqlAre-evaluatibn.

Another intefeétingagbservation revealed by the two com-
pértment analysis was the observatién that ouabain treatment
and K-free Ringer treatment have distinctly different
effects on the .intrafibre.lagstribution of monovalent
cations. There is no doubt that both treatégnts will
blocked the normal operation of the Na pump. This point is
not &n conféntion here (recall that both treatments produced

. very similar increases to the total intrafibre Na concentra-

tion, see Chapter VIII), However, the gdata clearl} show

4

LT
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: ~
that K-free Rjnger inducedan internal sequestration of free

K and to a/minor ex;ent"an internal sequestration'éf Na
‘probably by the myofibrils in exchange for Mg; wvhereas oua-
bain treatment induced an internal exchande of free Na for
mydfibrillar K. ‘ In fact it was shown in Chapter*VIII that
both treatments operated independe ly and antégonisticaily
with repect to K. That ié, during treatment with K-free
Ringer.containing 10 * M ouabain the fall in free K was pro-
duced by‘a ouabain induced transmembrane efflux of K and by
a K-free Ringer induced myofibrillar uptake .of free K.

The aﬁalysis of the ouvabain data also revealed that only
23% of the intrafibre water acted as solvent‘for the free
cations. The remaining 77% was by necessity of size, placed
in the myofibrils. This value of "Bound” water is large in
comparison with estimates by other' techniques. This, how-
ever, should ndﬁ be interp!Lted by the reader to mean that

77% of the intrafibre water does nk&dact as solvent nor

should it be interpreted to mean that this water is some

state significantly different from that of pure water. It
ié impossible to confer some unique thermodynamic sFate to
this water, .in fact it has already been argued that the myo-
fibrillar water cannot befso tightly bound to the myofila-
ments as to lo its.Branian gépion. All that one can con-
clude from this analysis is tﬁgt the @;of}brillar water has
in some way been altered so'that it dbes not act as solvent
for that fraction 6f ions measured by the'ion~selective"'
microelectrode. :
‘ %
ﬁ/

#
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effects of K-free Ringer are vastly different from long term

effects. It is interesting that the acute effects of K-free

Ringer is an internal exchange of free K for some unknown .

cation whereas the long term effects is an internal exchange
of free Na for bound K. This observat1on suggests that
between 1 and 24 hours of immersion iR K-free “Ringer some

intrafibre change has taken place such that the internal

ionic exchanges are now modified. Perhaps _t?e intrafibre -

change is ‘ifn some manner related to an_alterétiop of con-
tractile protein structure that may occur after dissection.
Another interesting observation of this thesis vas the
seasonal variation in the freé‘and total K concéntrations.
Admittedly, no rigorous treatment of* this data is possible
51nce it was acquired from frogs purchased from seueral sup-
pliers and from wild frogs caught locally. It doesr never-
theless, show that w}nter frogs haéé' the highest total
intrafibre K but thi»léﬁest f;eé K and‘that, the converse
holds true forhthe summer frogs, 'This impl&es thét the lev-
el of K ?iﬂg}ngrls also‘seasonally variable, ‘The observa—
tion that the 1ntraf1brg§§51ectrolyte concentration var1es
with season and the observation that %9 electrolyte concen-
tration also varies ffom frog to frog illustrates the impor-
tance of usingté strict sé£ of controls in experiments where
changes to the-g€lectrolyte concentration is expected.

The expefiments of this thesis: began as an extension of

the work of Armstrong and Lee (1971). and Lee and Armstrong

—

£
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What is the 51gn1f1cance of the data in  this thesis?
The data conflrm the conclusion that monovalent cations are'
not distributed homogeneously in a muscle fibre and that the
compartmentalized monovalent cations are located in the myo-

fibrils. These results also demonstrate that the membrane

lone does not determine the intrafibre distribution of

moWo%alent cations. In fact during the 40 minute K-free

Ringer treatment the‘ fate of K waj/gagrinated by intrafibre

events. Moreover, the intrafibrefevents during the 40 min-
ute K-free Ringer treatment appears to have produced pro-

found effects on the muscle fibre such that when the muscle

iajreturned to normal Ringer there was an uptake of Na and a

-

loss of intrafibre K rather than the expected‘ioss of intra-
fibre Na and uptake of K when the Na/K pump is re-activated.
This discussion is not meant as 'a challénge to the membrane
.theory, it is merely meant to illushrate that compartmental-
ization can and ‘indeed does modify the response of the mus-
(cle‘fibre_to changes in the external milieu. This conclu-
sion"Elearly oemonetratee that when membrane jon trdnsport

~ '

characteristics jre to pe studied rigorously, acfivitf meas-

urements must be

to the first hour of solution change! Comparison of the

and Lee and Armétrong ‘clearly shows thatlthe acute -

w
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{1974).  The results presented confirm their work that K is

not homogeneously distributed in a muscle fibre. Further-

more, . this thesis has shown that the myofilaments are
responsible for the heterogeneous éistribution. It has also
been demonstrated that the long term effects of Kfreg Ring- o
er cannot be extrapoléted back to the first hour of K-free -
Ringer treatment. The most important conclusion in this
thesis is that perturbations of the normal ionic disttibu—‘
tion in a frog skeletal muscde will invoke intrafibre ionic
movements in addition to the transmembrane ionic movements.
Clearly, ~ intrafibre comparmentalization of monovalent
cations plays a-role in detgrmining the ul;iﬁaté intrafibre

distribution of monovalent“ cations} role that cannot be

L .
ignored if one is to attain a complete erstanding of cel-

*lular ionic requlation.



" Ringer results indicated thdt a third ion was

‘the .internal exchange of free K and Na

p Chapter XIV
SUGGESTIONS' FOR FUTURE WORK

-

Application of the two compartment model to he K-free
involyed in

o

. It was suggested
that Mg might be the third cation, however, this hypothesis

must be substantiated.

If free K and Na did exchange for myoflbrallar Mg, then

intrafibre Mg act1v1ty should increase as discussed in Chap-

ter IX. 'Since a suitable Mg-selective m1croelectrode is now

available (Lopez et al., 1983) Mg activity could be meas-

ured. The increase in Mg activity may not be’ as'large as

‘that predicted by the two compartment model since Mg can

become bound o myoplasmic constituentdipch as ATP and crea-
tine phosphate. Nevertheless, if Mg is indeed involved an
increase in Mg activity should be.detected.

The identity of the second compartment or possible addi-
tional compartments which plgy a- role 1in the _intrafibre
redistribution of ions can be examined with the electron
microprobe. This technique allows the‘ﬂetermlnat1on of ele-
mental concentrations at specific areas in a muscle fibre
and thus can be used to identify the compartment or compart-~
ments involved in the redistributidn of ions. Paired mus-

. : 1 -
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cles should be uséd for these exﬁeriments. One muscle would

Serve as 'the control while its companion muscle would be
r

—exposed to a solution designed to perturb the normal ionic
- ’ : . :

distribution. Cross sections rather than longitudinal sec-
tions of the muscles should be used so that the myofibril
can be examined without interference from the sarcoplasmic

reticulum. s -

The retention of total intrafibre K during-K—f;éé Ringer
treatment in this thesis digagrees with the K-depletion
observed during long term exposures to K-free Ringer. This
difference may be partly dependent on temperature since

K-free Ringer ftreatment in this thesis were always carried

temperature while 1éhg term exposurés were
alvays carfied out at about 3 °cC. It is of importance to
examine the relation between the intrafibre sequestration of
free K durlng “short exposures to K-free Ringer with the

eventual los of total intrafibre K during extended expo-

inger. It is obvious that,during .extended

»E8Xposures to K-free Ringer, -the sequestered free K must be

released again if total intrafibre K is to be eventually
lost. The work of Simon et al. (1957) suggests that the

change from the acute events to. the long, term events occurs

at about B hours of K-~ e Ringer treat;enf. .Perhaps by
studying 'the time and temperature dependence of this
response it may be_ggiiﬁble.to gain some.ingight into\fhe
mechanism of the K—f;e? Ring%f induced intrafibre sequegtra-

tion of free K.
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/F§pother interesting question that shouldﬁbg_ pursued is
the apparent selective retention of K.  This "is even
observed in musclg fibres which have been renderefl leaky.
Preliminary eigefiments by Dr. J.aA. RHinke_using nystatin (a
reversible ionophore) have sﬁown that muscles with a porous
sarcolemma selectively retains its K but not its Na when
placed in.sdlutions whlch should deplete both K and Na,
This 1nd1cates that perhaps the. muscle fibre has an internal
means of selectlvel; retaining K not previously observed.
Thls View is supported Z?”the selective loss of Na in Na-

free  (Li substituted) Ri r {(Allen and Hinke, 1970).

The

estion of two more) éistinct sets of intrafi-

,-ﬁ

bre binding sites for mohovalent cations (Chapter X) arises
from the observation that ﬁi selectively displaces Na. The
evidenee for this hypothesis are' (i) the specific displace-
ment of Na by Li (Allen anleinke, 1970); and (ii) the vaei-
ability of Fhe fraction of bound ions with.the method of

experimentation.:- Caille . and Hinke (1972) measured the

fraction of bound Na by diffusion apd found that 22% of the

intfafibre Na was bound. 1In contrast Allen and Hinke {1970)
found that the fraction of bound Na measured by isotope
exchange was 50% of the intrafibre Na, - Aé pointed out Ey
Caille ang Hinke (1972 and 1973)_.the fraction of bound ions

measured by diffusion exchanges rapidly with the free frac-

tion'with a half time of m1croseconds whereassthe_fraction-

of bound 1ons measured by isotope exchange has a half-time

- -

ol
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' Jf abouﬁ 37hr-'. Despite the fact that the isotope exchange R
rate may be dependent on the membrane, " it is still possible
that it identifies a different type of Na binding.. The pos-—
sibility of multiple types of 1onlbinding sites is suﬁported
by the titratiom curves of Lewis and Saroff (1957) for iso- -

L)

lated contractile proteins. ‘ -

_ " 4 The most pressing problem of all-to be solved, however,
is the unraveling of the communication signal between the
fibre exterior and the myofibrils which results in an inter—

; nal sequestration of free K by the myofibrils when external
K is absent. Thus far, I have shown" that the external Na
‘must be present and that a patent trangverse tubular system
may be required. It was also suggestqd:that the internal K
sequestration may in some way be dependent on the specific
entry of Na into the myof1brlls via the transverse tubules,
This hybothesié should be examined by exposing muscles to

.

K-free Ringer only that the Na entry should be blocked by

E . tetrodotoxin.

e/

L
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. APPENEIX A ‘

W ' o -

Chloride-selective microelectrodes made from Corning lig-
uid 1ion-exchanger 477315 - respond to a vériety of small
énions (Walker, 1971). 1In fact this ion-exchanggf is befter:

suited-for 'fabricating iodide _?ﬁa*Bremfg;* electrodes than

for Cl electrodes. Hewever, in amphibian skeletal muscles

-

only bicarbonate may cause errors in estimating Cl activi-

ties, The selectivity co-efficient “has been -fieasured by

varipous authors (Wélker and Brown, 1870; Walkgr, 1971; Saun-

ders and Brown, 1974; Bolton and Vaughan-Jdones, 1977; and

~ . i
Fong and Hinke, 1981). The Cl-selective microelectrodes

used in this thesis were made from the same ion-

[

éhanger as
that of Fong and Hinke (1981).. The effects of bicarbonate
ww

on the ca}ibration curve of their Cl-selective microelec

trode is shown in Figure 17.
In this thesis, Hepes buffer was used instead of

HCO;/CO;.  Under these ‘condifions,‘ if one assumes that
. atmospheric carbon dioxidg is in equilibrium with the Ringer
and the muscle fibre fhen the Jdntrafibre bigﬂfﬁoﬁéte concen-—
;ratioh was about‘BmM'(using én intrafibre pH of-?.Z). The
.sel?ctivity co-efficient of Cl over HCO, af a Cl activitf of
*5;10'5 is 0.1 (Fong and Hinke, 1981), Usiné'the;e values,

- 175 - - ' *
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the over-estimation of free C1 concentration caused by HCO,

would be about 0.3mM. The-meééured‘vélue of free Cl concen-

tration {Chapter Ix)' was about) 5mM.  Thus the Cl1- selectlve

‘microelectrode should glve rellable-measurements of 1ntraf1-

bre Cl activity. -

Y

A
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Figure'17:

Aci (mM).

4 . .
The effect of bicarbonate on the measured .
potential ¢f the Cl-selective microelec=
trode (ordinate) vs., the ‘Cl. activity .
(abscissa). . The bicarbonate is expressed
. as concentration. Notice that the devia-
tion of the of the electrode response from
‘an ideal Nernstian electrode increases as
the chloride activity , decreases. - This
.deviation is exacerbated by bicarbonate.
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rt : APPENDIX B’

This appendix wi;l provide proof that the discrepincy-
between the loss of ffee R measured by the K-selective
microelectrode in sing%e surface fibres and the constanit
total intrafibre K measured by atomic absorption in whole
muscles during the 40 minute K-free Ringer treatment was
not caused by éelays in the extracellular space nor by the
retention of residual amount of K in the extracellular-
space of the deep fibres which ﬁay stimulate the Na pum

of the deep fibrés to re-accumulate the lost K. The efflux °f44

4
g

a variety of solutes from the extracellular space of the r6§
sartorius muscle has jbeen died by Neville (1979). The efflux
. was consistent with two extracellular compartments. One com-

parément termed component A occupied 14% of the muscle volume.

42 1

Its rate constant for ““K-efflux was 1.26min

at 25°c and .

N

could be predicted from the diffusion co-efficient. The second,

compartment tefmedlcomponent B occupied 9% of the muscle volume.
42 1.

-

Its rate constant for K~efflux was 0.12min at 25°C, although
this rate constant was about ten times slower than that of com-
partment A, its rate constant was still proportional to the

diffusion co-efficient. /
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Let us assume: '(ii that all intrafibre K is free and
distributed homogeneously throughout the muscle fibre: and

(ii) that the two components of the extnacellular sSpace are

in series such that for intrafébre K to 1eava the muscle
proper -to the @ulk extracellular solution it must pass
sequentially through component B"then component A, These
assumptlons produce a model where any_ d1ffusmona1 delays in
-the extracéﬂlular space will cause the greatest error between
surface measurements from single fibres and whole muscle

méasurements.
. -When a muscle is exposed to-K-freé Ringer, K must first

leave the extracellular space. As the extracellular space

becomes depleted of K, intrafibre K will then leave the muscle
. '
 fibre. Since this is a series model, as K leaves the extra-
cellular space it can be replenished by intrafibre K, therefore,

L - .
the total muscle K, (K)(t), at time t can be written as
' = L W - ’

(K) (£)=a (£) xp (~k &) +8 (£) exp (~Kgt) +y "exp (k. &) .

*

where a(t) and B(t) are the total K contents of component A
. _ 0
and component B of the extracellular space respectively, ¥y

is the initial total intrafibre K content and K, KB and K
. : ‘.

" are rate constants for the loss of K from component A,

om component B and from the muscle fibre respectively.

o

. According té our model intrafibre K can replenish the K of.
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 component B *which in turn can replenish the K of component
A, therefore, equation (1) may be re-written as

-

' 0 e (o 0 - - ’
(K) (£)=(a’+¥)exp (-K t)+(B°+%)exp ( KBt)+Yfexp( KB (g

-

where o aﬁéﬁ?ﬂ are the initial total K contents .of components A
and B. respectlvely and Y and Z are. defined as the loss of K from
component B into component A and Z is defined as the l¢ss of

intrafibre X into component B. From these definitions then

Y=(B°+Z)-(B°+Z)exp(—KBt) | : IR : - (3)

L4

Z=Y°—Y°exp(;KYt) . (4)

! s

substituting ‘equations (3) and (4) into equation (2) gives

e

-

K(t)={}0+g80+70—ydexp(-KYt)—(Q“ Yo_YOexp(‘Kyt»exp(—Ksti}exp(-KYt)'

+ B°+y°-y°e£b(-KYtr}>exp(-KBt)_

+ Y“exp(-KYt)A - | - N (5)

o

where all terms have been defined. The values of Ky and K, from

<]
Neville (1979) are l.26rnin"l and O..'.L2min_1 respectively -and the

. value of kY from Chapter VIIT is 0.008min t (0.48hr_l). The
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values of o and B° calculated}from‘Nevillé (1979)" are 0.35

v
A L. .

and Q;23m.moles/Kg muscle water respectively and the value

L\_

0f v calculated from‘ﬁinter frogs is llém.moles/Kg muscle,

‘water} If we now apply these values to our model, the total

.~

muscle K after 40 minutes ih.K—free-Ringer_would be 84.5

Ly

_ m.moles/thmuscle water if K did indeea leave the muscle

'-

‘fibre. In comparison if we now assume that no dlffu51onal

delays occuﬁ whatsoever in +*he extracellular space then the

" total muscle K after 40 minutes in K-free Rlnger would be

(.

?4.2m;“81es/Kg muscle water. ThlS calculatloq shows that
diffusi;nal delays 'in the eftraceliular space do not lead to
alretehtidﬁ of extracellular XK at teaSELaﬁter 40 miﬁutes,
therefore, surface measﬁrements of -single fibres do reflect

changes in the whole muscle after 40 minutes. This calcula=-

-

tion is in agreement with the ohsarvation of Henderson (1970)

that the 42

K-efflgi from whole muscles are not very qifferent
from single muscle fibres. Since K:has been shown to be
cleared.adequately from the extracelluiar‘space after 40
minutes we can conclude that the Hiscrepancy.between the
surface measurements by the\K-seleétiVe microelectrode and
the whole muscle measuremtns by atomic absorptlon spectropho-
metry was not caused by diffusional delays nor by the p0551—
bility that the retention of‘total 1ntraf5bre K may be caused

by a residual low level of K around the deen fibres which

stimulates the Na pump of the deep fibres to re-accumulate

«
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- the lost, K. Enough suppor ting evidencé has been given to

conclude that the dlscrepancy between the changes” 1n free K

concentratlon and the total 1ntraf1bre K concentration
during. the 40 minute K-free Ringef treatment are real and.
not caused-by geometric differences between the K-selective

microelectrode measurements and the atomic absorption

- spectrophotometry measurements.. . 7

.
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