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. © ABSTRACT -

The studies ‘that _haké up ‘this thesis have been:
design;; to describe and analyse tﬁc chaﬁges in muscle
action potentials associated with muscular activity. The;
_initiél experimenis'were~cérried:out in human muscle to
" examine changes in the muscle compound éétion potential (M-
wi{e) dur{ng both stiﬁu]ated and:vo]untary activity. It
was found that the M-wave increased in' amplitude -either
during or fof]owing either typg of activity, and that this
.increase in Mawave; amplitude could not be explained by
eithfr a movement artefact or a greater synchronization of
action potential firing. It was hypotheSizeﬁ that the
potentiation of the leav; was due to a hyperpolarization
of the muscle fibre membrane.  which was increasing the
{mglitude of the individual fibre action potentials.
Experiments were then conducted on rat soleus muscle (in
vivq) in order to measure cﬁanges in resting membrane aifd
action potentiéls assqcﬁated with contractile acti;ity.
After 5 min of intermittent tetanic stiﬁu]ation at 20 Hz,
the mean resting membrane 5otentia1 increased from a
baseline value of [79.5 + 4.8 mV to a mean maximum of -92.6
i'4u2 mV 3-6 min post-stimulation (p<.0l). There was a
corréﬁbonding increase in- action potential amplitude; it
rose from a resting value of 82.2 + 10.8 mv to 98.1 + 7.8
mV' in the ‘recovery périoq (p<.01). It wéé hypothesized
that ipcreased acpi;%ty_of the electrogenic Nat-K* phmp was

iii
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- ‘causing the hyperpo]aqizitionﬁ A series of ‘experiménts:
utilizing. inhibitors of the Nat-K* pump .weré then

conducted; it was found that the administration of ouabain

. -

.~(i:25-§ 10‘4M),,coo1ing the bathjng medium (ffom 379C to
199C) or removal of’ extrace]lu}arA K+ brevénted tﬁe
hyperpolarization following fepetitive.siimulatioﬁ (p<.05).
The magnitude of the electrogenic contribution of the Na*-
K*'pumb was théh éstimatéd by exposing stimulated muscle
fibres to a high K% (20'mH) medium. While in the control
(unstimulated) «condition thi§ caused an immediate
depo]arizatibn of “the musé]e fibre membrane to
approxim&te]y -58 mV, stimulated fibres maigiainéd mémbrane
pofentia]s of -79.5 mV (+ 8.6 mV) for at least 3 min, which
was approximately -30 mV greater than thagﬁpredicted by the
Goldman-Hodgkin-Katz (GHK) equation. It :3 concluded that
the Na*t-K* pump plays an imporﬁéﬁi role in maintaining
muscle f{bre gxcitabi]ity during muscular ag}ivity. which
is additional to its role in the rest@ration and
maintenance of ionic gradients for Na* and K*%. The
temporary hyperpolarization of the muscle fibre membrane
during increased Nat-K* acfivitx offers an ekplanation for
the potentiation of muscle compound action potentials

observed during voluntary and stimulated contractions.
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" Introduction o |
- . rvr; V‘ur._ ‘.‘ . ﬁ

1.1 Scope -of the .present investiqation o

- The starting point for .this thesis  was the
observatioﬁ,-by Fitch and McComas (1985), that the maximum

muscle .compound action potential evoked in the human

tibialis anterior muscle increased in amplitude during
repetitive stimulation of the common peroneal nerve. This

inckease in amplitude was.of interest because it was in

the opposite direction to that anticipated in the course:

of muscle fatigue.‘ The studies that make up the body of
this thesis have been designed -to, first, describe the
behavior of the muscle action potentials éuring activity,
and second, to ana]yzl"the mechanisms Yesponsible. The
inveétigation has been carried out at two levels.  First,
a series of descriptive experimentS“'weEe conducted on
human muscle to examine the maximum electrical response
which can be evoked from an entire muscle by stimu]ati;n
of‘its motor nerve during different types of contractile
act}vity. Second, the propagated impulses of single
muscle fiEres were studied, using an in vivo preparation
of rat soleus muscle.

In the sections of th® Introduction which follow,
the maximum responses evoked in muscle are considered in
relation to fatigue and to other situations. Then follows

an account of the ionic basis of the resting and action

potentials of single muscle fibres and the changes in
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potential observed ads a result of muscle activity. '.]n

view of the role that the sodium-potassium ")ump (Na*-i(*

\pump)-piays in the maintenance of ionic gradi%tiilacross'
the muscle membrane, a detai]gd' defcription of the
charadfzfistics_of the Na*-K* pump is also included. The-
mechanisms by .which the pump might contribute to the
membrane potential of a muscle fibre during different

states of activity will also be reviewed.

1.2 The muscle compound action potential (M-wave)

1.2.1 Definifion. The muscle compound action potential
is the e]ectrica1 respanse which can be recorded from
part, or all, of a musc]é fo]lowihg stimulation of it’s
'motor.-nerve. The compound action potential is the
algebraic sum of the Jdmpulses initiated in many muscle
fibres. - Magladery et al (1951} appear to have Been
responsible for assigning the term 'M-wave’ to the muscie
compound action potential; because of its convenience, the

term "M-wave’ has 'been employed widely in this thesis.

1.2.2. Applications of M-wave recordings. The size of

the M-wave response can be used as an indication of the
fraction of the motor nerve population which has been
stimulated. Indeed, if Jjuxtathreshold stimuli are

delivered, it 1is possible to determine the approximate

o
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number of motor units in ‘a muscle by comparing the

responses of individual units to .the maximum M-wave

(McComas et al, 1971). M-wave Yecqrdingk have found an.

important place in clinical electromyography (EMG) since
the amplitudes of these responses'aréﬂprohortional to the
"excitable muscle mass and, as such, are diminished 1in

diseases of both nerve and muscle. By stimulating a motor

nerve maximally at two sipes and recording. the

corresponding latencies of the M-waves, it ‘s relatively
easy to measure the impulse conduction ye1ocities of the
motor nervE fibres. ‘Such'determinations are of particular
value in the detection of partial deﬁye]ination in
localized or diffuse heuropathies. Finally, the M-wave
responses to repetitive nerve’ stimulation are routinely
emponed to detect disorders of neuromuscular transmission
in patients with weakness suggestive of either myasthenia
gravis o} the Lambert-Eaton syndrome.

1.3. Relevance, of M-wave measurements to the study of

‘fatique mechanisms.

-

1.3.1. Definition of .muscle fatique. Fatigue is often

defined as the "failure to maintain the required or
expected power output" (Edwards, 1983). However, Bigland-
.Ritchie et al (1986) argue that this definition has

different implications for maximum versus submaximum

.;w
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effort, and thus, they prefer to- define. fatrgue as-any

reduct1on in the max1kum force generatIng capac1ty

«

\1.3.2. Possible-sites of fatique

The subject -of' muscle fatigue has intrigued
[ ’ ’

researchers fot the better part 6f ihis céntury,_but the-

-

precise mechanisms responsible for fatigue are still a-

matter of conjecture. Réfhér than regarding ﬁatigueias a

failure of physio]ogicallfunction,‘it has recently been-

proposed that fatigue shoq}ﬂ“‘be 'thqught of more as a

protective mechanism for survival (Bigland-Ritgh{e, t al,

-

1986) . ' S

]

The poss1b]e mechan1sms under1y1ng fatique can be

found anywhere in; the’ cdntlnuum between the psyche,’ -

through the central and periphera]- nervous ,systems, to
crossbridge function within the myofllaments In a given
situation the S1te of thd weak 11nk will depend on a wide
variety of factqrs, sych as motivation, type and_durallon
of muscular activity," and® the _physibdogical
characteristics of the particq]ar muécfes being used.
Basica]lyc the potential sites‘of fatigue can be divided

{

into either a central or peripheral location.

‘e

The central factors which might become impaired

»

~during muscular activity are: a) the excitatory drive Lo

the higher motor ’centres’, b) the balance between

excitatory and inhibitory pathways Cﬁnverging on the lower
r

N
}
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m;to;euro; bi, and c) “the excitability of ‘the spitnal
motoneurddﬂg?iBig]ﬁnd-Ritchie‘ _gL al, 19&6)_ . The
‘péfipheral.faqtors that might be affeﬁtgd dhr?ng-gatigué
jﬁciude: a)} the integrity of‘électriéalhtransmis§ion from
f,nerve' to imugcle; "b) impulse pfopagation “along the
sarcoiémma and t-tubular gystem, c)“the efficacy of
eipitqt;onfcontraéiion coup]inﬁ, d) 3vaiﬁability of muscle
énergy fsupines, -ahd e) crossbridge function (Bigland-

et al, 1986).

Ritchie,
) . In ordef to analyse changes associated with a loss
.ih musé]e force, it is useful to be abig.io distipguish
“between electric and metabolic events. In this context,
measurement of the muscle compound.action potential, or M-
wave, has become a wuseful, non-invasive, index of

neuromuscular ;ransmissjon and muscle membrane

excitability during fatigue experiments.

1.3.3. Theoretical siqnificance of M-wave changes _in
”,

fatique,

The changes ‘in M-wave o}fer different information
regarding the nature of neuromuscular events associated
with muscle fatigue {See Figure 1). Thus, the amp]itude
of the M-wave is representative Sf musc]é membramne
excitability as it is dependent on the resting membrane .'
potential of the muscle fibre, and on the extent of the

overshoot of the action potential. The size of the M-wave



will a]so ref]ect the number of musc]e fibres (and motor

Ne

.un1ts) part1c1pat1ng in the response.. Slmple measurements
of M -wave amp]1tude do not, however, d1st1ngu1sh between,

presynapt1c failure of neurOmuscular transmmssuon, duc to

" events in the nerve terminal, ‘andeloss of muscle -F1bre
' . / .\ ~
pxcitability: .

* The duratioﬁ of the: M-wave dépends, in turn, on

_that of, the s1ngle musc1e fibré' action potential and,

+

4
hence, on the rate of actwvat1o:70f the outward pot6551um

current cQannels and on the vafe.of inactivation of Lhe
r "Hey "

- [ N
inward SOdiuw current channe1s;._These mechanisms will be
discussed.in, a "ftater section, (1.5). The M-wave duration

is also affected by the degree of synchron1zat1on of theA
muscle thre action potentials, beeom1ng greater as
impulse conduction slows in some.of«the fibres. A§ the M-
wave becomes dispersed, howeverj the 3mplitude of Lhe wave

4

declines. [t follows that,  in }fatigue _stgdies. “an
increase in M-wave amp]?tude could result from Targer
muscle fibre action potentials or from more synchronaus .
discharges; in the latter case, the area (voltage X time)
of the M-wave should remain unchanged while in the former
instence it should increase.

A decrease in M-wave amplitude, with constant
duration, would signify either fewer responding muscle

fibres or reduced action potential overshoots. An

increase in M-wave duration would denote longer muscle




Fiqure 1.~

Componeni§uéf the muscle compound action potential.

.
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E,',-, of muscile fibres
M-Wave Amplitude \ amplitude
' + muscle fibres respondmg
\
duration of fibre action potential
/ \ \
M-Wave Area / :
: . synchronization of fibre action potentiais = duration
Shaded area represents voltage/time integral, or M-wave area
-
J
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fibre action .potentials' or gféater-‘dispe?sion of the
muécle'fibrélvoiley; in the latter case the ‘M-wave area
<hould be unchanged wh%]e"in _the  former it should
incre§§e.'_Fjﬁal]y.'a'decfegse in'M-wéﬁéfduratioﬁ”would
reflect either briefgf muscle fibre action potentials or

gfeater'synchroniciiy of firing; there would be either a

decrease or no change in the M-wave area respectively.

1.4. Changes in M-wavé during muscle activity

1.4.1. " Voluntary contractions. Reports on M-wave

behavior during. maximal voluntary coniractions are
conflicting. The pioneéring study of Merton (1954),
demonstraled that in the human adductdr pollicis muscle,
maximum force, whereas.there was no change in the size 6f
the M-wave. Conversely, Stevens and Taylor (1972)
reported a decline in M-wave amplitude within one minute
of maximum voluntary contraction o{ the first dorsal
interosseus muscle. Bigland-Ritch%e et al (1982)
attempted to resolve tbese discrepancies by investigating
M-wave changes associated with voluntary fatigue of both
the adductor pﬁilicis and ’fifst dorsal interosseus
muscles. The Miwaves were shown to be well-maintained and
it was concluded- that ne neuromuscular transmission

failure occurs -in either -of these muscles. The



discrepancies in- the 11terature were suggested to be due
to eitger' movement Wart1facts,-_1ncon51stentA stimulus
.int;nsities,;orhinadequate.methodsof M-wave m#aﬁurément.
—The beha@ior of thg M-wave during.reco&ery from
syoluntary fat1gue hés receivéd only 1imited atténtion.
‘However while not commented upon, %ayave potent1at1on is |
ev1dent in the f\gures of Stevens and Taylor (1972) and of
Milner-Brown and 'Hiller (1986) in the recovery 'period
?o]iowing voluntary ?atigue of the first dorsal
interosseus muscle (See Figure 2).

1.4.2. Stimulated contractions

When a muscle is stimulated repetitively, the M-
wave undergoes characteristic changes which are dependent
on both the length and frequency of stimulation. Decline
in the peak-to-peak amplitude of the M-wave is a common]y
reported phenomenon during stimu]aied‘ muscle fatigue
experiments in human$ (Hultman & Sjoho]m,‘1983; Fitch &
McComas, 1985), and'anima1s (Naess & Storm-Mathisen, 1955;
pagala, et al, 1984), but the amount of M-wave decline is
dependent on the frequency of stimulation. Thus, the
relgtive decline in M-wave amplitude 1is greater at
frequencies above 30 Hz (Johns, el al, 1956; Bigland-
Ritchie, et al, 1979) than at frequencies lower than 30 Hz

(Johns, et al, 1956; Sandercock, et al, 1985). Associated

with the decline in M-wave amp]ifude is an increase in its



Figure 2A. .
' Changes in M-wave associated with voluntary contraction of
human first dorsal interosseus muscle.. Reproduced from

~Figure 7 (Stevens and Taylor, 1972). "'Note that the M-wave
in the recovery period is greatér than control.

Fiqure 28B. #

Changes in M-wave during recovery from 2 min of maximum.
voluntary,_contraction of; human first dorsal 1interosseus
muscle. - Reproduced fromcgigure l,ﬁyi1ner-Brown and Miller
(Muscle and WMNerve, 1986). There appears to be dn
increased M-wave at 240s of recovery compared with pre-
fatigue M-wave. '

-
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duratiénixand/or area (Bigland-Ritchie, et al, °1979;

Pagala, et gl, 1984).

There is a fair]y“goud're]atibnship,between thﬁ

decline in force and declin® in the M-wave at the.higher

‘frequencies of stimulation (Pagala, et al, 1984;
Sanderquk. et al, 1985).. However, at Tower frgquenties,
the M-wave behavior does not follow the decline in force
(Sandercock, et al, 1985; Garner, Hicks, & McComas, 1986) .
Thus, high frequency fatigque has beerm _attributed to
neuromuscular transmission fai]une, with recovery béing

relatively quick {Bigland-Ritchie, et al, 1979; Jones, et

al, 1979), whereas low frequency fatigue appears to be due

to a failure in excitation-contraction coupling, with the

recovery of tension being much slower (Edwards, et al,
1977).
. o -
While a great deal of attention has been given to

the declining M-wave during muscle fatigue, there is often

a brief period of M-wave potentiation before the eventual.

decline which is rarely commented upon. This enlargement
was evidqni in the work of Fitch and McComas (1985); these
authors suggested the superhormal period of excitability
of the muscle fibres caused an increased synchronization
of action potential fifing. Alternatively, Duchateaﬁ and
Kainaut (1984) proposed that a decreased fempora}
dispersion in transmitter release might increase the size

of the M-wave. However, an alternative explanation for

11



12
the-ﬂ-wave-potentigtion observed both dufiné'féliéue énd.'-'
in the .recovery period is that the ampfitudes of the
,indiviﬁua1 fibre aqfioﬁ‘putentials were.inéfeaged,‘dué-to‘

a hyperpo]arization of thé‘resting‘membrahg potentia{g of

t?f muscle fibres.

e

-

. o 7 . .
1.5. Jonic Basis of Resting and Kction Potentials

1.5.1. Historical development of concepts

The combined work of Luigi Galvani and Allessandro
Volta in the 18th century introduced the concept that
electricity was involved in nerve transmission and muéc]e
contraction. Ga1vani, in 1786, reported that amputated
frog legs wou]d‘contract'conVulsively if they were made
part of én electric circuit (de Sanfi]]ana, 1965) . Thi;
led him to propose that muscles had an ability to produce
electricity (“anjma] electricity"), which he claimed was
}nﬁependent of any metal in the <circuit. This
announcement was +igorously challenged by Volta, who at
the same time was developing a theory that electrical
transmission involved a difference of metals, and thus, a
muscle could only contract if electricity was applied to
it (de Santillana, 1965). Volta’s subsequent invention of
the battery which could stimulate nerves or muscies lent

support to his theory. Later studies conducted by

Galvani, in which he demonstrated that muscles could

L



contract without being {n contact with any metal appeared

to dismiss Volta’s claim that two different metals were

required for e1ectr1c transmission from nerve -to muscle‘

(Needham, 1971). However, once adequate techno]ogy was

developed. fo analyse the 1on1c currents in- ne(ve and
.musc1e, {f became apparent that both Galvani and Volta
‘were quite correct: in their understandxng of bio- e1ectr1c
'currents.

-Bernstein. (1902) was the first to propose a
satisfaetory _hypothésis 'fEF' the 'origin of- the resting
membrane potential by applying the physiochemical ideas of
Nernst (1888). His theory maintained that each—ce11 had a
membrane which was se]ectivefy bermeab]e to potassium and
impermeable to other cations and anions. This in itself
was an important statement since at that time the idea of
a membrane enveloping. the cell was only A hypothesis.
Bernstein proposed that there was a potential difference
across the membrane at rest and that this was the result
of the distribution of potassium ions on either side of
the membrane: Wﬂis potential could be predicted from the
Nernst equation for the diffusion of potassium.

. Ktlo °
1) Ek 5; ]H%E:%f
where Egx is the potassium equilibrium potential, R is the
universal gas constant, T is the-absolute temperature, z

is the valency of the ion, and F is the faraday (Kuffiler

13



and Nicholls, 1976).
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Boyle and Conway ?1941), disproved ' Bernstein’s .

selective“pefMeability theéory, by demonstrating that the -~ |

:skelétql muscle fibre was permeable to both potassium and

chToridé. By soaking frog muscles in solutions,

containing various potassium chloride concentrations for -

24 hrs, and then .determining the intracellular potassium.

~and chloride concentrations, they were ab]é to show that

the distribution of potassium and chloride across the.

membrane followed the rules of a Donnan edui]ibrium
(Donnan, 1911). Boyle and Conway (1941) maintained that
the ce][-mémbrane was impermeable to sodium and to large
anions. Thus, the characteristic ion distribution inside
the cell was a high concentration of Kt and impermeable
anions, with a low concentration of Na*t and C1°. Outside
the cell, the concentration of Na* and C1- was high, but
K* was low. The [K]J[C1] products on either side of the
membrane were‘equa], following the Donnan rule.

The introduction of isotopic tracers in the late
1940's however, provided evidence that the membrane was
also permeable to sodium. Thus, tracer flux studies by
Levi and Ussing (1948) and Keynes (1954) showed that both
Nat and K* were in a constant state of flux across the
muscle membrane, with their flux rates being dependent on
both the concentration and the electrical gradients.

In relation to the action potential, Bernstein



'ﬁroposed that during excitation, the selective

permeabi1i£y of the membrane to K* was momentarily Tlost,

such that other ions, nameT} sodium and ch]oride{ could.

sudden1y move across the membrane, resulting in temporary

abolition df the membrane potential. = C
_ Bernstein’s theory was not challeng€d until the
advent of adequate technology to measure the potenfial

differences across the membrane. In 1939, Hodgkin and

Huxley, and in 1940, Curtis and Cole demonstrated that

excitation led to a transient reversal, not a simple
breakdown, of membrane potential in the nerve fibre, such
that the action potent1a1 exceeded the resting potent1a1

Later, Hodgkin and Katz (1949) showed that this overshoot

of the action potential was dependent on the external

sodium concentration. This 1latter finding had been

anticipated by Overton (1902), who first recognized the’

importance of sodium to muscle excitaiion, when: he showed
that frog muscies became inexcitable Qhen they were
immersed in a medium with a low sodium concentration
(Kepner, 1979). Overton prophesized a theory of membrane
excitation which was remarkable in its accuracy: "The
roles which sodium and lithium ions play in the spread of
excitation and contraction of muscle are still unclear;
perhaps there occurs, during these processes, 3 certain
exchange between the potassium ions of the muscle fiber

and the sodium ions in the surrounding solution, but there

15
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are impg8rtant problems with such an assumption” (Overton,

'1902; in Junge, 1976).

1.5.2. 'Studies of the squid giant axon.

The suggestion ‘by Young (1936), that the squid

giadt axon might be useful for the study of nerve fibre

excitation, led to the first measurements of electrical’
_potentials across excitable cell membranes. The axon was

large enough in diameter (0.5 - 1.0 mm) ,to allow,

longitudinal insertion of fine wire electrodes without
. -, \

damaging or altering the electrical parameters of ‘the -

‘membrane. Resting and action potentials in the squid axon

were first recorded by Hodgkin and Huxley in 1939, and by
Curtis and Cole in 1940. .The resting potentials ranged
from 50-70 mV (inside negative) and the action poientia]s
between 80-120 mV..

The ionic mechanisms responsible for the action
potential were not clarified until 1952, when Hodgkin and
Huxley published 4 elegant papers describing results
obtained by the new techniqﬁe of voitage clamping.

While it was evident from Overton’s work (1902;
see above) that the action potential involved a sudden
change in the membrane Qermeabi]ity to sodium, it Qas
difficult to determine how this, ang the resulting sodium
current, changed over time since the action potential was

so brief. The introduction of the voltage ciamp technique

16
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"yds a major_breékthrough; because ‘it al]owedvthe,membrane'

to. be maintained at ‘a set potential and, through a.

feedback .ampiifier, the- necessary current required to:keep

the membrane potential at a;particuiar-voifage-cou]d be

meas@red, _Credit for this innovat;ve'technique goes to
Cole and'his éo]1egues_ffom Woods Hole, Mass;'(to1é, 1949;
Harmont, 1949}. However, it was Hodgkin and_Hux]ey who
htilized “the yo]tage clamp technique to‘ conduct “the
necessary gxperiments to decipher exactly what happéned to
membrane currenég ‘and conductances during the action
potential. Briefly, Hodgkin and Huxley were able .to
sjstematica]ly'reconstfuct the action potential based on
three important observations they made from voltage
c]amping the squid giant axon:

1) Identification of 2 ionic currents (Hodgkin,
Huxley and Katz, 1952a).

When the membrane was depolarized to a value of
approximately 0 mV, two separate currents were jdentified;
an initial large inward current followed by a maintained
oﬁtward current.

2) Separation of the Nat aﬁd K*¥ currents (Hodgkin
and Huxley, 1952b).

'By substituting choline for Na* in the bathing
fluid, the large inward current. was eliminated. The
resulting curve represented the Kt curreﬁt. By simple

subtraction of the Na*t-free relationship from the normal



. ! .
cufrent-vu1fage relationship, the Na‘t current could then

. also be quantified.

3) Description of Nat and K' conductances

(Hodgkin and Huxley, 1952¢).’

From Ohm's law {(voltage = current x resistance)

the conductance changes for ‘Nat* and K* Bver time were
ca]cu1ated; at different depolarizations. ‘These studies
deménstrateq that the change in conductance was more rapid
for Nat than for K* and that maintained depolarizations
inactivated the Na* conductance (gNat) but not the K*
conductance (gK*).

Finally, by knowing the membrane voltages
associated with an action potential, and how gNa*_ﬁnd gkt
changed with time, Hodgkin and Huxley (1952d) were able to
account for and reconstruct the rising and falling phases
of the action potential through the application of several
equations describing the changes in Na and chonductance

associated with changes in time and membrane potential.

1.5.3. Goldman-Hodgkin-Katz eguation

In 1943, Goldman presented an‘}quation based on
Nernst’s theory of electrodiffusion which would predict
the potential difference across a membrane which was
permeable to a single ion. Theny in 1949, Hodgkin and
Katz modifieﬁ Goldman's equation to incorporate a membrane

that had different permeabilities’ for different ion

LY

.18




‘19

| species (GHK équition), Ihe equgfibn was as follows:

2) | Em‘= RT 1n _KL_il + PyaI[Natl, + Pr [C1=1;
F. .. PgiK +] S+ PNa[Na I; + PC][EC'I ]0

where. Em is the membrane potent1a1 R is the universal
gas constant, T 1; absolute temperature; F is the Faraday
_constant, and Pg, Pya and Pcy are the permeability
coeff1c1ents for K*, Na* and C1- respectiﬁe]y |

Using this ‘equation, Hodgk1n and Katz (1949} were
able‘to:predict to within.l mV the membrane potentials in
squid axons in the. rest'ing 'state, with various ionic
concentrations in the external fluid; they assumed the
permeability coefficients for K%, Na*, and C1~ to be

1:0.04:0.45, respectively.

1.5.4. " Influence of idonic concentrations on resting

potential of squid ‘axon. One of the simplest tests of the

GHK equation was to alter the external concentrations of '

potassium, sodium or chloride. _ In accordance with the
equation, elevation of [K¥], depressed the reﬁting
potential while lowering [K*], caused a hyperpolarization.
However the extent of the hyperpo]arizatibn‘did not match
the prgdicted value for Ep; this disparity was attributed
to the effect of N, permeability at low external K¥
concentrations. A further factor may have been
inactivation of the Nat-K* pump due to depletion of

external K* (see. below). -

-



It was Ithr'fouﬁd poSsib}e tb extrude axoplasm

from tﬁé squid gianiﬁfibre‘apd the 'bag’ of'membrine could

then be fi]led with so1utions“of‘knOWn ionic composition,

Thus Baker, Hodgkin'and Shaw (1962) were able to reverse

the polarity of the 'restihg poténtial by making the Kt
' ) !

concentration higher on the outside of the membrane versus.

the inside. ~- ' _ . -

1.6. Resting and action poteptial measurements in striated

muscle. ’

1.6.1. Early studies. Graham and Gerard (1946) -were the "

first to use microelectrodes constructed from drawn-out
glass capillaries filled with electrolyte solution. They
were able to record membrane potentials in frog muscle
fibres and repo}ted a mean resting potential of.-78.4 pV.
This value increased to a mean of -97.6 mV after care was
taken to ﬁaintain dptima] tem;Zrature; external K*, and to
minimize the junction potential betwegn the electrodd tip
-and the myoplasm (Ling & Gerard, 1?49).

Ll

1.6.2. Effect of external ijonic concentrations In the

. case of striated muscle, altering [Na*t], has little, if

any, effect on the resting potential, and the ratio of
R - '

pNat:pK* has been estimated as .0}3-.015 in frog muscle

(Katz, 19665 Junge, #476) and .03 in rat soleus muscle

(Yonemura, 1967). In contrast, alterations of [K*], have

e
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=profound effects,.though the correspondence .between. the .

observed resting potential and that dertved from the GHK

eqpation becomes less satisfactory at Tow va1ues of [Ktlg.

(Adrian, 1956) ‘The exp]anat1on given for th1s d1vergence

was that the membrane ‘was permeable to other ions than K¥,

‘and that the effect of these ions, became greater as [K*t1,

decreased be]ow physio]og1ca1 va]ues In contrast to the
squid axon, mammallan muscle fibres appear to have a
‘greater membrane permeab111ty for C1° and 1t is thought

that C1- ions play a s1gn1f1cant ro]e in determ1n1ng the
membrane potential of mammalian muscle fibres, especially

.when [K¥], incredses (Dulhunty, 1978).

L 4

. 6.3. Inf]uence of protein in bathing medium on resting
potential Nhen skeletal muscle is immersed in a protein-
free saline medium, there is a:signlfioant increase in the
concentration of intracellular sodium (Creese, 1954; Carey
and Conway, 1954; 'Creese\ and Northover, 1961). This
change’ has been attributed to an increase 1in Nat
permeability 1in the absence of prgtein on the outer
surface of cell membranes (Creese and Northover, 1961).

However, Na*t pérmeabi]ity is not the only factor affected

by protein since Macchia and co-workers (1984} have

reported an increased anion opermeability in toad
semitendinosus muscles bathed in a normal Ringer solution

versus a Ringer solution containing albumin. These

21
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-permeab111ty changes will have obvious effects _on membrane

pbtentials. 1n ‘both the restlng and act1ve state . Thus,

Kernan (1963) found the membrane potent1a1 of the' rat--

LY
extensor 1ongus dmg1torum to be 12.4 mV ‘greater jin a bath

22

containing rat p1asma 1nstead of Krebs- R1nger S1m11ar1y,.

Shetty nd co- workers (1985) found that the membrane
potenti/? of toad semitendinosus muscle in toad p1asma ‘was'
9.9 mV greatex. than in Ringer solution. It has been
suggested 'ehat serum 'p}oteins ~in the bathing medium
modu]ate particuiar membrane receptors which affect ijon
conductances (Shetty, et al, 1985). ¢ The reliability of
mehbrane potentials recorded-jn the absence of protein in

v
the . bathing fluid is therefore questionable.

1.6.4. Influence of tip potentijals on resting potential

measurements. The importance of minimizing the junctiaon

potential at the tip of the microe]eﬂkrode was strongly
stressed by Adrian, in 1956. eEarlier, ﬂastuk and Hodgkin
(1950)‘ﬁﬂd reported higher membrane potential recordings
in'frog muscles fibres if the microelectrode was filled
with 3M KC1 rather “than the isotonic KC1 (118mM) which had
traditionally been used, due to the lesser resistance the
former had (eg.10-30 M vs. 50-150M). Indeed, the
potentials recerded'by Nastuk and Hodgkin were at least 10
mV greater than those reported by Ling and Gerard (1946).
Additionally, Nastuk and Hodgkin claimed that using 3M KCJ

R4
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%n the miéﬁ%e1ectrode woulé”redutg the junction potential
"betweeﬁ the'myop1ash and the electrode f]uid: |
.Adriad {1956) found that elgctrqdés with high

resistances weré more 1likely to produce large. junction

potentials than those of Tow resistanbe.-‘Howeyer, he also

observed that “even when filled with 3M KC1,
: - 7 .

microelectrodes can still have junction potentials, which

are likely produced by some substance blocking the tip of

the electrode and affecting the mobility of the ions.

Only by accepting those g]ectrodes'with tip potentials of

less than 5. mV could vreliable membrane potential

recordings be obtained.

Y

1.6.5. Effect of temperature The GHK equation predicts

that the membrane potential is proportional to absolute

temperature. Ling and Noodbﬁry (1949) noted that the
resting membrane potentials of frqg “sartorius fibres
increased almost linearly from 5 to 300C, with a Qi of
1.1. Nakanishi and Norris (1969) found a slightly greater
effect of temperature on membrane potential in rat husc}e
(longissimus dorsi medialis), such that there was a 1;0-
1.3 mV/%C increase in . membrane potential as the bath
temperature was raised from 25 to 44°C; this corresponded
“to a Qyg value of approximately 1.15. In both of these
studies the effect of temperature on membrane potenfial

was greater than that predicted from the GHK equation.

- 23



_ Asﬁuming that a normal resting_potentiai at-37°c in . rat
muscle is -74.0 mV‘(Nakanishi.and Norris, 1969}, dropping’

“the. ‘temperature to 209C would .cause the predicted

potential ‘to decline to on]y -70 mV. In the experiments
of .Nakanispi and Norris (1969) however, the botentia]
decreased.to -55.3 mV. Siﬁi]arli,.Senft (1967) found that
the hyperpolar1zat1on of ]obster giant axons 1n response
to increased temperature was approximate]y tW1ce that
predicted from the GHK equation. Furthermore, ouabain
would reduce the increase in EmAto the predicted levels.
Thus, there Iappears' to be a portion of the membrane
potential that is dependent on metabb]ic‘energy, such as
an electrogenic contribution by an actiﬁe transport. pump
(see below). : ‘— 3

The action potential is also affected by changes in
temperature. In 1950, Nastuk and Hodgkin reported a
larger overshoot (38 mV vs. 31 mV) of the action potential
in frog muscles when the temperature was lowered from 180¢
to 79C. Addifional]y). because the conduction velocity
decreases in proportion with a decrease in temperature,
the action potential was considerably slower in the cooled
condition. ~ Alterations in.temperature will affect the
time courses of the conductance changes during an action
potential. Briefly, Hodgkin and Huxley (1952d) predicted
in their equat1ons that the rate constants for the

~ N
conductance changes increase threefold for every 10°C rise

Y
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15 femperature | Thus, it could be expected that the

.-;overshoot of the act1on potent1a1 would en]arge w1th a.

dec]ining temperature if there is a s]ower 1nact1vat1on of

Nat cgnductance,:and/or a slower "activation .of :K*t
coﬁducténee during the course of an action potentia]. -
. N ' : o
1.7. . The Nai Kt pump . CoL

1.7. 1 ) Background. " The re;ulte of radioactive tracer
stques on the frog -sartorius revealed that, Jin ~the
resting conditﬁon, there were matching inward and outward

fluxes of Nat across the membrane due‘to the sma11, but

hY

nevertheless significant, permeab111ty of the membrane to

v

sodium ‘(Levi and Ussing, 1948). The results from these

studies were puzzJinQ; how did the cytoplasm maintain such

a low concentration of sodiuﬁ and a high c0ncentration of
potaesium if both ions were continually being exchanged
across the membrane? ‘Similarly,  how did the cell majntaiﬁ
its 1nterna] negativity’ The flux studies made it,ciear
that there must be some act1ve transport System moving
sodium out of the cell against 1its electrochemical \\\

gradient; the discutsion of this ﬁump will now follow.

1.7.2. Early concepts. The suggestionf of an active
pumping mechanism within cells to get rid of sodium was
first made by Dean (1941), in an effort to explain the

“«

resdlts of Steinbach. (1940). Steinbach had shown that



in -a K?-freé'medium,‘could extrqdeiNaﬁ against a faﬁgé

electrochemical gradient if Kt ryasl'readmitfed to fhe,-

bathing medium.’ 'Conx?mitant'ﬁith’the Na* extrusion, K*~

was reaccumulated in the .muscle fibre, against a
cbncentration gradient;of'at 1eas§.10 to 1. Dean-(1941)
claimed that to maintain “such an adtive/concehtrationfof

ions wou]dsrequire'work'and propbsed that ", ..there must

be some sort of pump, possibfj located in the fibre

membfane, which can. pump out the sodium or, whép is
' équivalenf;”bump in the potassium." -

" This. latter comnent, fegarding the pumping in of
potassium, had been made 20 years earlier by Mitchell and
Hilsbn (192f). They conducteg expériméhts-on toad huscle§
which showed that while potassium was Jost when the muscle
was stimulated, it wés also taken back_uﬁ. The evidence
for this was that stimulated muscles\ would take up
rubidium, but rested muscles would not. Mitché]] and
Wilson (1921) concluded that "... a condlition favorable to
the . taking up. of"potassium probably occurs -in a
contracting muscle because rubidium and cesium, sybsta‘ces'
very similar to potassium in chemical and physiologicél
behaviour, are absorbed in retainable form. by a
contracting muscle but not by .a festing one."
““*“.ﬁvﬂgggkin'11951) first discussed the possibility of a

coupled transport between sodium and potassium as an

’\ S . - 26
frog musc1e$kwhich.had gaiﬂgd-sodiUm from being immerééd '
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exp]anat1on for the ma1ntenance of 1ntrace11u1ar Cjomic

concentratwon grad1ents, and he was the f1rst ‘to raise the

i possibi11ty that this sodtum pump might be electrogenic.
Nhi]e d1scussing the role of metabo11sm in the maintenance

of ,the rest1ng "membrane potential, Hodgk1n (1951) proposed-

o
pﬁgt the restorat1on of sod1um pump act1V1ty after remova]

/ ‘-

of a metabo11c 1nh1b1tor wou]d cause an 1mmed1ate rise in

" resting potent1a1 Dur1ng the restoration of ionic

gradients " extru51on of sod1um mtght temporar1]y raise

“the resting potent1a1 above its _norma1 value." (Hodgkin,
1951). - Although the concept of e]ectrogenic Nat-K*
transport was periodically entertained in the eosuing
years. the first expenimental demonstration came ip the
1ate 1950's from studies ow post tetanic hyperpolarization
(PTHP) in nerve fibres.(Richie & Straub, 1957; Connelly,
1959). It was found that nerve fibres.wou1d hypero1arize
following a tetanic train of electrical stimulation, and
it was concluded that this PTHP was due to increased

activity of the Na* pump as a means of coping with the

increased concentration of intracellular Nat.

In the case of striated muscle, Conway and Hingerty
(1948) were the first to suggest the presence of some sort

of sodium pumping mechanism; they demonstrated that rat

.ske1eta1 muscles which had gained sodium on a low-

potass1um diet would then extrude the sodium once a. d1et

rich in potassium was reinstated. Desmedt (1953) provided

*
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further ‘ebidence for a sod1um.pump in ske]eta] muscle, -

when he showed ‘the the extru51on of Na by Na-loaded frog
muscles was coup1ed with the restoret1on of normal K
concentrations on e1ther_ ;ide':of‘ the membtane.

Furthermore,-during this time of sodium'extrusion,‘both

the resting membrane‘potentia1}and the overshoo® -of jhe'"
:action potential increased. The electrogenicity of the.
sodium pump in skeletal muscle was clearly demonstrated by

" Kernan (1962) who. showed that the active extrusion of Na*

from Nat-loaded frog. muscles was accompanied by

hyperpolarization of the muscle membrane potentfh] such

that the latter exceeded the K equilibrium potent1a1 (EK)

by -11 mv. Later stud1es, also ut1Lg21ng Na*—enr1ched
muscles, prov1ded further support for the generat1on of
electric current accompanying Naf extrusion; the amount of
hypérpo]arizatton could be as high as 40 mV (Adriag and
Slayman, 1966; Frumento, 1965). Stimulatidp of the
sodium pump\by raising [Na]{ hes also been'investigated
quite extensively in mollusc 'nedrons“ For example,

injection of Na* -inte snail neurons results in a

consistent hyperpolarization, which can be inhibited by

ouabain, K¥'-free Ringer, and. metabotic .inhibitors

(Moreton, 1969; Thomas, 1969; Kostyuk, 1970).

1.7.3. Contribution to steady state Ep: the-Mullins-Noda

equation. In determining the contribution of the Na*t-K*




. pump-to the resting membrane potent1a1 of the cell, two
approaches have been used; mathematlcaily predxct1ng the
pump’ contribution with mod1f1cat1on of the constan% field
equation (Go]dman, 1943} Hodgk1n & Kahz, 1949),, nd
quantify1ng its contr1but1on by measur1ng the d1fferencek

in Em with and without pump inhibition. A]though the .GHK

equation has been successfully applied ‘to the membrane.

potential of numerous cells,  the equat1on does not take
1nto account the effects of the e]ectrogen1c Na+ K+ pump,
or any other -transport mechanisms which might be
generating an electric current. Thus,”at times when Na
_ extrusion nateszare "high, ihé;WﬁHK eduatioq' doés not
prédiqt ‘correct membrane potentials "(eg. Kernan, lgﬁé;
Frumento,’ 1965). The GHK equation will never predict a
memppane potential greater than EK,‘put even under steady
state conditions the predicted_Em usually underestimates
the true re§ting membrane potential. Thus, Mullins and
Noda (1963) modified the loriginal GHK- equation to make

-provision for the electrogenic Na-K pump, such that

3) . Ep = RT Tn rPy[Kl, a[Nalg
- F FPRTKTS S PNa[Na]1

where r is the coupling ratio between Na* and Kt transport
wiph each cycle of the.phmp. If r=1 (ie..neutral pump)
thp equation is identical to the GHK equatipn: Thomas
(1972) found thaf by giving r a value of 1.5 (3Na:2K), the

predi;ted Em of frog muscle fibres was extremely close to
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the'measured;ﬁa1ué; The electrogenic contribution’of the

pump with this coupling ratio was found _tol'bé

apprdximafe1y 10 mV. rHowever, there is ﬁhafmacé]ogical

evidence to suggest that the sodium pump makes. an even

'greater contr1but1on to the resting membrane potentia] of
skéletal musc]e Locke and Solomon (1967) reported a drop

in Em of 15 mV in rat gastrocnemius muscle after ouabain‘

exposure while N1111ams .and ,co- -workers (1971) observed a

25 mV decline in Ep in rat grac111s muscles. However, it

"is difficult to determine from these studies what portion

of the drop in ‘Em was ‘due to -loss of e]ectrogenic-

potential, and what pdrtion was due to the gradual decline
in ionic concentration gradients due to the absence of

pump actiVity.

1.7.4. Enerqy dependence. N

The active pumping of Nat and K* ions against their

electrochemical gradients implies the ‘expenditure of -

energj to drive the pump. The electrogenic Nat-K* pump is

a membrane-bound Na*t-K*-ATPase that couples the extrusion

of 3 Nat ions and uptake of 2 XK' ions to the splitting of
adenosiﬂi’lriphbsphate (ATP).

Na-K-ATPase was firsf discovered by Skou, in 1957,
in crab nerve, and by Bonting, Simon and Hawkins (1961) in
striated muscle. Skou (1957) was able to demonstrate the

presence of a specific Mg-activated ATPase which required
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KTPt'Néf;'and-K*.for activation, andfwés inhﬁbitéd.by cal+

and very high K*. . As the optimum Mg2* cohcéﬁtrhtjon was

- found tq 'be the same as the ATP ¢oncentﬁation, it was

COnc1udedithat'thé Substrate-for'the'enzyme was  Mg-ATP. _

At this time, the actual 1p£ation of the enzyme in the
nerve ;could' not_‘be defer;%ned, §fnce whole nerve
homogenates wére'used for the enzymatic-assay. A similar
enzyme was ‘then ﬁescribeﬂ byr Post (19591‘ in the human
erythroéyte membrane, which .was résponsibie for . the

simultaneous active extrusion of sodium and accumulation

of pétassium across the cell membrane. The enzyme

described by Post (1959) was also inhibited by calt, as
well as Ey cardiac g]jcosides. Further evidence that the
enzyme was located on the cell membrane was then provided
by‘Hoffman (1960), when he showéd'that reconstituted human
red cell ghosts wdde actively ‘extrude sodium in the
presence of ATP and that the sodium transpo?t could be
inhibited by either intracellular ca?* or extracellular
cardiac glycoside, .A broad study of the distribution of
the Nat-K*-ATPase in various tissues of the cat was then
conducted by Bonting, Simon and Hawkins {1961). The
enzyme activiiy was determined in freeze-dried homogenates
‘as the fraction of the total ATPase activity that was
inhibited by ouabain and/or the omission of potassium.
Na-K-ATPase was found to be present 1in nerve tissue,

occular tissue, visceral organs, and muscular tissue.
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- In muscle, the‘majo(‘part'pf the enzyme activity

“appears to be asscciated with the sarcolemma, with only a

_very'_minor part being associated with the -frénsve?sé
tubules. Thus, Venosa and Horowicz (1981) found that when

frog sartorius muscles were défubu]ated‘by glycerol, the

total. [3H]louabain binding capacity was only reduced by .

20%. R

. Determination of the ATP:cation ratio has been done

in a variety of tissues. There is general agreement -that

1 ATP molecule is consumed in transporting 3 Na ions out

of the cell, whether it be red blood cells (Garrahan and
.Glynn, 1967), nerve cells (Baker, 1965), or frog skeletal
muscle (Harris, 1967). The metabolic cost of the Na-K
pump is fairly sighificant, with about 16% of the resting
oxygen uptake being.ouabain-sensitjée {Sjddin, 1982).

1.7.5. - Coup]ing'ratio. The electrogenic contribution of
the Na*-Kt¥ pump to the resting membrane potentia]r is
dependent on ihe actual coupling ratio of Na and K ions
with each pump cycle. Various ratios have been reported
for different cell types, which suggests that the coupling
ratio is not fixed and might in fact depend on the
physiological state of the cell. Only in the red blood
cell has the evidence clearly suggeste& that the coupling
ratio is 3Na out for every‘ZK in, thereby generating an

“outward current (Post, t al, 1967). However, 1in the

3 L
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_numerous nerve and muscle prepartjohs ‘that have been.

investigated, thé ratios cited have been ZNa:IK (Sjodin &

Beauge, 1967 - squid axons), 3Na:1K (Caldwell, et al, 1960 °

-isquid ‘axons; Hu]lins- & Noda, 1963 - frog striated‘-

‘muscle), 4Na:3K (Nakajima and- Takahashi, 1966 - nerve cell
bodies), and 3Na:2K (Mullins & Brinley, 1é§§ - squid
axons). - Mullins and Brinley (1969), using‘dihlyzed‘sduid
axons, prbposed that at low intracg]]u]ar Na the coupling
ratio wdd]d be close td 1:1,_5ut that this ratie would

increase as result of increasing [Na]i. Similarly, Keynes

and Rybova (1963) suggested that the sodium pump is a

Tabile §ystem and that the coupling between Na and K would
vary under different idonic condifions. Thus, while the

steady state coup]iﬁgAFatio_in skeletal muscle might agree

with Thomas’ (1972) suggestion of 3Na:2K pump, there is no-

evidence to indicate that this ratio remains rigidly fixed

under non-steady state conditions.

1.7.6. Contribution to non-steady state Ep. In view of

the vari;biiity in experimentally determined coupliing
ratios, the contribution of the Na-K pump to the resting
membrane potential should increase with increasing
intracellular Na. While in a normal, steady state the
membrane potential of most cells is Just slightjy less
than Eg, if the Na-K pump is stimulated, Ey can increase

to values much greater than Eg. Through modification of
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Mullins and Noda'} (1963) equation, Sjodin (1934)Jwas able

}to predict" membrane potent1a15 more negat1ve than EK, as'

“might -occur under non- steady state cond1tzons He

.pred1cted that as [Na]; 1ncreased from 40 mM to - 140 mM the
* contribution of the pump to Ep wou1d 1ncrease from,:lo my

to -50 mV. Th}p is compatible W1th the ubservat1ons of

Kernan (1962) and Frumento (1963) - who showed that the

hgperpOIErizatﬁon induced by ft}e pump increased With.

Kernan, in 1968 the actugl contribution of the pump to Ep

increasing rates of Nawiztrusion In a later 'study by

was found to be 22 my during Na extrusion in rat’ musc]e,
As determined’ by the difference in the'n]easured'Em and
“that predicted by the GHK equation. Furthermore, this
electrogenic contributien of the sodium pump was
completely abolished if the MNa-loaded muscles were
immersed in a cold bathing medium (8°C). 1In_a more recent
study, Creese and co-workers (1987) have demonstrated that
the sodium pump <an contribute 33 mV to the resting

membrane potential in the presence of depolarizing drugs.

1.7.7. Distribution of Nat-Kt-ATPase in different fibre

tyﬁes.
The number of [3H] ouabain binding sites in

o«
skeletal muscle appears to-differ according to fibre type
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7in .some species.. In the mouse, ‘a s1ow tw1tch musc]e such

as so]eus, has been shown to’ conta1n 51gn1f1cant1y more-

binding sites than a.. fast tw1tch musc]e,_such as. EDL or :
’ gastrocnemius (Bray et gl, 1977, ‘Clausen and Hansen, 1982,
AbdeT-Aziz gL gl, 1985)h. Contradictory results have;beenf

have been shown to heye .both a greater dens1ty of [3H]

ouaba1n bind1ng sites (C]eusen et al, 1982) and a greater

Na*-KigATPase activity (Kjeldsen et al, 1984) than the
s]ow-tnitsh s®eus .muscie. The distribution of [3H]

ouabain binding sites between fibre types has been

recent]y determ1ned in human musc]e, post mortem (Dorup et .

- al, 1988). No 51gn1f1cant d1fferen%es were. observed

- between muscles .n1th a high rat1o of type 1 to type 2

- fibres (eg: soleus) versus those with low ratios of type 1

to type 2 fibres (eg. triceps brachii, rectus femoris).
Thus, whether or not the density or distribution of Na¥-K*

pumps is related to fibre type, and ‘what the basis for

‘this relationship might be, still remains to be

determined.
It is known that the density of Nat-K¥-ATPase
changes with development. Kjeldsen et al (1984) have

shown that the number of {3H] ouabain binding sites in

skeletal muscle of both rats and mice first increase then

decrease during development, reaching a constant value by

5§ months of age. These results have been suggested as a

_found in rat muscle, where ihe fast- twitch muscies (EDL) ‘



'possible explanatlon for the 10w sensxtivity to digita]is

'glycoszdes found 1n 1nfants compared to e1ther premature

~Lor adult 1nd1V1dua1s (C1ausen et Al, 1982, KJeldsen g;_gl,t,

B

' 1982).

‘11;7.8. ‘Effect of hormones.

As early as 1941, Stickney demohstrated that

" epinephrine would" reduce ‘the net K* release indueed by

eTectr1ca1 stlmulatlon by 40% in frog muscle,.suggestlng a

d1rect effect of ep1nephr1ne on K+ -uptake’ in‘ skeletal

: 'musc1e It wis Yater found that th1s ep1nephr1ne 1nduced"

qK* uptake was med1ated by beta- rather tgan alpha- receptor

| 35 '..,:f =

activation (Powell and Sk1nner, 1966), and with™ the” f

development of select1ve beta- adrenergxc agon1sts came the
d1scovery that the beta-2 receptors were spec1fica11y
involved in the response (Lockwood and“ Lum, 1974).
Coupled to an increased cellular Kt uptake in the ptesence
of catecholamines, a decline in intracellular Nat* has also
been observed, strongly suggesting that the Nat-Kt-ATPase
was mediating the response/(Hays et al, 1974; Clausen and
Flatman, 1977; Chinet and Clausen, 1984). - Mor'eover, a
catecho]amine-inﬂucéd hyperpolarization of the muscie
membrane has been frequently reported; a response ehich is
ouabain-inhibitable (Evans and Smith, 19735 Tashiro, 1973;
Hays et al, 1974; Clausen ‘and Flatman, 1977}).

The exactOmechanism by which beta-2-receptor
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activation - stimu]ates_ Na*-K* transport is 'not‘”rea11§ i‘

'pnderstood ~bu1 most evidence suggests a st1mu1at1on of:"

chcllc AHP through adeny]ate cyc]ase, perhaps then 1ead1ng-

‘to the act1Vation of: a protein k1nase (C1ausen & Flatman,

| ,1977 MeArdle & D AIonzo, 1981; Clausen, 1986).

!

The effect of catecho]am1nes on Na+ K+ transport.

has 1mportant imp]icat1ons during exerC1se, where plasmat;

.potassium can rise quite marked]y (H1rche et al, 1980)

"The rise in catecho]am1nbs dur1ng exerc1se (Chr1stensen &.

{;a1bo,_ 1980). acts 'asg an ;1mportant defense aga1nst

‘ exerc1se<induced_ hyperka]emia through _beta-adrenerg1c'

'stimu1ation of cellular potaSSIem'optake. “Thus, in the
presence of betarbloékade;f‘the"exgkcise-indUEed' rise in
plasma.potass%um”both during ekercise and in the recovery
period: following, has been 'shown: to be significantly
enhanced (Williams, et al, 1985).

Insu]in-has been shown to increase the K content
and decrease the sodium content in rat soleus muscle
qcﬁausen & Kohn, 1977; Flatman & Clausen, 1979; Moore &
Rabousky,_1979), an effect which is blocked by ouabain, or
reducing the temperature to below 15°C. . Additionally,
insu{in has been found to increase Ep in. rat so]eus muscle
(Flatman & Clausen, 1979) and ‘other muscles in several
species (Zierler, 1957, 1959; Wu & Zierler, 198%).

The meohanism by which insulin stimuiates Na-kK

transport is not exactly knonn. Since propranolol has

~/



e
vy

B

L2

been shown to havg no effezt‘on‘the hypokalemic action of

. insulin (Hiﬁaker_& Rdwe, 1982) it islbélieved'that insalin
" acts at a site ‘beyond cyc1ic-]AMP activation by adenyl

cyclase. Thus, the effects- of insulin and adrenalin on

38

muscle membrane potential and muscle Na-K contents ﬁavp.'

been shown to be additive. (F1atman and C]ausen,' 1979).

C]ausen “and  Kohn (1977) suggested that insﬁ]in. might .

increase. the relative affinity of the Na-K-ATPase to

{

.[Na]i. This'wou1d'resu1t in an increased rate of Na-K

transport, and Ey would increase due to the stoichiometry

of the Na-K exchange. The resultant rise in {kj1 could -

also confribute~ to the maintenance of ~the

hyperpb]arization (Clausen, 1986).

1.7.9. Inhibition of the Nat-K* pump

(a) Cardiac alycosides. It has been known for some time

that Na-loaded muscle fibres lose the -ability to extrudé
Na ions and recover K if cardiac glycosides are present in
the external medium (Matchett and Johnson, 1954; Johnson,
1956).. fLaldwell and Keynes (1959) found that injecting
ouabain into the interior of squid axons did not inhibit
the sodium pump, whereas adding it to the bathing medium
did, strongly suggesting that the glycoside acts on the
outside of the membrane, perhaps by competing ‘with
potassium for the active site on the enzyme. Ouabain (and

other glycosides) has since been used as an important
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1ndex of Na K pump act1v1ty, and the use of rad1o act1ve1y

-1abe11ed ouaba:n has prOV1ded 1ns1ght into the number of-

act1ve pump s1tes w1th1n 2 part1cu1ar t1ssue

{b) . Hetabol1c 1nh1b1tors and coo]1nq The fact ‘that the

'sod1um pump must transport Na against its e1ectrochem1ca1

grad1ent 1mp11es an active process, dependent on energy

‘Hodgkin and Keynes' (1955) found that “both metabolic’

fihhibitors_and.too]ing‘red ced the Na e%f]ux and K uptake

in squid axons. It is‘poteworthy"that in that partidu]ar

study, the authors found that the squid axon could

maintain its original Ey for hours after pump‘ihhibitipn.
Simi]arly, Baker, Hodgkin and-Shaw (1962) found that squid
axons cou1d still conduct thousands of impulses after pump
p]uckade . However, three things can bg said of the above
two ptudies;‘ firstly, the- squid_ axon has a -very lTow
resistance compared to other «cells, and thus, - the
potentia]"éénerated by a pump current is much less than
that from a ‘cell with a greater membrane resistance.
‘Second, the surfacg to volume ratio in the squid axon is
much less than in other cells due to their large size, and
thus for a givén number of action potentials there would
be a far lesser change in the concentration of internal
jons due to the large intrace]]ﬁ]ar volume. Finally, tpe
squid axons studies were performed in vitro, where the
extracellular volume was so large that even thousands of

impulses would have very 1little effect on ‘the
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extrace11u1ar ion concentrations “f Ritchie and Straubﬁ

7(1957) found that the PTHP 1n rabbit nerve fibres was

"marked1y ' reduced 1f tne f}bre= was-,soeked pini_2,4-‘i -3

_d1n1tropheno1 (a metab011c 1nh1b1tor) o E i.a .f

The rate of Na K transport 1s very dependent on l

temperature. In vitro studies measur1ng the “number ofu
ions transported per [3H]ouaba1n b1nd\ng s1te per minute
indicate -that under in vitro -cond1ttons at’ 30! 350¢,
skeletal muscles only utilize 2-6% of their total capacity
for Na-K transport~at 370¢ (C]ausen & Hansen, 1974, 1982;
Pflieoer, et _i, 1983; Clausen et al, 1987). Thus, ‘while
the predicted maximumftransport capacity at 379C is 16,000
K ions per [3H]ouabain btnding étte per minute, the values
obtained in studies just cited range from 300 to 700 K
ions per bind%ng site per minute. Clausen and assbciatee
(1987) have recently shown that with a combination of Nat-
loading and high [K*],, the available Na*-K* pumps (as
determined by [3Hi ouabain binding in rat soleus muscle)
can be activated to 90% of the theoretioa] maximum

transport capacity at 30°C.

(c) Removal of Extracellular K+, Perhaps the best

evidence of a coupled transport of Na and K in excitable
cells 1is the observation ‘that Na extrusion cannot occur
without K in the extracellular fluid. This observation
was made very early (Steinbach, 1940), and since then the

use of K+-free bathing media to Na-l1oad cells has been an




Aaht effect1ve means of st1mu1at1ng max1mum Na* K+ pump'

’.act1v1ty upon rep]acement of K in the bathxng med1um

iy

L
¥ .
LR

1.8 Changes_in Nat-K* pump activity with muscular. -

—_—

.

exercise. .. o

There ie evidence that both' acute. or chronic *

[

exerc1se can 1ncrease the Na+ K+ pump act1V1ty, and thus“

"'_enhance the c]earance of potass1um from tﬁe extrace]]u]ar

'-spaees. Brodal and co- workers {(1975) examined the effect
of 5 minutes of e1ectr1ca1 st1mu1at10n of rat h1nd11mb
musc1es -on.the activity of Na K- ATPJ;e and observed a 28%
1ncrea§e in the activity of the enzyme. A 109% increase
in 2%Na .efflux "from isolated frog muscle fibres ' was
observed after 2.5 minutes of electrical sfimu]efion
(Hodgkin and Horowicz, 1959). |

 The Nat-K¥ pump activity appears to undergo
considerable adaptation from chronic muscular exercise.
Thus, 6 weeks of training led to a 2.6-fold rise in Na-K-
ATPase activity in dog gracilis. muscle (Knochel, et al,
1985), and an increase in the concentration of [3H]ouabain
binding sites in rat hindlimb muscles (Kjeldsen, et ai,
1986) . Additiona]]y,‘the louabain-suppreseible component
of En in dog intercostal fibres increased from 9mV to 33mV

safter training (Knochel, et al, 1985). In this samé group

of trained 'dogs, the Ep of the grdci]is musclie was

significantly greater than in untrained cohtrol animals.:



' Tra1n1ng has also -béen §hdwn to increase the membrane
- L

ﬁlpotent1a1 in human subJects ' Moss and co- workers (1983)
>,reported swgn1f1cant1y h1gher membrane potentials in the‘

: .t1b1al1s anter1or musc]e of tralned (-98.8 mV) .versus

untra1ned (-91.5 mV) men. -

T .

The . exerc1se 1ndw@ed r1se in p]asma pota551um s’

smal]er after tra1n1ng in both humans (T1bes. t 1, 1974?‘

Kiens and Sa1t1n, 19863 Kjeldsen et al, 1987) and anxmaf%

.(Knoche] et al, 1985), suggesting more efficient re-

uptake of K+ “However, a recent study by Kjeldsen and co-

Y

workers (1987)‘has shown—that while 10 weeks of training -

) in'humans resulted in'a significant decrease in the rise
in.ventms@K+ concentration. at a'conatant exercise load,
there ‘was no change in [3H] ohabain binding capacity in
biopsies of the vastus lateralis muscle. Thus, while
acute or chronic muscular activity leads to an improved
capacity‘for clearing [Kle, this could be due to either
increased activity of the Na-K-ATPase  due to increased

"sensitivity to ([K*]g and/or ([Na*];, or an increased

density of the enzyme on the sarcolemmal membrane.

1.9. Summary and Hypothesis for Thesis.

It should be evident from the preceding sections
of the Introduction that changes in the maximum response

evoked from a muscle by stimulation of its motor nerve
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- reflect what is occurring to the membraﬁe‘-and _actién - - .

potential of the single{ fibre. ~Indeed, if an’ initial
_ maximum‘ M-wave becomes even larger as a rgSult of

_contractile activity, this 1is strong evidence that at:

least some of the individual fibre action potentials hqve'

become Tlarger. The purpdﬁe of this investigation was

. . v .
twofold.  First, an Enalysis of M-wave behavior during

,stimulated' and vo]unfary' aétiﬁify in humans‘ was
undertaken." -An  animal model (rat‘ sq]eué) was then-

empioyed to see if similar changes in M-waves: cbu]d be
observed. TQQ second-purpqse was to test'the hypothesis
-that a hypefpdﬁarization of the musc]eifibre-memb ane, due
to _stimu]étion of the electrogenic Na*-K* pump, was
JresponSib]e for increasing thé rfibre action potentials

and, hence the M-wave, during muscular actiVity.

- ...



2. Hgthédb1ogg

2.1. Introduction - o S o

Two separate. studies were desiénéd for this

'thesis, incorporating both a;human‘and an. animal mode]i--

‘This served to accomodate both purposes of the research;

# . . .
providing first a descriptive analysis of the M-wave

during muscular_éctivity and then an investigation of the 

mechanisms responsible.

2.2. Human studies

2.2.1. Experiments With Intermittent Tetanic Stimulation

six subjects participated.in this experiment (4
men, 2 women}), all were volunteers and engaged in regular,
moderate exércise; their ages ranged from 2§ to 52 years.
The experiment was performed on the right tibialis
anterior muscle. The subject sat in a chair of adjustable

height with the right leg flexed 909 at the knee and

braced within a steel frame to maintain this angle; the

-~

foot was firmly strappgd to an aluminum plate, below which
strain gauges were attached. The ankle was plantarflexed

by 10-20° and e contractions were isometric.

(a) Stimulation and recording system. The stimulating
"electrodes were rectangular lead plates (4.5 cm by 2.5 cm)
wrapped in moistened gauze impregnated with conducting

cream; the cathodal electrode was placed over the common

" .4 :

o
ezt



. pe}onear‘nérve at ihe néck'Of'phe fibula whjle.the énodé
1aj .sTightly Tower and mqreq anterior. The ‘dﬁétal
“plicemeni of thelénode_ﬁppeared to atlow a ibwer'threshold
of stimulus {ntensityf. Tﬁe -stimuli Qere 50_»5"pu1§95
delivered from‘vg"hibh-voTtaQé stimulator (Model 3072,
Devices Ltd); fhe latter was trigggred by a digital timing
device (Digitimer Model 3290, Devices Ltd) through a gated
pulse generator (Model 2521, Devices Ltg).

| ‘The‘.recbrding electrodes were chlorided silver
disceglectrodes, 9 mm in diameter, filied with conaucting
cream and'p1aced over the skin at the Jjunction of the
proximal and middle thirds of the anterior tibialis
muscle; the initial negativity of the M-wave indicated
th;t end-p]ates'were situated'beneath the electrode. A
silver strip electrode (6 cm by 0.5 cm) was wrapped around
the gréat toe as a reference while a second silver strip,
modnted 8 cm below the knee, served as a ground. The
gafed pulse generator was set to deliver stimuli at 15 Hz;
the tetani lasted 3 seconds and were repeated every 5
seconds for 3 minutes, or until complete mechanical
fatigue had been induced. This frequency of stimulation
was chosen based on previous observatioqs in this
laboratory that minimaI neuromuscular junction failure
occurs during intermittent repetitive stimulation at a 15
Hz frequency:

M-waves were evoked by delivering single stimuli



0.5 sec before each ‘etanu's‘;thi_s allowed for monitoring

of the twitch torque as. well. An arterial cuff was

app]iéd to the thigh to render the teg ischaemic. The-

recovery of the M-waves and. twitch and tetanic_torques was
followed intermittently for approximately 50 minutes. The
data were amplified and displayed on a variable

persistance storage oscilloscope (Hewlett-Packard 141B),

ana were also stored on FM t pe for detailed analysis -

after the experiment.

ermittent Voluntary Contractions

Rationale. Having observed the M-wave
behivior during stimulated contractions (see above), it
was imporfant to determine if the M-wave would behave in a
similar fashion under more physiological conditions.

Thus, the next study incorporated a protocpl of

intermittent voluntary contraction of small muscles in the
hand and foot. -1

(b) Subjects. Ten volunteers, 4 men and 6 women,
volunteered for this study; they had no history of
neurological or cardiovascular disease and most engaged in
regular exercise; their details are summarized in Table 1.
The study carried the approval of the university ethics

committee.

{(c) Stimulating and recording electrodes. In the

hand, the muscles studied were those in the thenar

46




Table 1.

Descriptign of subjects.

. .,“



Table 1.~
(r.
, -Subject Sex . Age 'OCCUﬁation

Fs M 30 Technician
JG F 29 ‘Grad. Stddent
R 2 M 26 Grad. Student
‘MJ F 22 Med. Student
DH M 28 Grad. Student
MT F 27 Grad. Student
MM M 28 - Grad. Student
LS F 29 Grad. Student

- JW F 26 Grad. Student
AH F 34 Grad. Student
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'.ﬁabductor po111c1s breV1s, opponens po111c1s and f]exor

~

- -po111cis brev1s “In the foot the musc]e 1nvest1gated was,

=

the extensor d1g1torum brevis. In order to m1n1m1ze

i

1nadvertent muvement of the eiectredes, the wr1st and hand‘

were strapped 1ns1de ‘a- dorsal p]astlc ‘cast; wh11e the so]e
of. the foot and the toes were pressed aga1nst the floor by

he exam1ner o ",' . o ,‘.".

: To elicit M -waves, paired siﬁver'disc electrodes

. L 4
were used for stimu]ation * The discs were 9 .mm in

d1ameter and mounted in a P]ex1g1ass holder -so that their
ceptres were 3 cm apart. The st1mu1at1ng electrodes were
nghe]d in position over fhe median nerve at the wrist by a
Velcro strap; tﬁe cathode was distal. In the foot the
same electrodes were positioned over the deep eeroneal
nerve at the ankle, again with the cathode distal.
The stigmatic recording electrode for the hand was
a strip of silver foil, 6 mm wide and 3 cm long, placed
over the main thenar end-plate zone. The latter ran
perpendicular to the first metacarpal bone at the junction
of its proximal and middle thirds (Fig 3A). The reference
electrode was another strip of silver foil, 2.5 cm by 6
mm, ‘wrapped around the 1little finger, while the ground
electrode was'another.silver strip, placed over the back
of the haed. ‘The recording electrodes were lightly coated

with conducting cream (Cardio-Cream, Ingram & Bell

_Jeminence supp]ied by the med1an nerve, these ‘were ‘the
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Ufﬂed1ca]) as were the stlmu1at1ng electrodes ;.x;{f- o
) . l S

For the foot the- st1gmatlc e]ectrode was a strip of-

Ef!fsi1ver fo11 (3’cm by 6 mm) p]aced dxagonally across the_
'bel]y of the extensor d1g1torum brev1s* as shown in F1gure;}
- 3B.. A reference strxp was, wrapped around the great toe,'

and a grouwd str1p ran . across the dorsum of the arkle:

L 4

' A]],record1ng e]ectrodes were he]d 1n place by 1 25 cm
 wide adhesive plastic tape;(BleﬁdErm, No. 1525).

(d) Stimulating and recording equipment. . The

stimulator was of the ,high. voltage type- (Model--3012,

Devices Ltd) and was set to deliver rectangular vo]tage

pulses which were of super-maximal inteﬁsity (60 - 160

volts) and 50 usec duration; the stimulator was triggered
by a digital timihg device (Digitimer Model 3290, Devices
Ltd). The signals from the recording electrodes were fed

into amplifiers with bandwidths of 10 Hz - 1 kHz and were

~displayed on a 4 trace storage oscilloscope (Model 1418,

Hewlett-Packard Ltd). The ampiified data were recorded on

magnetic tape (Model 3960 recorder, Hewlett-Packard Ltd)

for subsequent analysis; response amplitudes and areas

(voltage x time integral) were then calculated from the

digitally acquired data with-a custom in-house analysis

program designed by Glenn Shine, using a Tecmar Labmaster

Data Acquisition Module in a Texas Instrument Personal

Computer (TI-PC);

{(e) Experimental protocol. Subjects were instructed to
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Figuré 3B.
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'perform maximum voluntary contract1ons of the thenar ;
. .

musc]e and the extensor dig:torum br
'_were maintained isometric. by the ekaminer supp]y1ng ‘the.

opposzng resnstance -'Each'contrection lasted_B seconds
_and was‘followed by a 2- second rest period; ‘this sequence
_being continued -for 5 minutes (See Figure 4). ~ M-waves

were evoked' every 5 seconds for ‘the 5 minutes of

contract1ons,. and were fo]}owed for 13 'minutes of

recovery. A contro] exper1ment was a]so donei for each .

R !
muscle in which the same number of M-waves were evoked,

but with no voluntary contractions.
o . '

. - : r- - 4
2.2.3. Statistical treatment. The data were \analysed

, ———
A\

with a repeated measures analysis of variance design, 1in

" which M-wave changes at certain time periods were averaged

and compared. ~Post-hoc Tukey A tests were thep done to

test selected differences between means.
J .

2.3. Animal stud1es

2.3.1. Rationale. HaV1ng ana]ysed the M-wave behavior in
humans during both st1mu1ated and vo]untary contractions,
it was now 1mportant toi move the investigation to an
animal model so that the changes #n action potentials in
single fibres, together with membrane potentials, could be

o |

measured.

o/

is; the contract1ons‘
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52 3, é : An1ma] nrenarat1on Experiments were conducted On

'femaIe W1star rats wé\gh1ng 220-280'grams, The an1mals

 were ma1nta1ned in .a? hum1d1ty- and 11ght contro]]ed"

- N

V-Ienv1ronment (12 houry 11ght 12 hours dark) and were fed

laboratory rat chow and water ad 11b1d1um ﬁﬂl anlmal

hand11ng and exper1mentat1on conformed to the Un1ver51ty

P

) gu1de11nes for an1ma1 ‘care.

t

“anaesthesia’ (35 mg/kg body we1ght) the soleus musc]e of

-~

the right 1eg was exposed its nerve twwg 1dent1f1ed ~and -

it; tendon freed. The rat was placed prone on a warm brass

. plate and the l1imb was put in a-P]ex1glass chamber (volume
= 175 ml) wnich'dontained Liley’s so1dtion (Liley, 1956 ;
140 mM NaCl, 4.5 mM KC1, 1 mM NaHpPO4, 1 mM MgClp, 11 mM
g]ucoée,'lz mM NaHCO3, 2 mM CaClp; pH = 7.4) plus albumin

(16 g/1). The bathing fluid was always maintained at 36-

389C by circulating water and radiant heat (except in the

cooling experiments). > The limb was fixed to the base of

the bath by Plexiglass clamps at the ankle and knee. [The

tendon of the soleus was attached by 5 cm of 3.0-gauge
silk thread to a force_tranﬁducer (Grass type FT036), the
compliance of the entire systed being 180 um/N; the muscle
was set to its optimal length for twitch tension. At the
end of each experimenf,-the animal was sacrificed by an

.

overdose of anaesthetic.

+

Under 1ntraper1tonea1 sodium 'pEntabdrbftond_




$2.3.3. St1mu1at1on and record1nq svstem ) Int}ace]1u1€r

record1ngs ‘were made from the f1rst "and occas1ona]1y the

second 1ayer of rat soleus muscle fibres w1th glass,"

microéléct;odes Vf1lled"with .SH KC1 snlut1on.' The

pos1t1on1ng of the m1croe1ectrode, whether it be the first
‘gr second 1 yer of musc1e f1bres, was guided by the
.deflecttons of the<trace on the OSC1lloscope The glass

cap11]ar1es had outer d1ameters of 1.5 mm (HPI " Inc.

#IBIBOF), and were pulled WIth a vertical pu]]er (DaV1d,

Kopf Inst., Model 700C) to a tip diameter of approx1mate1y ‘

1.0 um. - Filling of the electrodes with the (3M KCI

solution was accomplished with the use of fine stainless

steel needle (Zaf_gauge; Popper & Sons, Inc.}; each
microe]ectrode wasqéhetked under the microscdpe.for the
presencé-of any air bubbles and to .ensure that the tip was
not broken. The electrodes had d.c. tip resistances of 8-
15 Mohms and tip potentials of 5 mV or less A1
microelectrodes were used within 3 hours of fil1{ng. The
reference electrode consisted of a length of_ByT}ethy]ene
tubing (5 cm long; 3 mm diameter at the top and 1.5 mm
diameter at thg bottom) which contained a Ag:AgCl wire in
agaf-bathing solution; it was placed in the Plexiglass
champer. .
The microelectrodes were positioned wvertically

above the soleus muscle with a MNarishige (No. 1661)

micromanipulator and fibre penetration was performed under
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visual control. Resting membrane potentials werelrecorded'

with a high-input 1mpedance amp11f1er (WPI Model H-TO?L
and d1sp1ayed on a 4 trace storage osc11ﬂoscope (Modei'

141B, Hewlett-Packard Ltd). . Proper.f1bre penetrat1on wa§

assessed by the abruptness of the ‘deflection on the

sc?een; the potential .across. the membrane Was .then
determ1ned by means of a gratuﬁﬁe or by "backing off" the
vo]tage of the calxbrator Act1on potentials were efoked
by supramaxima] stimuli (20 us pulse width) Epplied ig tﬁe
sbﬁeus nerve fwig-thrpugh-fine silver wire electrodes (0.5
mm diameter), manually positiéned with a manipulator. The.
peak-to-peak ampiitude of the action potentials were
measured directly off fhe oscilloscope screen using a
graticule. The overshoot (0S) of the action potential
was measured as that potential difference, either positive
or negative, from the zero potential baseline.

M-wave recordings were made using a silver wife
electrode (0.1 mm diameter) twtsted around the end of"{he
musclie belly at its tendon of insertion; the reference
electrode was an a]Iigator clip on ‘the foot. The peak-to-
peak amplitude of the M-wave was also measured directly
off the oscilloscope screen. A samp]é fracing showing the
M-wave, membrane potential, and. single fibre action
potential is depicte& in Figure 5.

| In some instances, Polaroid photographs were taken

of the oscilloscope tracings for subsequent comparisons




Fiqure 5.

Sample oscilloscope tracing showing how resting membrane
potential, action potential, and M-wave were megasured.

-
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between experimenta] ‘manipulations. 'Ah i]1ustratioﬁ‘o¥

" the p1acement of'the h1nd11mb in the bathing chamber and'

the pos1t10ningﬁﬂi_1he e]ectrodes is dep1cted in F1gure 6.

-

2.3.4. Fatique‘sequeﬁce.‘ The-fatigue;protocoJ consisted

“of a ser%ee of 60 twitcthetanus sequences, involving a

twitch fo]lowed by a 4-second tetanus at_20 Hz, repeated

every 5 seconds {See Figure 7) . 20 Hz was chosed as the

stimulation frequency because it produces an almost

"~ completely fused tetanus,whfch can be maintained for long

. periods of time without'anx appreciable excitation fajlure

at the neuromuscular junction '(Kugelberg, 1973). The

stimuli were 20 usec in duration and approximately ten
times maximal intensity, delivered from a Devices Ltd,
stimulator (Model DS-2).

Baseline measurements of the twitch and maximal M-
wave were made before the fatigue protocol began. As
well, resting membrane and sing]e‘fibre action potentials
were recorded in 6-10 fibres to establish a baseline.
Recovery of these parameters was then followed for 15
minutes after the stimu]atfon; the total number of fibre
impalements was approximately 30 for the entire recovery
period . (2 per ‘minute). The first of these recovery
measurements was made usually within 20 seconds of the end

of the stimulation period. »
-~
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Fiqure 6. ' -
Placement of rat hindlimb in plexiglass chamber - the

close-up shows the exposed soleus muscle with the various
electrodes. ° :
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2.3.5. - Aeﬁeéemen&__ei__ﬁefedf,_eumn__eslixiii . The

”“contr1but10n of the Nat-Kk¥ pump to the restlng and action

‘potent1a1 measurements was determined by 1nhibit1ng the

pump act1V1ty by one. of three methods: oo

1) Add1t1on of ogabain.. 5 ml of bathlng fluid

containing .128 mg ouabain was added to the bath1ng med1um

which was then stlrred ‘the f1na1 concentratlon of ouabain

being.1.25 x 1074M. " !

2) Lower1nq the temperature. The 37°C fluid in

the chamber was rep]a;ed by an identical solution at 19°9C.

3) Removal of K%, Tﬁe'bathing medium ﬁaS'rep1aced

by one which contained OmM K* (the "concentration of Na*t

was increased to 144.5 mM_to maintain osmolarity). .- ~

Each of the above méﬁipd]ations was conducted a few
seconds.before the termination of the fatiguing sequence
in order to ensure that it was completed by the.start of
the recovery period. The presence of a drain.iat the
bottom of the bath chamber allowed for rapid Ee@dval of
the bathing medium in those studies in which the external
medium was to be altered. ‘ .

The magnitude of the electrogenic component of the
Nat-K* pump was estimated by exchanging the bathing medium
for one containing 20mM d* (the Na* concentration was
reduced -to 124.5 mM to maintain osmolarity). This

concentration of K* served to reduce the theoretical Eg to

a level well below the control resting potential, so that

- 60
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. the size df the electrogen1ca11y derived ~potential woulq

f be more read11y apparent.  The t1m1ng of the fluid
exchahgé ghas as in the other manipulations described

~ above.

The ~“effect of all of the& above Bathing medium
a1ter§tfons on'restinglmembrane and action potentials was
alsoe assessed in unst1mu1ated so]eus muscies for the ‘same
lS_minute perjod. Thzs a]?owed for quant1f1cat1un of the
contribufion of the N;*-K: pump to the normal steady state
mémbrane potential of soleus muscle fibres.

R T ‘.
2.3.6. Sfatisticg] treatment. The data were analyzed: by
a repeated measures .ana]ysis of variance to test the
s%gnificaqpe of differences in the variablés as a result
of both the %aé%gue sequegf% and the experimental
intervention. Resting membfane and action potential
° measurements were averaged over 3 hinute ‘t;me periods
during recovery; the meanss were then comparéd.over time.
Post-hoc Tukey A aqa]ysi§ was then Hone to test selected
differences between méans.

The baseline  measurements of resting memprané and
action yopentiglgkwefe'very reproducible from experimenf
to‘experimeht;{‘ Thére was no significant difference in
fest%pgr val@és. between the 68 animals \studied, ds
determined‘by an analysis of variance.- For this reason,

the means of all the baseline measurements .of resting and
N\
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.331;.~ uman’ Studies |
Studies were conducted -on. human musélé to follow .
the -behavior of the M-wafé during and after-intérmitfentf~
. stimulation” of the tibialis anterior .musc]eﬁ These
obsefvations‘led to\the investigation of M-wave behavior
during‘maximum voluntary contractions, using the thenar and

extensor digltorum brevis (EDB) euscles.

3.1.1. Experiments with intermittent tetanic stimulation

In the six subjects, intermittent electrical
stimulation was app]ied to the peroneal nerve' at a
frequency of 15 Hz for 3 minutes. The leg was rendered

. A .
ischaemic throughout the period of stimulation so as to

hasten the onset of fatigue. M-wave responses were "
& obtained by delivering single stimuli shortly before each
tetanus. The mean changes in M-wafe‘response and twitch

torque during 15 Hz stimulation under ischaemic conditions
are illustrated in Figure 8. The M-wave potentiated
briefly during the intermittent stimulation, declined to a
va]uerof 85% of baseline at the end of the stimulation, and
4 ' then recovered within 5 min of the recovery period. Twitch’
o torque, on the other hgnd, showed an earlier potentiation

than the M-wave during t stimulation and then

63



Figure 8..

N
»

Changes in~M-wavé amplitude (top) and twitch torque
(bottom)y dur¥ng and after 15 Hz stimulation of human
tibialis anterior muscle, wunder ischemic conditions.
Intermittent stimulation was continued for 225 secs (break

in abcissa). Values are mean + standard deviation.
Note logarithmic time scale..




M-wave (% control) -

Torque {% control)

PO

.

. . R 64 _' -
g‘ -
1504 . 15 Hz ischat;mic
. | A —tpea_a-
100-{— v —ee Y l{k[ I '<]
- ot o
50+ :
\ .
0~ — L T —— —{ T 1
1 10 30 100 300 1000 3000
¢’ -
2001 A .
- [
1501
" &_FT\H\_'
504
0" — T T T =r 1 - T 1
1 10 30 100 300 1000C 3000
e (s)
-

I



.
~

because it shows the: results of one particular subject:

| progfessiVe]y declined to Zero. Figure 9 is of interest:

(J.K.) in which a very pronoqnted noténtiation of the M- -

wave occurred both QUring ahd fo]ldwing the repetitive'

stimulation. The M-wave increased to 150% of baseline.

Huring the stimuiation before declining to‘ épproximate]y

80% at the end. “f_the recovédry period, the M-wave

potentiated again to apprbximate]y 12%% of baseline. These

e . ! ' . )
results prompted a search for -the physiological mechanisms

underlying the M-wave enlargement. First, however, -a more
comp]e{e‘study of M-wave behaviour ‘'during muscular activity
was undertaken. In the next experiments to be described,
voluntary contractions rEp]aced stimulated activity in a;
effort to simd]ate more physiological contractions for the
muscle.

b

3.1.2. Experiments with vo]untafv contractions

In all 10 subjects who volunteered for %his sLu?y,

significant enlargement of the M-wave was observed either

~during or after 100 seconds of intermitient voluntary

contractions of both the thenar and €£DB muscles. These
’, . .
results are depicted in figewes 10 and 1}, and the ‘mean

yalues are given in Table 2. In the thenar muscle, the M-

wave increased in both amplitude (Figure 10A) and farea

{Figure 10B) during the course of the MVC's, both of these

changes being significantly different from what occurrgd in

)
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Figure 9. ) //' '
.Twitch . torques {intsrrupted 1ines) and M-waves (solid
Tines) recorded between successive 3 sec tetani at 15 Hz in
an ischemic tibialis anterior muscle of 31 yr old male.
‘ e
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the cootrol coﬁdition_(é<.05)f'Thé_chahges_bccurred‘&uité
rapidly, -within 15-35 seconds of the start of _tﬁg
int;fmittent‘contractiéns, The fé;t that the-M:wave area
iﬁcréased at least gs'mﬁch as M-wave aﬁpIitude-dismfﬁses.
the possibility that greater .action potential
s}néhronizatioﬁ was responsible forlothe "increased’
amplitudes (Sée Diséussion). Figqure 11 shows the results
from a single subject, where the potentiation of the M-wa;e
dufing_the lbO sec of ‘intermittent maximal‘effort is quite.
harked. : . - -

In' the case of the £DB muscle, the M-wave
enlargement occurred somewhat later, and was most prominent
fn the recovery period‘ following the interﬁittent
contractions (Figure 12A and 128). The M-wave areA showed
the greatest enlargement, rising to 126% of baseline by the
end of thé\v01untary effort (p<.05). Tﬁe M-wave amplitude
cﬁanges were somewhat less and slower to occur, reaching

114% of base]ine;ﬁt approximately the 2 min mark of the

recovery period (p<.05). _
- -

S

3.2. Animal Studies

3.2.1. fffect of tetanic stimulation on muscle compound

action potentials

) The effect of 5 minutes of elgctrica] stimulation
: .
at 20 Hz on the soleus M-waves was studied in 14 animals;

—~

Y



Table. 2.

Changes in M-wave amplitude and area associated with
intermittent voluntary contractions of human thenar and EDB
muscle {n = 10). Values are mean + standard deviation.

* p<.05. .
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Figure 10A. - e -
“ g | | - 5
Changes in M-wave amplityde during intermittent voluntary
contractions.of human thenar muscle (n = 10). Values are
mean + standard error. Note logarithmic time scale. a
* p<.05. . o s

Fiqure 108.

Changes in M-wave area during intermittent voluntary
contractions of human thenar muscle (n = 10). Values are
mean + standard error. Note logarithmic time scale.

* p<.05.
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Figurelll.

Data from one subject (29 yr old ‘female) showing the
‘changes in M-wave ampliitude associated with intermittent
voluntary fatigue of the left thenar muscle. Intermittent -
effort occurred for 100 seconds; the remaining time puints
are in the recovery period. ‘
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Fiqure 12A.

Changes in M-wave'amp]itude_duringﬂfhtermittent voluntary

mean + standard“ﬁngr. Note 1ogaritmpic time "scale.

, - .

T contractions of human EDB muscle (n = 10). Values are

are

Fiqure 128.
Changes in M-wave area during intermittent ~“oluntary
contractiofs of human EDB muscle (n = 10}. Values
mean + standard error. Note logarithmic time scale.
* p<.05. :
J
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hese - results are deptcted in Flgure 13.° At the end af
' st:mulat1on period, the mean M- -wave had decreased to

(£ 22%) of its original value. .thtch.tens1on, at

\

the end of t stimulation, had dropeed’to a mean level of

40.. 2%'(+ 17. 9%'.of its initial value. Reéovery of the M-

wave after stimu at1on was. very rapid, with full recovery

being ev1dent wit
conSIStent potent1at1 n of .the M-wave in the subsequent 10
m1nutes, the M wave'enlarged to a mean maximum of 149% (+
25%) of #ts starting value’ (p<.01). It can be seen that
.the peak potentiation oéqurredrprjmarily between 5 and 10
minutes of the recovery period. | : .
Figure 14 shows the effects of intrapefitouea]
injection of ouabain (4mg/k§) on. the behavior of the M-
wave during and after the 5 minules of stimulation. The
resting H-wave was significhnt]y,affected by the ouabain
injection, dropping by more than 50% (p<.01)'before the

k4
stimulation had -begun. There was still, however, a

potentiation of the M-wave after stimulation, which was

significant at the 6 min mark of the recovery period

(p<.05).

e ™
3.2.2. fffect of tetanic stimulation on resting and

in - the f1rst minute. ‘There was then a

action potentials

Under control conditions the mean resting potential

-

/?f 400 soleus muscle fibres, studied in 68 animals, was

72
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Fiqure 13. v

Chaﬁges'in M-wave amplitude after ‘intermittent stimulation:

of rat soleus muscle at 20 Hz. Values are mean # standard
deviation.

* Significant difference from rest (p<.0l).
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Fiqure 14. o o

Effect of intraperitoneal injection of ouabain (4mg/kg) on
the behavior of the M-wave .after intermittent tetanic
stimulation of the rat soleus muscle. MNote the depressed
M-wave after ouabain injection at rest (e) before the
stimulation began. The control condition (o) represecnts
the normal . changes- in M-wave after stimulation, as in
Figure 13. . :

* “Significant difference from rested (post-injection)
condition (p<.05).

D N
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-79.5 + 4.8 -mV, and the mean action potential ampljtugét!

was 82.2 + 10.8 mV. There was no significant difference

in reéiing -and action potentials between animals as
determined by an ANOVA te;t. After the‘muéc]és had been
stimulated tetanically, further déterminations of reﬁtjng_
and ;ction potential amplizude ﬁere'mada dur%ng'a 15 min
recovery period; the distributions of the measurements are
shown in Figure 15; It can be seen that the resting

potentials were increased as a result of the stimulation,

the new mean value being -QI.Qg; 4.4 mV. ~Although the '

individual muscle fibres -Z;hibitéd considerable
yariabi]ity, the're was a corresponding rise. in the mean
ac}ion. potential amplitude, the post-stimulation value
b%fpg ?7.8 + 8.9 mV. The changes in mean regtjng
“potential and action potential amp]itﬁdes‘ wefe both
ctatistically significant (p < 0.01).  The top right
corner in Figure 15 shows typical recordings of resting
and action potentials in two different fibres during thea
control and rgcovery geriods respective]y;.the significant
eh]argement of the M-wave can also be seen in this figure.
) In Figure 16A, the time-course of the change in
resting potential has been plotted (n = 13 animals). It
was found that even the first fibre impalements, performeq
at the end of the tetanus, showed elevations of resting

potential; the mean value in the first 3 minutes of

recovery was -11 mV greater than that at rest {(-79.5 mV ->

r
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Frequency distribution of resting and action potentials ih
rat soleus muscle. The solid lines represent the resting
state and the dotted lines represent: post-stimulation.
The inset illustrates .the changes in the M-wave (top) and
single fibre action potential (bottom) as seen on, the -~
oscilloscope in_ a typical experiment. . The
hyperpolarization of\the membrane after the stimulation

is quite evident (right hand side of the ihset}.
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-FigureHISA.' f

Effect of 5 min of intermittent tetanic stimulation (20
Hz) on the resting membrane potential.of rat soleus muy le
fibres {(n = 13). Values are mean + standard error.
* Significant difference from resting value (p<.05).

-
— N

- [ 3
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R
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Figure 168. =4

Effect” of 5 min of intermittent tetanic stimulation (20
Hz) on the. single fibre action potential of "rat soleus
muscle fibres (n = 13). Values are mean + standard error.
* Eignificant difference from resting value (p<.05). -

o



' b RL _
=100 - 3 ; ‘-
- P : *
o p - -
f‘l‘ [ *—-‘—-‘§ ..... (‘\\ |
_ l ' “r |
.. .' ” ‘: - -o
S (f _5 Mir} . ” :
ot Stimutation . |
g 80 7 INMMNINNN.-.- | | . g
ur -, - \‘ R T | | | | | |
4
-70 1 y
‘,L, | \
]
0 -,'7 T . I | | | 5
- ° 3 6 9 12 15 .
~ Time (min) ‘
< ’ } |
[} - A _# <-\
e
120 - ~ |
110 1 &
S 100 * ‘
E Foodeote g
g 90' .5 Mi‘:‘ ’; o : qq-‘-— |
z . Stimulation '
2 a0{ SO ) |
:
<
70 1
60 - / r \

12 15

Time (min)



- ' ) . R R ‘ PR L
. : - . i -

©.90.9mV; p<. 05) Figure 16A also shows that, a]thohgh the
H;:;myperpqwﬁr1zatlon began to d1m1n1sh 9 m1nutes after the 

end of the tetanic st1pu]at10n, it was s};l] evident at 15

minutes.

The amplitudes of  the single. fibre action

‘potent1a]s followed a s1m11ar time-course to that of the

resting potentials (Figure 1§B). In the first 3 mlnutes

after stimulation, the mean amplitude had risen to 97.0 +

9.4 mV, and reached a maximum value of 98.1 + 7.8 mV 6-9
minutes after stimulation (p<.05). The amh]itudes of the
action potentials then began to"decrease during the

remainder of the recovery period.

(a) Effects of ouabain. To test the hypothesis that the
post-tetanic hyperpolarization was due to the electrogenic
effect of the Nat-K* pump, an attempt was made to inhibit
pump activity .by the administration of ouabain. In the
initial ex;)eri]nerits, ouabayn was injected
intraperitoneally (4 mg/kg) approximately 30 minutes prior
to the start of the stimulation. Results from 5
experiments are presented in Fighre 17. One can see that
although the stimulation-induced hyperpolarization was not
nearly as marked in the ouabain experiments compared with

Figure 16, the membrane potentials during recovery were

still larger than those recorded prior to the tetanic

stimulation. The fact that the injection of ouabain

~

~
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Figure 17.

Effect of intraperitoneal injection of ouabain (4 mg/kg)
on the resting and action potential of rat soleus muscle
fibres before and after 5 min of intermittent tetanic

stimulation (2Q\Hz). Values are mean + standard error’
{n=5}).
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-caUsed:Q progressive depolarization df.the mus;]e fibres

makes it‘d%fficu1t to‘compare these experimenial résu]ts o
.with those in Figure 16. since the muscle did not begin the
st1mu1atjon in the same state of excitabilily .in each L
condition. ‘Thus, under ouabain-induced depolarization,
repetitive st1mu1at1on wou]d hav%;;%d uncertain effects dh

the muscle since an increasing proportion of the fibres

were becoming unresponsive. ) ‘ o .
| The a]ternaiive'_and preferred approach was to
stimulate %he muscles repptitive]y first, assuring
consistentJdmpulse-mediated ionic cﬁanges in the intra-
and  extracellular fluids, and then to adq the ouabain to
the-ﬁathing medium a‘ few seconds before the end of the
stimulation period. Any immediate effect of the drdg
should have been‘evidEnt in-the surface fibres used for
micro-electrode impa]emént, even if deéﬁer fibres were
affected more slowly. ’

When ouabain, in a concentration of 1.25 X lé;WM
was added to the bathing medium at the end of" dhg/
stimulation peribd, the surface fibre mémbranes no longer
exhibited a hyperpo!ariiation in the recovery period, nor
were the aétion potentials enlarged. Figure 18
i]iustrates that, following tetanic stimulation and in the
presence of ouabain, the mean resting potential ranged

from -74.1 + 4.6 mV, in the first 3 minutes, to -70.1 %

2.5 mV at 12-15 minutes (n = 5). “During this time, the
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jqure BA.

Effect of ouabain (1.25 X 10'4M) administered at the end
of 5 min intermittent tetanic -stimulation (20 Hz) on the
resting potential  of rat soleus muscle fibres (n=3).
Values are mean 4 standard error. . )

* Significant difference between control and -ouabain
conditions .(p<.01). '

&~

Figure 188.

Effect of ouabain (1.25 x 10‘4M) administered at the end
of 5 min of intermittent tetanic stimulation (20 Hz) on
the simale fibre -action potential of rat soleus muscle
fibres {n)= 5). Values are mean % standard error.

* Significant difference between control and ouabain
conditions (p<.01).



Em (mV)

AP Amplitude (mV)

=100 1

o - control
. « - ouabain (1.25 x 10'4M)
| R
_go o é' t s ~ -
'l . \\&-‘;. - é
B ) l o !
5 Mn  / A .
Stimulation [
5801 NN s
. ) . :
o \\\*' ,'—I:‘“--.f * o
B { Pomh *
-70 e . T~

N
1

Rest , 0 3 .6 9 12 15

Time (min)

120 i
] o - control : £
. -4
110 4 « - ouabain (1.25 x 10 "M}
100 4
- & ----- §- % B ."-wT?.____- -
] 5 Min / =TT
90 . ) , !
Stimulation
RN\
\
-
b T R Ny *
70 R Sl SN
~L
[
60 - £ i
)
0 f-l T T T T T T 1
Rest 0 3 6 9 12 15 i
Time (min)
-

s

PRRTAL



A

“meian amplitude of the’ .action potentials decreased 'in'

amplitude from the rest1ng va]ue of 82.2 % 10 8 mV to 61. 8

+ 6.7~ mV. The rest1ng -membrane and action potent1a1

measurements. during recovery in st1mu1ated fibres in the

presence of ouabaln were sign1f1cant1y—d1fferent from the

~

contro] cond1ton wlthout ouabain (p<. 01)
- - b

-

(b) =Effects” of coo]14g. The second _ technique ‘used to

nvestlgate the act1V1ty of the sod:um pump in stimulated -

muscle was to rapidly lgoo] the musgle flbres, ‘thereby
diminishing active transport. ‘Aeﬁ?b the experiments with
ouabain, the cooling wa{ delayed until the end of the 5
min tetanie stimulation, so as_not to diminish the ionic
Fhanges resulting from fimpulse propagation in the muscle
'fibres. The temperafure of the bathing fluid was reduced
from 37°C te 199C by replacing one solution with another,
this 'pfocedure taking approximately 15 seconds (See
Methods, pg 61).

At 199C the mean résting eotential of stimulated
Fibres remained between -77.0 + 5.3 mV and -79.9 + 4.7 mV

over the 15 minute recovery period, neither value being

significantly different from the resting mean of -79.5 %

4.8 mV (n = 7). Ahe fibre action potentials responded

differently, in that their amplitudes began to rise after

3 minutes of recovery, reachlng a mean maximum value of

99.4 + 7.6 mV at 9-12 minutes. These results are g

82"



fdenfcted'jﬁ Figure 19. The mean overshoot of the -action

potenfial at 9-12 minutes was 21.0 & 6.6 mV and was

significantly larger (p<.05) than those in rested and

;timu]ated'musc]es at=35-37°C (4.0 + 1z.§imy and 8.4 +
12.2 mV respectively; see Table 3). -

.(gj Effects of "K*-free bathing medjum. The final

experimentadesigned to inhibit Nat-K* pump activity was to .

replace the bathing solution with one which was Kt-free;
as in qﬁ; cooling and ouabain experiments, this
intérventioﬁ was carried out at the end of the tetanic

stimulation (n = 5).

1

In the immediate recovery period (0-3 min), the
mean restiné_potentia] of surface fibres bathed in the K*-
free medium was significantly lower -than in the normal
bathing medium (p<.05). However, by 3-6 min both the

resting and action potentials started increasing; at 6-9

min the mean resting potential was -91.7 + 4.6 mV and was

significantly different from the pre-stimulation value of
-79.5 + 4.8 mV (p<.01). - These elevated membrane
potentials persisted for the remainder of the 15 minute
recovery period. These results are illustrated in figure
20A. |

The action potential, amplitudes also rose
significantly above the control level after 3 minutes of

recovery. This'dflayed increase in resting and action

83




Figure 19A.

Effect of cooling the bathing medium to 199C at the end of
5 min of intermittent fetanic stimulation (20 Hz) on the’
resting potential of rat soleus muscle fibres (n = 7).
Values are mean + standard error. ‘

* Significant differnce between cantrol afid cold
conditions (p<.0l). ” : :

’

Figure 19B..

Effect of cooling the bathing medium to 199C at the end of
§ min of intermittent tetanic stimulation (20 Hz) on the
single fibre action potential of rat soleus muscle fibres
(n = 7). Values are.mean + standard error. '
* Significant difference between control g3nd cold
conditions (p<.05)
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Figure 20A.

Effect of removal of ([K*¥]g at the -end  of 5 min of
intermittent tetanic stimulation (20 Hz) on the resting.
potential of rat soleus muscle fibres (n = 5). Values are
mean + standard error. ' ) . '

* Significant difference between control and K*-free

conditions {p<.05).

f L4

¥

Figure 208.
/

Effect of removal of [K¥]e at the end of 5 min of

_ intermittent tetanic stimulation (20 Hz) on the single
\fibre action potential of rat soleus muscle fibres (n =

5). Values are mean + standard error.

* Significant difference in AP amplitude from rest

(p<.05). <
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potentia]s was probab1y due ‘to renewed activity of the

sodium pump, fol]ouing dtffusion of K* fromdﬂeeper parts'

~ of the muscle; discuss1on of this poss1b111ty fo]]ows'in

the next chapter (pg 109).

(d) Effect of ouaba1n coo]1nq. and Eemoval of [K*] on

unst1mu1ated musc]e | Est1mat1on of the contr1but1on of

‘the Nat-K* pump to  the, K normal steady 'state ‘membrane
~ .

potential was dong by studying the effects of the various

.pumﬁ inhibitors .on unstimulated muscie fibres< These
results are shown in Figure 21A. There was a significant

decrease in the resting membrane potential from baseline

with all three pump inhibitors; the mean decrease being

10.1 + 2.4 mV (p<.05). There “was no significant

difference befwewg the various pump imhibitors in the

magnitude of the depolarization they induced. The

depolarization resﬁ?fing from pump inhibition was evident
within 3 minutes when cold or removal of 'K* was utilized;
the effect of ouaba;n on membrene potentia{ took -slightly
longer, with significant depolarization being evident
within 3-6 mihutes. Figure 21B illustrates the effect of
pump inhibition on the action potential amplitude; a
significant decrease was observed with all three methods

(p<.05).
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Fiqure 21A.

Effect of ouabain (1.25 x 107%M;-n = 3), cooling (199C;..
n = 3) or removal of extracellular [KT] (n = 5) on the
resting potential of unstimulated rat soleus muscle-
fibres. ' S : : '

/

LJ

Figure 21B.

Effect of ouabain (1.25 x 10°%M; n = 3), cooling (19°9C;
n = 3), or removal of extraceliular [K*] (n = 5} on the
single. fibre action potential of unstimu1ated rat soleus
muscle. g

2
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ﬂ(e)‘Effect of 20mM K¥. Injtﬁe*finallpart of the study, an
attempt. was made to  estimate the magﬁitudé of Vthe
electrogenic compoﬁent of the Nat-K¥ pump. To do this,

_soleus ‘muscles were tefanizéd' for 5 minutes; 'foi]owing
.which the bathing fluid was rapidly exchangea for one

containing 20mM K%, This copcentration was chosen, to
. . . . »

reduce the _theoretical Eg to a ]eJe1 -well below the

- [ 3 .
control resting potential, so that the size of the.

electrogenically-derived potential would be more reﬁdi]y
apparent.

It was found that, in the first 3 minutes of the
recovery period, the mean resting potential of fibres
bathed in 20 mM K* was -79.5 + 8.6 mV, which was identical
to the pre-stimuﬁation value (n = 5). However, this value
was remarkably different from that measured in

N
unstimulated muscle fibre§_@xposed to the same high K

medium.. Fibres in wunstimulated muscle underwent “an
immediate depolarization in the higﬂ Kt medium, the meaﬁ
resting potential falling to 59.9 + 3.5 mV in the first 3
min (Figure 22A).

The increase in [K¥], had a significant effect on
the action potentials of stimufated muscle fibres; the
mean value declined from 82.2 & 10.8 mV to 59.7 + 8.3 mV
(Figure 22B). By 6 minutes after the end of tetanic

stimulation no action potentials could be evoked by

indirect stimulation and by this time the mean resting

- 88



Figure 22A.

Effect of 20mM [K*]p on the resting membrane potential of
stimulated (o) versus unstimulated {e)rat soleus muscle
fibres {n = 5). Values are mean * standard error. =

* Sjgnificant difference between fatigue plus 20mM K* and
20mM K* only (p<.01). . N

Figurg 228.

Effect of 20mM [K*]e added at the end of 5 min of
intermittent tetanic stimulation {20 Hz) on the single
fibre action potential of rat soleus muscle fibres (n =
5). Values are mean % standard error. .

* Significant difference between control and 20mM K%
conditioni‘(p<.05).
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oo . i 90.‘
.fpbténtia1 had fallen to 68.1 % 5 mV. In unstimulated . :
- muscle f1bres,_the high I(+ bathing medlum depolar1zed theJ  -
surface fwbre membranes to such an extent that they were
inexc1tab1e, and actqon potent1a]s could’ not.bgﬂevoked *
The results from all the studies on the resting

and actiop pdtentia]s' in the rat soleus muscle are

presented in Table 3.



Table 3. | ’ ' -8

Summary of vresults of resting and actien potential’
measurements in stimulated rat soleus muscles under
different conditions. Valueg are means + standard
deviations. -

Time = minutes post stimulation.
E resting gembrane potential
AE action potential amplitude
0S action Qotential overshoot
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i4. Discussion_and Conclusions o : ¢
This thes1s was des1gned ‘to study the POtentiation

of muscle compound action potent\ars, (M-waves) during
stimulated . and‘ vo]uniary activity. After ruling . out
several mechan1sms_ that could be inQo]ved it Qas
hypothesized that a hyperpolarization of the muscle fibre
membrane due to increased activity of the electrogenic
ﬁa+-K+ pump was responsible for increaS%ng the individual
fibre action potentials, and. hence, the M-wave, both
during and following muscular activity. After initial
observations of the behaviour of the muscle compound
action potential (M-wave) in both humans and animals
during stimulated and voluntary fatﬁgue, an in vivo
preparation of the rat soleus muscle was employed to
compare the M-wave changes with single fibre measurements
of the resting membrane‘and action potentials. The role
of the Na*-K* pump in mediating these changes was then
assessed ‘by blocking the pump with several pump
inhibitors. The results suggest that the rise in [Na*]
and [K*1, associated with impulse activity stimulates the
membrane-bound Nat-K¥-ATPase, causing -a temporary
hyperpolarization of ‘the muscle fibre membrane. Moreover,
the electrogenic contribution of the Na+;1(+ pump to the
resting membrahe potential becomes substantially larger,
thereby helping to maintain muscle membrane excitability
during muscular activity.
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4.1, M-wave ggr;ug muscle activity in man

in the early part of this research, observations

were made on the maximum muscle compound actien potential,

or M-wave, during indirect stimulation of the human

tibialis anterior muscle. ~ These results confirmed the
finding of Fitch .and’  McComas (1985) that repetitﬁve

stimulation of the ischemic muscle induces a transient

enlargement of ‘the M-wave. ** Little attention has _peen‘

£
given to this phenomenon in  previous ~studies; this

omission is rather surprising since later changes in the

- 3 ‘.. - '
. M-wave during repetitive electrical simulation, such as

the dec]ing in amplitude and prolongation, have been
investigated, in detail (Bigiang-Ritch{e et al, 1979;
1982). Pa;sing ngferences to action‘potentia1-en]argement
have been made in studies employing repetitive stimulation
of single motor wunits (Sandercock et al, 1985) and of

whole muscles (Uramoto, et at, 1983; Fitch -and McComas,

1985), while in EMG textbooks the M-wave enlargement 1is

termed 'pseudofacilitation’ (Kimura, 1983). There do not,

appear to be any previous reports of M-wave enlargement
during recovery from fatigue althoﬁgh it is evident in the
study of Stevens and Taylor (1972), and in the more recent
one by Milper-Brown and Miller (1986; see Figure 2,
Section 1.4.1). The discrepancy between the sizes of the
M-waves during recovery and in the contrel period in the

Stevens and Taylor (1972) study have been interpreted as

i" ¥
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‘indicating that the control stimuli;wére not supramaximal

(Bigland-Ritchie et al, 1982), but the results from this

thesis offer an alternative explanation, namely that the:

flbre action potentials had ‘increased in amplitude. ‘

It is clear that the potentiation of the M-wave is

not a mechanical artefact due to shortening of the_musc]e_

belly under the stigmatic ~recording g]ectrode,' siﬁce
increaﬁed M-waves were seen in response to single stimuli,
at a'tiwe,when the twitch response had\pare]y started, in
all of the present experimentst\ Fitech and McComas (1985)
had also’ dismissed the possibility that M-wave
potentiation was due to movement artefact sinceé {Rey noted
that during continuous stimulation, the\en]argement of the
M-wave began some seconds after the.musc1e hag shortened
to its tetanic length. .

The experiments on the human thenar and EDB
muscles demonstrated that M-wave enlargement also occurred
under physiological <circumstances, in which muscies
underwent repeated voluntary contractions without the use
of an arterial occlusion cuff. These experiments were

technically more satisfactory than the earlier ones

utilizing repetitive stimulation of tibialis anterior in

that the small muscles studied, the extensor digitorum\

brevis and the median-innervated thenar group, had focal
innervation zones and therefore yielded simpler, biphasic,

M-waves for analysis. Not only were the amplitudeggof the
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M- waves. measured in these last experiments but d]sﬁ' thea
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voltage- -time 1ntegra1s (‘dreas’). Both.of these var1ab1es.

1ncreased s1gnif1cant1y as a result of vo]untary effort in
the thenar and EDB muscles. The t1me course of en1argment

of the M-waves, however, was different in.the two muscles.

Whereas in the thenar musc]e the M-wave had ‘'reached its

max1mum potentiat1oh during the vo1untary effort, in the
EDB muscle the greatest en]argment_ of the M-wave was

obser@ed in the recovery périod fo11owing the voluntary

\effort. The significance of these differences is

difficult to explain, but it may be related to the -

activiiyjpatterns of the two muscles or perhaps the fibre
type distributions, both of which\ﬁay affect the number or
activity of the Nat-K* pumps. '

In the intrinsic muscles of both the hand and the
foot the ingrease in M-wave area wa; at least as great as
the change in Pezk-to-peak amplitude. This finding was
important when the possibf]it} was considered that the
increase in M-wave amplitude. was due to better
synchronization, and hence summation, of the single muscle
fibre act1on potentials. Such an explanation had been put
forward by Ductheau and Hainaut (1984) who pdg&yJated

that neuromuscular transm1ss1on had been facilitdted by

activity. However, an explanation of this kind is

unlikely on theoretical grounds since the interval between

the arrival of the imbu]se_in the motor nerve terminals

F‘\



‘onset of the: end- p]até p:téntial is ﬁormally 0.2 ms
"(Hubbard and Schm1dt 1963) and the release of transmitter
is spread over 0.3 ms (Eccf%s and Liley, -1959); both times
'beingishgrt in cpmparlson‘wwth the durat1on of the M-que
(10-15 msec). ' | |

Based on these arguments, it was then necessary to

‘investigate the one remaining possibility, namely, that the’

*increase in M-wave amplitude was "the result -of larger
single fibre action potent1aIs To pursue this
possiEility, an animal model of M-wave. potentiat1on was

sought.

4.2. M-wave during muscle activity in rat soleus

Before embarking on the experiments employing
’
microelectrode measurements of resting and action

potentials in the rat soleus, it was important to establish

whether'or not the compound action potential of this mdsc]e
would behave in a similar way to human M-waves. The
results of the initial experiments on the rat soleus showed
&ery clearly that this was the case, the M-wave
potentiating by a mean of 49%. Thig led to the next series
of experiments involving intracellular measurements \of
resting and action potentials in stimulated rat soleus

muscle, to determine if the increased M-wave was due to a

hyperpolarization of the muscle fibre membrane.
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4.3. Microelectrode recordings -in rat ﬁoleus-'mdst1e
fibres S S A .
4.3.1.. Comparison of vresting potentials to other

Dub1ished_Va1uesu

bl

The‘mean value of the reseing membrane potential

in the present study was -79.5 + 4.8 mV which falls’in the

range of other reported values for rat muscle in Table 4.
From this fable,ie.can be seen that the published values
vary considerably, ranging from -62 to -83 mV.

Part of the variability may be due to the Tower
temperatures employed in some of the in wvitro
investigations; thus a lower temperature would affect the
membrane poteetia] thfdugh the rate of diffusion,
reflected in‘ the GHK equation, and tﬁrough reduced
activity of the Nat-Kt pump (see be]oﬁ). A more importaﬁt
source of variability is likely to have been the presence
or absence of protein in the bathing fluid. Creese and
Northover (1961) observed that the sodium content of
isolated rat diaphragm was markedly increased if plasma
proteins were absent from the bathing fluid, and Kernan
(1963) found that the mean membrane potential of rat EDL

' Ve

muscle fibres was -12.4 mV larger when the muscle was

immersed in plasma rather than in Krebs-Ringer solution.



Table 4.

Published values of resting membrane and action potentials
in rat muscle. Values are mean + standard deviation. -

EDL. = extensor ‘digitorum longus
gastroc. = gastrocnemius
N/A = not given
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Ref. Muscle - .' ‘ Pr,eptgi,ratidn to 'Protein?’ . _F__'!,;’(m\-') AP (mv)

4 Rat soleus *  inwitra  25° - no .. -69.0 5.5 911 12.9

4+ Hat EDL  in vitre 259 ho . -72.0 £ 3.4 88 + 14.%
174 Rat soleus ‘in.vitro 26"_” o --'6-6.0' + 3.7 65.4 % 8;._0 :
174 Rat EOL *in vitro  26° no  <78.2 £ 6.6 B7.6 £ 4.0
65 Rat s_oleus' . in vitro 370 .7;'-nd-,- -73.7 + 2.8 93.8 # 6;‘2
65 Rat EDL. in vitro. 379  no.  -77.1°¢ 3.9 102.9 : 6.8
108 Rat soleus in vivo N/A  no -68.8

108 Rat gastroc.  in vivo N/A  no -83.5

56 Rat soleus in vivo 319 o -73.4 & 3.2

56 Rat gastroc. in vivo 310 .no u -76.7 + 2.9

120 Rat diaphragm in vitro 250 qo -62.2 £ 2.2 84.3 £ 2.5




There  is ‘also more recent evidence that . the membrane

condgctancés of ' sodium, bbtassidm,-and chloride may a]]\béf
. : : . . 1 : -

— .

affegted by : the présence or ‘absenéeaof'.l p]ésma protein

fraction (Page, et al, 1980; Macchia, et al, 198_K§he'tty,
t al, 1985): I

= 41

-

The differences in Em,betweeﬁ fast and slow mus;1e§

of tﬁg rat havefgehera11y bee@ attributed to higher [Na‘t];
and 1ower-[K+]i in the soleus versus the fast extensors

(Sreter & Woo, 1963; Yonemura, 1967).

4.3.2. Effect of activity on resting membrane potential

In all the experiments employing ihtermittent

.repetitive stimulation of the rat soleus, there wégiaan

increase in resting potential and there was strong evidence

to suggest that this was due to the,e]ectrogen}c Nat-K*

__'pump (see be?qw). The hyperpolarization was striking; the

‘mean increase in membrane potential was approximately -12
mV, a value similar to that reported recently following

repetitive stimulation in mouse soleus muscie (Fong, Atwood

\\\and 'Charlton,‘ 1986). Except for a brief mention of an

increased membrane potentia] in rat soleus muscle fibres
after repetitive stimulation (Hanson, 1974),- there are no
other reports of such a phenomenon; in fact, activity-

induced depolarization of the muscle membrane has
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traditionally been found in both whole mammalian muscles -

(Hanson, 1974; Juel, 1986; Metzger and Fitts, 1986) and
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amphibian single fibres (Grabowski, et al, 1972; Hesterblad

100 '

and Lanqprgren, 1986) _ None of 'these stud1es, however, -

were canducted under conditions in which the Na*—Kf pump

__would : be optima11y ‘activated, either tecause the

temperature was less th;n 370C or,‘ in the case. o? the

single: flbrefstudies, the. preparat1on 1tse1f prevented any -

appreciable change “in external ion concentrat1ons.
Furthermore, protein was not added to the bathing med1a.
Stimulus- induced depolarization has ‘also 'been

reported in vive {(Locke and Solomon, 1967). It is likely,

however, that in those experlments the 1mpulse medlated Kt

efflux caused a fal] in Ex which could not be compensated

for by the electrogenic sodium pump Thus, the st1mu1us

' frequency of 300 Hz: employed by these .authors was  far

higher than the physiological range (Kugelberg, 1973) anﬁ
higher also than the frequency used in the present study
(20 Hz).

The - time course of the muscle }embrane
hyperpolarization in the present study was .of interest in
that the hyperpolarizatien was already well estab]ishedPat
the end of the stimu{ation period and persisted for mgre
than 15 minutes. The effects of shorter periods of
stimulation were‘not investigated but future studies might
determine what amount of activity is necessary to hring

. B .
about a detectable rise in resting membrane potential.

-



4.3.3. COmnarison ofEactidn potentials to other published
: - . — =0 — :

Malues.
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Table 4 gives _published vaiues ,?oﬁ the mean-

amp]itudeﬁ- of action ﬁqténtia1s in rat musclie lfibres.
ThesE‘valuES‘may be compareﬂ with the mean value of 82.2 +

10.8 mV found in the present study. As with the resting

potentials , the reported values vary widely ‘and probably

for the same reasons (Section 4.3.1).

-

4.3.4. £ffect of activity on the action potentijal

After intermittent tetanié .stimulation the mean
action potential amplitude was found to hawz increased by

14.9 mV from its control (resting) value. his increase,

like the hyperpo]arization, was evident .in the earliest
recordings and persisted for at least 15 minutes. The
time-course of the change in single fibre action potentials
differed from that of the M-wave in some muscles, since the
1atfer Qas slower and the peak amplitude was not achieved
for at least 5 minutes. It 1is probable that the
discrepancy was due to thé different fibre populations
involved in the two measurements. Whereas the .M-wave
ref]écted the impuise activity of the entire muscle,, the
microelectrode recordings were made from only the most
superficial fibres. In the latter situation most of'the K*

reteased by impulse activity would be expected to diffuse

into the bathing tmedium and thus tend to cause only limited



" .interstitial spaces and. would tepd“ to ~cause a

1 f‘.

depo]arizatfon. ~For deeper fibFes, however, Kt from
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impulge activity m{ght be temporarily confined .to the.

.dépo1arjza§ion, the magnitude of which could be predicted

by the. GHK equation. The time required for this K¥. to

either diffuse to the surface fibres or be pumped‘back-jnto

-the fibre could .explain the delayed rise in the M-wave in

JLhe recovery period.

Only one other investiéation has reported an’

increased amplitude of single fibre action potentials after
continuous stimulatione of rat muscle. Metzger and Fitts

(1986), employing continuous 5 Hz (1.5 mfp) or 75 Hz (1

min) stimulation of rat -diaphragm muscle, noted a

significant incre;?? in action pot?ntial amplitude during
d

recovery. - In dition, Sta]bérg (1966) showed a

AT
5sign1fiéaﬁt increase in extracellularly recorded single

muscle fibre action potemtials during " human voluntary

contractions.

4.4. Electrogenic Naizgi pump_activity

4.4.1. Findings at rest. In an earlier section (1.7) the

evidence was pfesented for the existence of a Nat-K*t-ATPasé
as part of the surface membranes ‘of mammalian striated
muscle fibres. ‘It was shown that under specific

experimental conditions, such as sodium loading (Kernan,
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- 1968) ‘or the adm1n1stratlon of musc]e depo]ariz1ng drugs'

t

(Creese et al, 1987), the Na+ K*-- pump was capable’ of
generat1ng -a substant1a1 e1ectrogen1c potent1a1 across the
sarco]emma. In rest1ng muscle f1bres, however, the
Fontribution of the pump is much smaller and may be
predicted from the Mullins-Noda (1963) equation, in which:
3) By - RT Tn rkE[KE], + bNa*[Nat
F rKYIKHT + bNa*[Na*]‘

where Ep is the resting potential, R is -the universal gas
‘constant, T is the absolute temperature, F is the Faraday,
b is the rat1o of. Ef\ to Kt permeab111ty, and r 1is the

coupling ratio of Na‘t to K* during sod1um pump1ng

In the surface fibres examjned in the present

experiments, En was -79.5 mV while the values for [K*]0 and

[Na*], were those of the bathing.fluid and were 4.5 mM and
140 mM respectively. Assuming the coupling ratio, r, to be
1.5 (Thomas, 1972) and taking Sreter’s (1963} values "of 163
mM and 13 mM for [K*]; and [Na*]j respectively in rat
soteus, then b must be .04,rwhich is similar to Yonemura's

(1967) estimate of .03.

ks

-79.5 = RT 1In 1.

When this value for b is used in the GHK equation, the

~calculated value for Ej becomes -73.9 mV, suggesting that

i
o e
NPT
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“the e1ectrogenic contribution of the sod1um pump is -(79 5

F 73.9) = -5:6 WV.. ThIS va]ue is rather smailer than the
. 'depo1arizatjons observed after- inhibition of the sodium
~ pump " by ouabaiq. For example;'Locke and_Solomoe (1967)
reported a enop of -15 &V in rat gasfrocnem{us after
ouabain while Williams et al (1971) observed a -25 mvV
depo1erizationj'in_ rat 'graci1is‘ fibres.. “In ‘the present
study inhibition qf'-the' pump -in reeted musclie: fibres
produced an average -10 mV depo1arizatfon.. The Tlarger
values reported by Locke and Solomon (1967) and by Ni11{ams
et al (19711.ﬁay ‘have been due‘partly to more complete
inh1b1t1on- of the pump, witf greateY 1oss ef the
electrogenic component of the resting membrane potent1a1

Another factor may have been the gradual/runn1ng-down in
the [K*]3/[K*]1, gradient, with consequeht depolarization,
due to pump inhibition. This factor may be especially
pertinent in the study of Locke and Solomon (1967) in which
the stimulus frequency of 300 Hz was far higher than the

physiological range (Kugelberg, 1973):

4.4.2. Pump act1v1tv after musc]e stimulation

(a) Exper1menta1 design considerations.

Experiments were undertaken to explore the possibility that
the " membrane hyperpolarization and muscle fibre action
potential enlargement, observed after repetitive

stimulation, were due to enhanced electrogenic Na*-K* pump



activity. The studies in which the M-ﬁavé waghretorded in
- the rat soieug3after:intraperitonea15injectionrof ouabain
-were infonclusive (Séﬁtioﬁ'3.2);,en]afgement of -the: M-wave
could -still be ségn;after tetanicﬁgtiﬁu]étﬁon even thouﬁh
the ‘response was depressed befpre‘theistimulationlbegan.
It is possible tﬂat this baradoxiéél behaviour.ﬁas due to
inhomogenéities’among'the-muscle fibfe population -in the

_presence' of ouabain. Thus, some fibres . would undergo

-depolarization block, due to inhibitioﬁ of the puhp, and™

_wouid' be .responsible for the declining ﬂ-wave; other
fibres,< not yet affected by ouabain, might be able to
develoE-}arger e]ectrogeﬂic potentials due to stimulation
of‘the pump. These -possibilities could only be resoived by
recofding from single fibres rather than entire
populations.

A related problem was to ensure-that‘}he methods

used to inhibit the pdﬁp did not interfere with the ionic

S

-

I3

perturbations associated with the tetanic stimulation ji.e.

K* efflux and Nat influx. For this reason, the inhibitory
challenge could only be given at the end of the period of
tetanic stimulation. This consideration led to the use of
bath-applied ouabain; also, by developing a means of
rapidly changing the bathing fluid, it was possible to
inhibit the pump by cooling and By withdrawing

extrace]]ulér K* at the end of the stimulation period.

Even thouqb the deeper fibres of the muscle would not be



1mmed1ater dffected by e1ther ouaba1n or a change in the
‘bathing _med1um, on]y the surface f1bres were used for

microeTectrode 1mpalement; thus any effect of the
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intervention should have been 1mmed1ate1y obv1ous This

stfategy‘proved very effective, combining the advantages of

in v1vo -and '{n vitro techniques. A further reason for
app1y1ng the inhibitory challenge at the end of the tetanic
stimulation was that any latent pump sites might then have
become unmasked (Gr1nste1n & Erlij, 1974), and could have
‘become .more readily accessible to ‘the particuiar pump
inhibitor. |

(b) Reﬁtinqlootential measurements. Regardless of

the method employed to inhibit the pump (ouabain, coolﬁng,
or K* withdrawal), care was taken to ensure that the pump
was net totally inactivated; had it been, the fibres would
have became inexcitable and the action potential could not
have been studied. _Thus, under nresting steady etate
conditions, inhibition of the Nat-Kt pump with either
ﬁ%abain, cooling, or vremoval of. [K]e caused a rapid
depolarization of the surface fibres, ranging from -7.8 mv
(coo]ing) to -11 mV (ouabain,‘K+-free solution; Section
4§.4.1.). However, if the same pump inhibitor was appiied
to stimulated muse1e, the esting potentials were
maintained fairly close to the {;;tial baseline value of-

79.5 mV, especially when cooling or removal of K* were used

to inhibit the pump (see Figs 14-16). These results
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provided strong evidence_ that the sodiumy pump had"been
.'reshdnsible for hyperpolarizing fﬁe muscle ffbfgg fpliowiﬁg' '
repetitive stimu1ati6n, |

The delayed rise in membrane potential in the K*-
free expefiments deserves comment. ‘Whereas the removal: of
K* would be expecfed to'jﬁhibif the Na*t-K*-ATPase on  the
Superficia] fibres in contact wifh fhe bathing medium,
there would presumably'st{ll be some active pump sites on ~
the underside of those same fibres in ‘contact with
Eﬁ erstitial [K*]; owing to the cylindrical shape o%\;he
muscle fibre. Furthermore, in the case of the K*-firee
. bathing medijum, it }s unlikely tpat the pump activity was
inhibited for more than a few minutes in the stimulated
muscles, since diffusion of K* from deeper parts of ‘the
muscle into the vicinity of the surface fibres‘would renew -
"activity of the pump. Renewed pump activity, coupled with
the increased Eg, explains why the muscle fibres gradually

became hyperpolarized in the K*-free experiments. -

(c) Action potential'measurements. The application
of ouabain, cooling 6r a K¥-free bathing solution caused an
immediate reduction in the overshoot of the action
potentia]-fo110wing a period of repetitive stimulation (See
Table 3). These results showed that the enlargement -of the
muscle fibre  action potential, ndrma}]y observed after
tetanic stiﬁu]ation, depended on Na*-K* pump activ%ty.

However, in the cooling experiments, the action potential



"?'began to 'enlarge as the recovery: period continued. “An

increased overshoot fo110u1ng coo11ng was. alsb Fnunﬁ by
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Nastuk and thgkin (1950 in ‘single amph1b1an muscle

fibres. 1t \1s probab1e"that the ‘reduced' tempe}ature_‘
' t

) altefed the Nav and K* channel k1net1cs such that the Nat

channe]s were E]ower to 1nact1vate and/or the K* channels

were slower- to open. According to the or1g1na1 Hodgkin-

‘ Hux]ey equations describing the action potent1a1 (1952d),'

the rate constants for the Nat and K* conductance changes
increase threefold for every 10°C Jgase in temperature

Thus, the cold bath1ng medium in the present symmdy may have

altered the t1me course& of the electrical changeS—

constituting the act1on potent1a1 such that the-peak of the_

action potential %ame closer to Ena- Immed1ate1y after the
stimulation perioh, ENa was -likely reduced dne to the
impulse-mediated rise in [Na*]; and Fall din [Na‘l,.
However, the gradha] increase in the overshoot of the
action potential ?seen in the recovery period, sugg}sted
that enough sodium pumping was taking p]ace to gradually
restore the Na*t concentration grad1ent thereby 1ncreas1ng
Ena .and the action'potentia1 overshoot. A delayed rise in
actien potential _amplitude was also seen in the Kt-free
experiments after tetanic stimulation. As with the delayed
hyperpolarization in these conditions, the increase in
action potentia] amp]itude was probably due to renewed

activity of .the Nat-K* pump following diffusion of Kt from
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deeper partilgf the muscle 1nto the vicinity of the surface

f1bres

= :_. (d) Exner1ments with 20 mu [Ktls. The experwments

N | .10‘9. :

emp10y1ng a h1gh 'K+ bath1ng medxum prOV\ded conv1ncing

eV1dence that the e]ectrogenlc contribution oF the pump -can
' ,1ncreese substant1a11y dur1ng he1ghtened pump. act1v1ty
) 'Aflt-ér the add1t\?on of "the high Kt (ZOmM)' medium  to
.st1mu1ated fibres the mémbrape potential pred1cted from the
GHK equation (assumjng [Nat]y = -19mM, [Na*]0 - 120.9mm
[K+]; = 152aM, from Sreter, 1963, and [K+]o = 20mM) was
;¢47.9my.' The meisured membrane potehtia] however, was
';?Q.va, §ug§esting '5 =30mV electrogenic contribution.
Thie value was etrikidQTy different “from the membrFhe

_potent1a1 of -58 mV recorded in unstimulated fibres ‘exposed .

to ‘the same. high K*¥ medium; this observation further i

emphasized how the electrogenic contribution of the Na+jK+
puhp increases in.response to-contractile activity. A -30
mV electrogenic contribution may appear large but is
commensurate with those found in other circumstances.
Thus, Creese, Head and Jenkinson (1987) have recently shown
that the sediuh‘pump can contribute at least -35mv to the
membraneﬁhotential in the presence of depolarizing drugs.
Also, Kernan (1968) found that rat muscie fibres, which had
been- sodium 1oeded in a Kt-free medium;* developed

electrogenic potentials of -22mV on re-exposure to external

K*. The observation that the membrane potential gradually

\
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w'decreased 1n the present exper1ments w1th h1gh K+ suggests

\

~that sod1um pump act1V1ty wWas gradua]ly decreas1ng as [Na}1

was restored to norma1 values ST

It is a1so possib]e to pred1ct the s&ze of ihe

e1ectrogen1c component of the rest1ng potent1a1 the‘

vdeeper f1bres of the musc]e, us1ng 1on concentrat1ons found
:1n,other stud1es Fol10w1ng the- 1mpu15e med1ated r1se.ﬁn ;
[K]o, K+ would be expected to d1ffuse re]atzve]y poor]y.;':

away from the deeper fibres; hence h1gher va]ues for {Kly

wou1d be ant1c1pated tn deeper parts of the musc]e.than

: c]ose the surface Studies\ with 1on sensitive

-

‘microe1ectrodes have y1e1ded Values- oFf 7 IOmM fonhh

interst1t1a1 K¥ fo]]ow1ng repet1t1ve st1mu1at1on (Hn1k etr‘
atl, 1976 H1rch et -al, 1980; Jue] 1986), though hlgher-

concentrat1ons up to l4mh have occurred during voluntary

contraction of human- forearm musclés QVySKOC11,d t al

1983). Indeed, Saltin and co-workers (1988) have recently -~

estimated that 1nterst1t1a] K* can be 15mM or h1gher at the
end of sustained isometric contractions of human knee
extenfors. If, in the presentsastudy, the deeper fibres had

\ .
similar resting potentia s to the surface fibres after

sthulatlon, with the same 1on1c concentrations as above,

only [K]g = 9mM, then‘th electrogen1c contribution may
also have been as high as -30mV. Sjodin (1971) has

demonstrated that the activity of the Na*-K* pump s

heightened with increasing interstitial [K*] in the range

N
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F1gure 23 summarizes many of the precedlng comments

- by ‘showing the pred1cted contr1but1on of the electrogen1c~

Na¥-K* pump under various conditions.

4.5, Siqnificaﬁce of Nat-K* pump activity during muscular

exercise. .
The role of the Nat-K* pump has trad1t1ona]1y been
thought tO'be'in the restoration of the fonic gradients for
Nat and K*.  However, when faced with the challenge of

continuing ﬁuscular activity, the pump also appears to play

a major role in contr1but1ng to the membrane potent1a] of

the muscle fibre and thereby ma1nta1n1ng exc1tab111ty A
more comp]ete understanding of this funct1on30F the sodium
pump can be had if one considers the potassium dyham%csx.
during muscular eferéise. It has Tong been recognized that
contractile activity causes a net efflux of K¥ from muscle

fibres, resulting in an elevation of plasma Kt (Fenn and

Cobb, 1935; Fenn, 1938).  With every impulse, K* is-

released by the muscle fibre into the interstitial fluid;
at the same time there is an approximéteLy equal entry of
Nat. Studies using bicycle exercise or running in humans
have shown arterial K¥ concentration may reach - 6-7 mM;
values as high as 8 mM have been reported in individual
cases (Sjogaard and Saltin, 1982; Medbo and Sejersted,

L

1985). However, if all the Kt released by the muscle were
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Fiqure 23.

Estimated contribution of the Nat-Kt pump to the resting

membrane potential of surface and deep muscle fibres under
different conditions. ‘The value of the membrane potential
predicted fram the Goldmar-Hodgkin-Katz * (GHK) equation is

~also indicated.

L S
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.-to ga1n access to the venous’ b1ood théfe is a Tisk'that‘

bhe concentrat1on of K* wou1d r1se to a card10tox1c 1eve1
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iC11n1ca1 and exper1menta1 observat1ons have 1nd1cated that e

‘7resu1ts in depressed exc1tat1on of atr1a1 and Purk1nJe

‘f1bres fo1lowed by ventr1cu1ar flbr1T1at1on or asysto]e

o a rapid rwse 1n p]asma Kt poncentrat1on to BmM or more-

:(P1ck 1966 Ett1nger, et al, 1974) Mohrman and Sparks"

(1974) measured changes in [K*] in the venous effluent of

isolated dog hindlimb muscles.f0110w1ng a brief tetanus, .

and predicted that less than 10% of the impulse-mediated
efflux of K*‘was actua]l} lost to the blood; the majority
was maintained in-the interstitium until it was taken back
' up'by the muscle in retovery. Howevef, this poses another
problem; if the K¥ efflux is retained within the muscle
belly, a K+-inddced fall in nusc1e fibre membrane potentia]
would be predicted fipm the GHK equation.

R Potassium effiux during musc]eJ activity has been
determined with the aid of radioactive tracers. A value of

9.6 pmole/cmz/impulse was given for single frog

semitendinosus fibres {Hodgkin-and Horowicz, 1959) and 10.7

pmo]e/cmz/impulse for whole rat diaphragm muscles (Creese,

t al, 19581*' If the width of the interfibre cleft is
taken as 1 um (Kuge]berg, 1973; Carpenter & Karpati, 1984)

and the equivalent circular diameter of a hexogonal fibre
N, _
as 50 um, the ratio of intracellular to extracellular space

L

would be 25:1. The corresponding increase in interfibre

Ve,
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- [K] per jﬁpulse would be .2mM, . bﬁ?ed_.on- the following

tﬁlculations: _ P S I

' '. ) ~ ' e T " o J.
K efflux/tibrollmpulse = 2Tl’rl x 10 x 10 moles .

" Extracellular space = TR | 'll‘r LI o o jamEng
if r-25x10 cm, then R = 255110 cm ° R :
then, o y :"}_.‘:;j‘: T,

i ' | ' I L
) ! |l

' Changé in [K]4 per impulse:

21rr| x 10"moles _ 2rx 107" _ 2 x 10" motes/cm’
TR - Tr¥i R - r? ‘ |
: e = 0.2 mM

Mohrman and Spark's (1974) predicted that

interstitial [X*¥] in dog muscle increased -by only .04-

.075 mM/impytse during their 1 second tetanus at 32 Hz.

however, that 15% of the muscle tissue volume

They assume
itial (compared to the 4% prediction in the

S

was int

previous example). Using these values, they calculated

that 10.8 - 19 pmoles of K' crosses each square centimeter

of surface membrane per impulse, which was in the range of

the direct tracer-flux studies cited above (Creese et al,

1958; Hodgkin and Horowicz, 1959).
.Based on intracellular recordings made in situ in

normal human muscle, the mean critical membrane potential

was found to be -71 mV (McComas, et al, 1968). Thus, il

would be reasonable to suppose that all fibres would

ol
N} :
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. undergo depo]ar:zation block if the rest1ng potentla1 was

‘held be1ow th15 value, say ‘at -63 mV. Whether one uses the
predicted rise in [Kle of :2mM/1mpulse, or .04mM/impulse
just mentiqned abové,_ significant ’rises in [K?je could
aécdrw ripfd]y* during:ra singlel maximum vbldhtary

contract1on, since motor units can discharge trans1ent1y at

l,rates as. hlgh as 100 Hz (Marsden et' 1, 1973). ° A r1se in
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[K*]e to 9 mM would be’ expected to depolarize the muscie

fibre membrane below the cr1t1ca1 threshold While it is

evydent thaq_the Nat-K* pump activity 1s.jncreased during

muscular exercise to cope with the rise in [Na*t]; and

[k Je, the uptake of K* between action potentials does not
“appear to equal the 1mpu1se -mediated efflux of Kt. This
exp]ains the net efflux of K% into~the 1nterst1t1um and
blood.  The é]ectrogenic nature of the pump, however,
serves to protect the musé]e fibre membrane from the
impending impu1se—medi§ted depolarization block; by raising

the membrane potential it renders the Na channels available

for excitation while at the same time ensuring that the

size of the action ﬁotent1a1 will be sufficient for onward
propagation. This function of the sodium pump during
stimu1ated‘or voluntary muscle contraction is additional to
its role in restoring the intracellular concentrations of
Nat and X* during the recovery period. ]

There is supporting evidence in the literature of

enhanced sodium pump activity during muscular exercise.
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Brodal and co workers (1975) observed a 28% incréase in the
act1v1ty of Na+ Kt-ATPase f011ow1ng 1nd1rect stlmulatlon of
rat hindlimb muscle. In the present study, the fact,that-
membrane potentials ‘were still elevated 15 min pdst-
stimu]at1on suggests that the Na*- K*- ATPase ma1nta1ns its -
acce1erated activity well into the rgcovery period. Hirche
and co-workers (1980) observed that, after 10 minutes of
recovery, qog gastrncnemiug- muscle had only regained
approximately one third of the.K+ it had iost during.12
minutes of intermittent tetanic stimulation. This s
commensurate' with the maintained decline in plasma [K*]
during recovery from exercise reported in humans {Mebo and
Sejersted, 1985; McKelvie, et al, 1987).

There are geveral reports of the effects of chronif
muscular exercise on Na*-Kt pump activity; a 2.6 fold rise
in Nat-K*-ATPase was observed in dog gracilis muscle after
6 weeks of training (Knochel, et al, 1985). Similarly, the
concentration of [3ﬂ] ouabain binding sites in rat hind)imb
muscles has been shown to increase following 6 weeks of*
training (Kjeldsen, et al, 1986). Presumably, an inéreased
sodﬁum pump activity should manifest itselfy by either an
increased resting membrane potential and/g} a lowered
[K*]e. Both of these observations have been cited; Moss
and associates (1983) reported higher membrage potentials

in trained versus untrained human antefior tibialis muscle.

Similarly, in a longitudinal study, Knochel and co-workers

-



11’7'-
'(1985) reported s1gn1f1cant1y h1gher membrane potentxa]s in
trained versus untrained dog grac111s musc]es The Tatter
study also found that the ouaba1n-suppre551b1e cdmpbnent of
the resting membrane potent1a1 in the intercostal muscles
1ncreased from -9 mV to--33 mV after tra1n1ng, suggest1ng'
an enhanced e]ectrogenic. effect of the Naf~K* pqmp in
response to training. Also, the exercise-induced rise in
plasma potassium is smaller after training in both humans
(Tibes, et al, 1974; Kiens and Saltin, 1986; Kjeldsen Bt
gl; 1987) end animals (Knochel, _L‘_l, &985), suggesting

more efficient re-uptake of Kt from the extracellular

spaces.

4.6. Clinical Implications

b Y
4.6.1. Cardiac patients. It is known that circulating

catechoiam{ne levels rise during exercise (Christens®n and
Galbo, 1953), and the resulting B-adrenergic stiﬁu]ation
lowers plasma potassium levels by mediating cellular
potassium uptake (Silva, et al, 1977}). As ﬁentioned in
Chapter 1 (Section 1.7.8}, the Bo-receptors are
specifically involved in this response, and studies have
shown that the exercise-induced rise in plasma potassium is
exaggerated in the presence of B-blockade (Rosa, t al,

1980; Linton, et al, 1984; Williams, et al, 1885) due: to

impaired Na‘t-K* transport. Clinically, this exaggerated

rise in plasma potassium 1in probrano]d]-treated cardiac
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batiepts might be a cdntributing factor to the incrgaséd
muscle fatigue ofteﬁ ,repﬁrted- in conjuﬁqtion with B-
- bTockade therapy (Carlsson, et al, 1978;'-Bfeckenfidge,
© 1982). B - |

-

bt

4

4.6.2:  ‘Hyperkalaemic familial periodic nara]vsisf "The

absence of effective Nat-K* transporf ~during muscular
exercise has also been connected to the rare 'clinica1
syndrdme, hyperka1émiq fami]ial'beriodiq par§1ysis. This
disorder is -manifested by periodic_attacks of paralysis,
| most commonly occurring after exercise, although attacks
may also be elicited by ingestion of Kt¢rich nutrients or
cooling (Streeten, et al, 1971; Clausen, et al, 1980). It
has been suggested that these hyperkalemic attacks could be

t (Brooks, 1969).

the result of deficieht Nat-K* tran
C]augen and co-workers (1980), howev nable to find
any difference "in the total number of ougbain binding sites
or in fﬁe ouabain-sensitive component of 42 _influx in
cells from patients compared with controls. ‘Nevertheless,
the,fact that the episodes of paralysis and hyperkélemia
can be prevented by the administration.of catecliolamines
(Wang and Clausen, 1976) or continued muscular exercise,

strongly suggests that impaired Nat-K* transport 1is at

Teast one of fhe fundamental features of the disease.

L

4.6.3. Myotonic muscular dystrophy. Myotonic dystrophy is

e
{3 "i"";

ELE TP

4}



y . . 119,

iy

another 1nher1ted d1sorder in wh1ch def1c1enc1es in Na+ Kt
. transport could be 1mp11cated ThlS is exemp11f1ed by the
work uf Hull and Roses (1976) who found that although no

differences appeared to exist between myoton1c dystrophy

patients and contrels in mean ouaba1n—sens1t1ve K+-1nf1ux,"

there wasla' significant difference -in the stoichiometric
ratio of ouabain-sensitive transport of Na* and K*. Thus,
while the normal _egchange‘ ratio in erythrocytes -was

3Nat:2K*, in myotonic dystrophy patients the ratio was

determined to be 2Nat:2K*. This suggests that the pump in

these patients is not electrogenic, ane one would therefore
predict that the muscle membranes Qould not hyperpolarize
in the presence of heightened pump activity. Recent work
conducted in this laboratory has shown that the time course
of M-wave potentiation during voluntary fatigue is
considerably slower in myotonfc patients than .in healthy
normals. These last findings would be consistent wfth a
decreased coupling ratio in these,patieets, or at.the very
least, a slower activatidn of the sodium pump. Hull and
Roses (1976) have suggested that the abnormality in
myotonic dystrophy patients might be the absence of, or low
affinity for, one of the three Na bi&ﬁing sites oh the Na*t-
K+-ATPase. Further work in this area is warranted to
determine the exact nature of the muscle membrane disorder

in myotonic dystrophy. . . )

/



4.7. Futire direﬁtiaﬁs

"The resu]ts.-from this thesis .p}ovide'vsevefai
. directions for fufdre research.  Much of the Discussion
revolved around the potassium d}namiés of muscular

-

"exercise, -and how it might affect muscle -fibre

excjtab{1itj. That the Na*-Kt pump- plays a major role in
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méintaining fibre excitability during activity Wgs been

quite well demonstrated, but in order to completely
understand the extent to which the muscle can balance K*
efflux with K* uptake, precise measurements of intra- and
extracellular K* cou;entratibns are needed.

These measurements could best be maq’.with double-
barrelled ion-sensitive microe]ectfodes, which would
pfovide both measures of the membrane potential and of the
concentration of K*. In addition, it would be worthwhile
to determine what proportion of “[K¥]y 1lies in the
interfibre and T-tubular compartments, since there is some

&
evidence that the T-tubule system may act .as a holding

compartment for K* (Hodgkin & Horowicz, 1960; Grabowski, et

al, 1972; Gonzalez-Serratos, et al, 1978). A temporary
resevoir of this kind could serve to prevent toa dangerous
a rise in thé’concentratioh of Kt in the circulation.

The presence of plasma protein ‘iﬁ\\the bathing
medium has been shown to be vital in the maintenance of the

normal ion conductances across the muscle fibre membrane.

That this fact has been neglected in most previous
\!—
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- 'electrophysiological studres of musc]e f1bre membranes=is
) rather surprising It wou]d be 1nterest1ng to know whether
rli.the proteiwfeffect 1s exerted entlrely on the 1on channels'
:.Or whether the Nat- K* pump is a]so affected .One approach'
_wou]d be to st1mu1ate musc]es -and then see' if
Jhyperpo1ar1zat1on occurred in the absence of prote1n The
'component conductances' of the membrane_ could also be
determined by convent1ona1 1ntrace11u1ar stimuiatioh- and
record1ng techn1ques (eq. Hutter and Noble, 1960).

_As also ment1oned in the Discussion, the results.
from this study have significant imp1icatiens with regard
to several clinical syndromes. In view of the c]ose '
relationship shown in this st y between the 'behavior of
the cohpoUnd muscle and 'single fibre action potentidis in
fatigue, relatively simple, non-invasive studies coh]d be

\Egﬁe on clinical popu1ations that would yield meaningful
information regarding the effectiveness of the Nat-K*
transport system. For example: the experiments on M-wave
behaviour in voluntary fetigue of thenar and EDB muscies
could be performed on the following patient groups;

eq. a) hyperkalemic familial periodic paralysis

b} myotonic dystrophy
c) cardiac patients on B-blockade ‘therapy
d) cardiac patients on digitalis therapy

If, as suggested, each of the above petient groups have

some abnormality in Na*-K* transport, it should be evident



'iﬁi.the behavxouri of the MIWaVe during aﬁdl;FdTTowtﬁé

fétigue, i.e. potent1at1on shou1d be reduced

delayed,'er
~absent. . s :

It wou]d Jalso: be 1nterest1ng to s

N 1n th1s study could be re]ated e1ther to act1v1ty patterns

. in different musc]es or to the distribution.of Na*t-K*-

_ATPase in different'ﬁﬁsc1e fibre types.
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see . if the
By var1ab111ty in M-wave: potent1at10n between muscles observed
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XA stﬁdy,has been méde of‘thé‘ﬂrwave (mhiéléréompOQnd

actionipot?ﬁtia]) during muscle activity. =

~

2: In human subJects, the peak to peak amp11tude of the M-
., wave was. found to enlarge follewing vo]untary contractxon
‘M-wave .potent1at1on was also eV1deht dur1ng tetanic

-

sttmulat10n at 15 Hz, under ischemic condition§ " The
amount of M- _wave en]argement varied cons1derab]y from one'
subJect.to.another. As Fhe muscle activity was cont1nued;
the enlargement was followed by a‘reductioﬁ in qmplitude.
.In some subjects there was a further enlargement of the M-

wave during the recovery phase.

3. fhg‘en1argement of the M-wavé was associated with an
equalj if not greater, incréng in the voltage-time
integral. This observatiﬁn, and other considerations, made
it unlikely tﬁat the greater amplitude of the M-wave could
be accounted for solely by better synchronizafidn of evoked.

muscle fibre action potentials. . //

4. The possibility‘ was then explored that the M-wave
enhancement " resulted from potentiation of the individual
muscle fibre action potentials. It is this work which

formed the greater part of the thesis research.
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L é.; In ﬁhelso]eﬁs muscles of réys'anaesthe;ized with sodium

Il

ﬁehtobafbitone;- itf'was posSib]eM'to shbﬁ that .the M-wave
en1arggd fol]owfng, aﬁd édCasiqné11y during, ihiermfttent
repetitive stimulation ‘at 20 Hz. ' The - enlargement was
maximal at 6 min post-stimu]ition, but. was sti]{ p}gﬁent at
15 min pbét-stimuiﬁtion. i buabain, adm{gnstgred
| intréberjtoneally ALY doses of 4-5 mg/kg,- diminished. the -
'resting_M-wavé.but did not comb]ete]yJabolish the increase

resulting from tetanic stimulation.

2.
-

6. Intracellular recordings were made from rat ‘soleus
muscle fibres in_ vivo, -using g1ASS'microe1ectfode§ ¥111ed
with 3M KC1 solution. In untreated muscles, the mean
resting potential was -79.5 hV and the mean action
'pétential amplitude was 82.2 mV. Following 5 min of
intermittent tetanic stimulation (4 sec at 20 Hz, repeated
every 5 s), the mean resting potential had'increased to

-92.6 mV and the mean action potenfia] amplitude to 98.1
mv. Both elevations were maintained for approximately .5
min and then Became smaller, but were still present at 15

min.

7. The immediate rises in resting and action potential
.fo1]owing tetanic stimuiation were abolished by any of the
fdl]owing 3 modifications to the mammalian bathing fluid:

(i) addition of ouabain at a concentration of 1.25 «x



10-44,  (ii)  cooling from 37°C to 19°C, and (iii)
_removing K*%. These results were interpfeted as evidence
hthat the e]evat1ons in. rest1ng and action potential were

dependent on ‘the electrogenic effect of the Nat-K*t pump.

3
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8. The e]ectrogen1c contribution of the Na*- K+ pump to the

fest1ng membrane potentlal was then assessed by replacing
the bath1ng med1um of st1mu1ated muscle f1bres with ohe
containing a high concentration of K* (20mM). In spite of
thé high [K*], the s?imu]ated fibres were able to maintain
membrane potentials approxﬁmate1y1730 mV greater than that
predicted from the Goldman-Hodgkin-Katz (GHK) equafion for
at least 3 min. In unstimu]ated fibres‘the addition of a
high K* medium caused an immediate depolarization to

approximately -58 mV.

9. Enhanced ac}ivity of the Nat-K*¥ pump is™envisaged as
preventing. depolarization block of muscie fibres during
impulse-induced K+ efflux, in addition to restoring the
intracellular and extracellular concentrations of Na' and

Kt following muscular activity.
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Raw Data from Intermittént Tetanic Stimulation at 20 Hz
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Appendix 1.

Individual subject data of M-wave changes durihg
intermittent tetanic stimulation of tibialis anterior at
20 Hz (under ischaemia). Repetitive stimulation (3 sccs
on, 2 secs off) stopped at 225 secs. :
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Appendix 2.
{

Raw Data from Intermittent Voluntary Contractions o f
Thenar and EDB Muscles
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Appendix 2.

Individual subjéct data of M-wave changes during
intermittent voluntary contractions of thenar and (DB
muscles. Intermittent effort (3 sec/5 sec) continucq for

100 secs: M-waves wereyevoked every S secs™ ’
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Aggenpix 3.

Baseline Measurements of Restlng and Action Potent1als‘
in Rat Soleus Muscle Fibres.
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Appendix 3.
Individual measurements of resting and action polentials
from rat soleus muscle .fibres (n = 68). Individual

experiments are separated by a space in the RMP column.

RMP = resting membrane potential (mV)
AP = action potential amplitude (mV)
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"Appendix 4. , ]
o ' *‘- : ' /‘
Raw Data of Changes inm Resting and Action Potentials
After 5 min Intermittent Tetanic Stimulation at ‘20 Hz.
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Appendix 4.

4+
Effect of 5 min of intermittent tetanic stimulation-at 20
Hz on resting and action potentials in soleus muscle Tibres
(n = 13). Time intervals denote time after stinulation;
individual experiments are separated by a space in the *RMP
column. .

RMP = resting membrane potential (-mV)
AP = action potential amplitude (mV)
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Appendix 5.

Effect of Ouabain om Resting and Action Potentials
of Stimulated Rat Soleus Muscle Fibres

o
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Appendix 5.

Effect of ouabain (1.25 x Y0°% M) added at the end of 5 min
of intermittent tetanic stimulation at 20 Hz on the resting~
and action potentials of soleus muscle fibres (n = 5).
Time intervals denote time after stimulation. Individual
experiments are separated by a space in the RMP column.

RMP = resting membrane potential (-mV)
AP = action potential amplitude {(mV)
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MEAN 74.3 73.2
- 74.2
SD 6.6 ' 9.7
3.9

9:00 - 12:00 82 76.5 75
T 86 g2

T4.

69.

82.

74.

65.

63.

13.

71.

68.

61
+ 61

61

82
82

82 .

B2
82
76
76

72.8

45

45 .

45
45
45

81
8l
76
76

100
100
92

61
55.5
55.5

50

76
76
70.5
70.5
70.5
70.5

68.0

17.0

45
45

17.8
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: - 74
- i 64

76
70
60

: 78
- 78
82
70
76
78
68

70
70
70
70
70
68

MEAN 72.9

sD .2

12:00 - 15:00 8
70

66
72
68

72
64
80
72

68
72
66
68

70
68
70
54
64
64
70

68.7

78.0

74.0

69.7

73.4

74.0
68.7

72.0

68.5

67.1

66
52

72

60
44

72
54
72
66
64
68

68
72
78
70
70
68

67.0

78
40
60

72

50
58

80
54

54
56
56
56
56
56
64

52;b

66.0

71.0

66.0

59.3

72.0

54.0

67.0

56.9

45

45 .

76
76

67

Y )
61.5

44
44
44
44

39

64.7
64.7
53
53
53
47

53.7

12.3

45
36
36

57
52
52

61.5
54
54
46

39
33
28
22

47
35

29.
29.
23.
23.

(V8]
[ E P ]
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Appendix 6. ' ,

Effect of Cooling on the Resting and Action Potentials
of Stimulated Rat Soleus Muscle Fibres
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Appendix 6. a w

Effect of cooling the bathing medium to 19°C at the end of -
5 min of intermittent tetanic stimulation at 20 Hz on the
resting and action potentials of soleus muscle fibres {n =
71. Time dintervals denote time after stimulation.
Individual experiments are Separated by a space in the RMP
column. : '

RMP = resting membrane potential (-mV)

AP = action potential amplitude (mV)

AP Overshoot = potential difference in AP amplitude from
zero potenti



Cold Bath (19-20°C) added at

Timey Interval:

0 - 3:00

MEAN

SD

3:00 - 6:00

RMP

76

. B8

88 .

80

76

80

70
76

70

60

80
76

68
80
60

84
80
80

76.2

84.0

88
80
g0
B4
80O

76
88
86
78

68
72
68

70
74

84..0

78.0

73,0

71.5

£9.3

B1.3

77.0

82.4

82.0

69.3

74.6

end of fatigue

AP

94
70
84
BO

104

oo

78
70

56
g4
100

92
100
52

76
B8
92

83.5

14.8

94
90
96

90

78
104
B6
108

68
70
48

g4
95

§2.0
82.0
102.6

74.0

80.0

B1.3

B5.3

83.8

92.5

94.0

62.0

95.6

AP Overshont

18
-18

-4
0

28
20



MEAN 77.9

SD

6:00 - 9:00 68.0

MEAN 78.5

SDh 6.3

- 75.

" 80.

79.
79.
83.

78.8

79.

73.

78.

78.

95
102
- 92

75

92
102

104
“100
104
112

91.4

14.3

92
S8
100

S6
100

io2
105
104
106

g4
50
94
BG

B4
S6
105
88

88
94

93.3

12.4

90.8

105.0

S0.0

13.3

96.7

104.3
78.5
93.3

51.0

93.6
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20
24
16

1

24
22°

28
. 20
24
28

14
11.8
14

18
20



9:00 - 12:00

12:00

MEAN

SD

- 15:00

80
80
80
-84

76
80
8O
80
86

88
88

74
82

66

68
78

78

72

88
BO

B2
84

g0
80
80
8O
.84
70
80

88
78

81.0

J76.0

81.5

88.0

78.0

+

66.0

73.0

77.6

75.0
B4.0
83.0

80.0

84.0
70.0
80.0

83.0

90
92

100"

402
96
© 112
102
104
102

104
124

78
102

90

102

« 100.0

i0.1

80
68

108
98

102
94

116
106
106
104

106

g2’

94

102
100

96

96.

105.

114.
90.
90,

=102,

99.

T4.
103.
98.

108.

106.
B2,
94.

101.
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10
12
20
18

.

22
=4
16

20
18

20
10

36
26
26
24
22
12
14

14
22
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' MEAN  ¥0.3 . eT.1 | \ 17.5
79.9 | 95.8 - -

'SD s 4.7 12.1 | . 9.6 -



N Appendix 7.

Fffect of Removal of Kt on the Resting and Action Potentials
of Stimulated Rat Soleus Muscle Fibres
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Appendix 7.

" Effect of removal of Kt at the end of 5 min of intermittent

tetanic stimulation at 20 Hz on the resting and action
potentials of rat soleus muscle fibres (n = 5). Time
intervals denote time after stimulation. Individual
experiments are separated by a space in the RMP column.

RMP = resting membrane potential (-mV)
AP = action potential amplitude (mV)

i
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No K+ (OmM) added to bath after fatigue

Time Interval RMP $‘~ AP
0 - 3:00 - 80, 76.0 88 78.0
: 80 80
76 . ,
g8 - 66
84 87.0 92 915
88 - 92
76 88
100 o4
74 88.0 - ' 90.4
88 ; . 80
94 a8
88 88
98 90
86 96
86 80.0 84.0
80 g4
_ 74 80
80 88
80 °* 81.7 62 81.0
80 84
76 80
90 96
80 80
84 84 )
MEAN £2.6 85.2
82.5 85.0
sD 8.7 ‘ 8.9
4.5 5.2
\
3:00 - 6:00 56 a4
100 99.5 96 108.0
98 116
100 120
100 100
88 94.8 104 108.0
100 110
106 124
80 92
100 110

84 83.6 94 B8.8



MEAN

SD

6:00 - 9:00

MEAN

SD

9:00 - 12:00
£

B8

. 84
86

76

g6

74

B4
88
86

- 100

88.8

68
80
80
90
96

86
90
100
96

80
100
B6
106

98
88
92
96
104

95
94
94
96
92

51.6

96
88

-86.

91.

B2.

93.

g93.

85.

94.

91.

90.

84
94
96
76

86
70
92
86
94

24

17:4

78
92
92
98
104

104
104
120
118

1)
108
100
106

106
100

B4
106
104

115
1i4
104
i12

94

102.6

10.0

104
B8

B7.0 -

98.0

10.1

92.8

'111.5

102.5

100.0

107.8

102.9

98.5
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MEAN

SD

12:00 - 15:00

80 .

96

100
100

gg °

80O
98

100

88
92

88.

98
92
102
92

80
90

- 92.0

96
88
78
102

100
78
98
96
g0
88

g2
78
98
86

98
100
102
38
98
98

100
80
86

100.

B8.

91,

91.

92.

91.

91.

B6.

99.

£2.

98
104

l1e

r100

1100

76"
116

108

104

108
96

110
104

118

io02
114

103.4

114
100

96
106

116
96
122
114
114
96

S0
102
108
104

110
112
110
110
112
116

106
100
106

108.0

105.0

108.0

103.4

104.0

108.7

101.0

111.7

93.3



MEAN : 90.3

.SD — _ 9.3

92
74
82
104.2
90.1
11.0
5.6 '

103.9
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Appendix 8.

oy

Effect of HigH [K*], on the Resting and Action Potentials
of Stimulated Rat Solegs Muscle Fibres »

~——
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Appendix 8. N
N\

Effect of high [K*], added at the end of 5 min of
intermittent tetanic stimulation at 20 Hz on the resting
and action potentials of rat soleus muscle fibres «(n = 5).
Time intervals denote time after stimulation. Individual
experiments are separated by a space in the RMP column.

RMP = resting membrane potential (-mV)
AP = action potential amplitude {mV) L
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High K+ (20mM) added to bath after fatigue’

Timr-_z Interval RMP ‘ - AP . !
0 - 3:00 . 100 -93.3 50 49.3
. 96 46
84 52
84  B3.6 . 54 71.6
88 , 78
80 B g4
82 74
84 68
. 80 77.6 64 55.6
80 60
70 - 54
86 48
72 52
72 " 67.5 50 55.0
78 60
60
60
78 75.3 82 67.0
74 80
80 58
70 70
80 . 62
70 50
MEAN 78.6 61.7
79.5 59.7
SD 9.4 11.8
8.6 8.3
‘ﬁ
3:00 - 6:00 78 74.0 64 64.0
70
88 78.0 82 76.0
74
80 70
70
70 72.8 56 61.0
78 60
70 60
76 : 68
70
58 63.2
70



6:00 =

9:00 -

MEAN

sSD

9:00

MEAN

SD

12:00

.68
60
7¢

-* 70
70
70
74

62
64

70.8

80

68

70
56
64

76
74
74
72

60
66
64
60

66
66
68

74
72
70

68
76
64

60
68

69.7

74.0

63.3

74.0

62.5

66.7

“e8.1

72.0

69.3

60.5

64
450
44

48 .

60.5

10.4

51.5
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MEARN

Sb

12:00 - 15:00

MEAN

sD

60
54

52

8.

63.

80
58

63
66
78
76

67

70
78
68

72
60
60

58
&80
56

64
58

74
60
60
60

' 63.3

70.8

72.0

64.0

58.0

61.0

63.9

63.7
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Appendix- 9.

Control Data on the Effects of Various Pump Inhibitors
on the Resting and Action Potentials of Unstimulated
Rat Soleus Muscle Fibres

.
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Agpendix 9.

Effects of ouabain (1.25 X 10-4 M), cooling (lgdC), removal
of [K*],, and raising [K*]o to 20 mM on the resting and
action potentials of rat soleus muscle fibres. Time
intervals denote time after the addition of the specific

inhibitor. Individual experiments are separated by a space
in the RMP column.

]
RMP = resting membrane potential (-mV)
AP = action potential amplitude (mV)
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Control Data (pump inhibition without stimulation)

.Time'Interval
RMP
0 - 3:00 : 96
80
70

70

74 -

70
78
70
64

79
- 80
B6

70
T

MEAN i 75.9

SD 7.9

3:00 - 6:00 76
76

72

68

68

70

76

68

68
74

MEAN 71.6

SD 3.4

- \
6:00 - 9:00 70
76

Ouabain
AP.

98,
91
68

78
82
70
78
70
64

71
80
80
, 170
76

77.1

60

88 |

66
76
62

76
62
68
64

69.1

74
g0

»

- RMP

74
72
76

62
62
76

80
76
§f~'5g
68

66.4

16.1 |

17
70
78
68
68

70
68
74
70

60
78
-64
92
B2
70

Cold -

58
76
60

70
68
80

84

64.3

18.2

78
80
80

62

62
80
86

70
54
82
52
88

54



SD

9:00 - 12:00

MEAN

SD

12:00 - 15:00

MEAN

61
66
62
72

68

70
70
68
72

68.6

4.2

64
60
60

68
68
74
76

68.8

76
&0
68
70

64
72
56
62
74

68
76
74

a8

58

56
80

68
60

36
48

62 -

60.9

13.3

58
46
48
38
44

54
40

46.9

68

78
66

66
56

62

38

64
68

74

80

62
68

70
72
84
80

70
74

78

62

76
74
64

76
68
80
60
68

67.5

16.3

68
86
68
74
8O
76

74
62
€4
68
58
74

88
70

24
70..

82

80

66

80O

90

74

88

70.5

17.8

70
82
78
62

80

88
68
g2

68 °

66

74
76
76
76
62
70

50
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MEAN - 68.3 62.0
sD | © 6.3 11.6 -
.
s E

r

8.3
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Qontrbl Data (pump inhibit:io_n _without stimulation) ' - - ~
| Time ‘interval " High E+. B ~ No_ K+
RMP . AP : ‘RNP “‘ AP
0= 3:00 . 64 Y- sg 7"
. 62 : .69 74

S : 50 o 64 N

. S , 64 38"
. . ‘ ‘ 64 . K 0 s L - ’ . ) i

60 . o - .. 72 50
62 - 66 . 50"
60 - . 60 30
60 - 40 ' o 66 58
. o 60 46
) .. 68 60
60 | -
60 " ‘ 78
80
72 .
76 60
66 64
) 60 , : 60
56 60 v
56
64 68 S
60 78 . 40
70
; 68
84 52
64
60
68
70
64
) 68
MEAN 59.9 50.0 % 51.8 - _/
SD 3.5 8.2 6.5 11.8
3:00 - 6:00 60 66 70
60 T 66 - 66
64 78 60
56 66 74
72 72
58 '
. 58 76 60
& 56 74 " 80
66 54
58 60 54

48
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T 70
64 - AT ; 64 -
- 60 : o . 76
. ) 58 SR . 82 68
PR : o * .48 . .. L 82 . 54
e '60 ' : 60 '
emw 68
66. . 56
72 82
a * 64 .
— A
. .70 ;o
72 40
64 — -
- - 64 _
66 - 38
7 ' -
MEAN 57.7 . o - 68.7 61.9
SD 4.6 . 5.6 12.6
/
6:00 - 9:0 60 : - 56 - 28
48 : : 72 72
66 72
50. . "+ 66 68
68
60 . 72 62 ¥
52 60 40
: 66 64
56 64 ‘ 54
52 64 50
58 ‘ 2
60 64
50 60 20
56 60 30
. 64
66
74 50
64
\ 68 30
64 48
64
76 46
_ v 74 50
MEAN ' 55.8 65.9 49.0

SD 5.5 ‘ 5.1 15.7

9:00 - 12:00 80 68 76



MEAN

sDh

12:00 - 15:00

MEAN

sD

74

56

e

48

66
60
56
56
56

54
58
54

52

50

58.9

8.5

70
72

58
62
54
56

68
60
60
64

50
54
55
52
56

59.4

78
64
68
70
68

60

60
80
76
BO

62
72
74

62
60
68
74
70

64

68.

S8

74

64

-

e

56

60

36

78
64

66

1

74
88

28
00

72

62.

19.

52

50 -

50
60
66
30
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