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ABSTRAE”

"[rai'lsmission failure during repetitive mus’cuiar activity has been a topic for
invesiigétion since the eariy 1950’?.. While it can be feadiiy demons}rated that .
transmission failure is present under certain conditions in aliimai prébaraiiohs; it has
.yet to be proven a limiting factor in human muscuiar-rperformarice. The present study
consisted of two experiments designed fo test the integrity of neuromuscular

‘ transmis/s.ion in huméns performing myﬁal exercise of the QUadi'iceps muscle. It was
predicted that interavenous] administration of edrophonium chloride (a cholinesterase
inhibitdr)~wouid have an effect on .the normal time course of fatigue by (i) extending

the time ,to' onset of fatigue, TTO (defined as the point when force output fell to

90% of the maximal voluntary contraction, MVC) and/or (ii) extending the time to

pre-defined fatigue levels, TTF (55% MVC for ‘the dynamic trials’ and 60% MVC for -~ =

the static trials). As well, the force output at a given ‘tirrie during fatigue, defined as
the time-specific MVC (TSZMVC), was investigated and predicted to increase  with
edroi:honium chloride. It was also postulated that if transmission failure was present,
whether correlated to fo&c-i loss or not, the integrate‘d electromyography - (IEMG)

would be quantitatively hijher after edfgphonium chloride.

- <

Iin Experiment 1 subjects performed both static and dyﬂhmic exercise two

minutes after receiving an injection of 10mg edrophonium chloride and 0.3mg of

atropine, or the control (0.03mgatropine -and niormal saline). The results revealed that

edrophonium chloride had no effect on any of the force. variables described above,

e

transmission failure is a mechanism of force loss during maximal exercise in muscles

~capable of maximal activation. ©

. ——— - —Experiment 27/\;\/85' conduc/t‘;d to investigate the effects ofﬁeiirr%bi;lbﬁiﬁﬁri:?iélﬁé; T

under conditions where the quadricep was unable to prodt.icé maxima‘r}%ctivatién’. This -
was accomplished by having the subject produce 40 maximal dynamic contractions
prior to drug ii\jectiori. After a one minute abéorption_ period the subjects exercised

both statically and dynamically as in Experiment 1. During these trials, the pre-fatigue
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quadriceps produced peak ténsions that were 25% and 15% (dynamic and static.
resbectively) lower than the values obtained from Experimeﬁt one. Edrc;phbniugn

chloride \}vasr unable to restore the -peak tensions to values cowrfnparable, to. ,Ex’p,err,im;;nt

1, thus ruling out transmission failure as ther‘swrc}e of this force loss. Furthermore,

consistent with Experiment 1, edrophonium chioride did not have an effect on the
force variables defined in E)gperiment 1, nor Were there any significant diffe'rences in.

the peak tensions or the IEMG. ™) -

The conclusions derived from both experiments shggest that during short term.l

high~intensity exercise of the quadriceps, failure ofvellei:trlcal propagation and

‘neuromuscular transmission is an unlikely mechanism of force loss during skeletal

muscle fatigue.

)
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0.1 Introduction

¢

To produce a single movement, whether it be voluntary or reflexive, requires

the interactionﬂ of a pumber of physiological pé;ocesses within and beyond the

,Vmotdrruhit. These processes must function within the bid‘chemical, electrical, and

mechanical limits of the neuromuscular system tao provide optimal muscle-

-

performance. During sustained muscular contraction, Howeverg failure of  one or

more of thesel processes promotes the symptoms of muscular fatigue, includiljg a
significant reduction. in physieal performance .during work' or play. Skeletal muscle
fatigue _has long been a topic” df investigation. Defined as the inability of the
neuromuscular system to maintain suffjcient forc;e for a gi;/nsn activity, the course

’
of muscle fatigue can vary significantly between individuals. This has made the

study of fatigue difffi.b‘ujt and left science with no universal agreement as to a

major limiting mechanism.

Over the past few decades, our knowledge about the neuromuscular system
has greatly expanded. This has permitted researchers confidently to dismiss the

idea that" a single mechanism limits optimal muscle performance, and to; pursue a

7

multicomponent mbdel (Green, 1988). Construction of a model has res{:lted in a

greater understanding “of the events that lead to muscular contraction, which has

altowed easier prediction -of the sites most likely to fail. Figure 1 illustrates a

simplified sketch of the neuromuscular path'wa,y for a volunfary muscular

contrattion. The cognitive events that initiate a voluntary contraction originate in

the motor cortex of 'the brain. Before the signal is sent to the periphery it is

thought to undergé modification, traveling through various assg,ei-a‘tion and "fiﬁec
- s
-

tuning” areas of the CNS, of which the details are highly udresolved. Propagation

.

of the signal down the spinal cord may be direct or via spinal interneurons on

route to synapsing in motor neuron (MN) pools of the ventral horns. An action

L
Lo e

@

5



i NEUROMUSCULAR PATHWAY TO VOLUNTARY
-~ CONTRACTION ., ~

PSYCHOLOGlCAL‘—‘_"}
INTERNEURON SYNAPSE | - 3
STIMULATION el \
[} o 4'.-:', . _‘é‘
m 5 \. "‘ ’ \E
&1l -
MOTOR UNIT POOL ¢ |81 /¢
/ Qf 3 qe
= '
NEUROMUSCULA ON -t
—_— .r?'(' T “.»‘._4
_: rr
T i
AN<
[7¢
MUSCLE FIBER
l | 1 J
T ] T
CENTRAL PERIPHERAL
- ) = : g
D -

Figure 1. Schematic representation of the neuromuscular ss,?stem. (adapted from
Bigland-Ritchie, 1981, and Guyton 1982).



potential _will be'’ initiated in selected ‘MNs and propagate peripherally where at
the distal portion of the MN axon the signal takes several p}a.ths depending on
the degree of axonal ‘bifurcation. The act;on potential then .terminates at the NMJ
faciljtatring'éxocytosis of stored acetylcholine (Ach). Subsequent diffusion and
reversible binding of Ach to the post-synaptic membrane results in end plate
potentials, which if bein‘g of threshold amplitude will intiate a muscle acfion
potential (MAP). The MAP spreads along the surface of the sarcol'emma and
cross-sectional through the tfansverse 'tubules (T tubules). Depolarization of the T
- tubuies mediates calcium release from adjace;n sarc.oplasmic r.e‘ticulium;(SR)
cisternae. The increased cytoplasmic calcium releases tropomyosin inhibition by
binding to the troponin C complex of the actin filament resulting in actomyosin

interaction and muscular contraction, While this outline omits many details it

does suggests a number of possible failure sites that could limit optimal muscle

.

performance,

Advancements in. technology have permitted a tremendous increase in

research into the néuromuscular -system, in particuiar, since the advent of

e,

electromyog?aphy (EMG). This technique takes advantage of the electrical

properties that accompany nerve and muscle cell activity. Sodium .and potassium

- ~

ions are maintained such that sodium is more concentrated on the outside of the
cell and potassium on the inside. This distribution develops an electrochemical
gradient across the sarcolemma that leaves the inside of a gquiecent muscle fibre
about 90 mV more electronegative than the outside. During rapid depolarization of
the sarcolemma the changing dipole moment can be recorded with electrodes that
are inserted into” the muscle or placed don the overlying skin. iIntraceliular needle

electrodes are widely used in animal preparations, while noninvasive recording

techniques are generally used in human studies. The advantage of using
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Cintracellular electrodes is that the electrical activity of individual motor units can
be studied, as where surface electrodes can only provide an‘ index of the
electrical activity ‘ofr a group of motor units, Researchers who employ the
surface EMG technique are presented with severai possible sources of e;ror or
ambiguity which may affect data interpretation.' The EMG signal. will vary greatly
between individuals, as well as within subjects during repeated measures, if the
electrodes are not carefully‘ placed and the unde}lw‘ng skin‘ is not properly
prepared. The electrodes pick up activity directly below, which includes not only.
the muscle of i'nt~erest, but also electricalﬂ activity from adjacent synergists. |f
electrode placement is not consistent, contaminating electrical activity may be
amplified or attenuated? which could significantly fect the results. Also areas of
high‘ subcutaneous fat vyields high electrical impedance, thus adding another
consideration when choosing. an electrode site (Rau 1985, and Lippond, 1967). The
greatest problem encountered, however, when interpreting EMG data, is accoun.ting
for the activities of the individual motor ur%\,,.lt is not fully understood how

different . motor units respond to variable demands from the CNS, and how the

individual changes are reflected in the EMG signal.

0.2 The Motor Unit

J

The motor unit, which consists a few to several hundred muscle fibres
innervated by & single multi-branched alpha motor neuron, has been classified in
a number of different ways based on the mechanical, biochemical, and electrical

properties of the MN (Burke, 1981)

The development of systems oy classification for both motor units and
muscie fibre types has ccurred in paraliel with advancements in technology.—

Ranvier’s simple classification, proposed in the .late 1800's, which linked
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contraction time to the color of the muscle tissue (red or white), has been

revised many times resulting in classifications that depend upon complex

biochemical and histochemical analyses. For the purpose of this paper the
{ _ _

classijigatic}n for muscie fibres of Peter et al (1972) will ,:6‘9 used, however, when

referring to the motor unit Burke’s (1981) nomenclature will be used.
' . » ,

&

S

The first group of muscle fibres %h’av'e been termed sfow oxidative fibres
(SO, or sometimes calied -type I‘fibr‘es or,\ as an intact motor unit, S~type).
These aré small fibres, with slow contraction times, that generate relatively low
peak tens[g?c;,%, but are essentially fatigue resistant.‘T‘F;e sgcond group of muscle
fibres are the fast twitch or type // fibres.‘ Under this heading three subgroups
~have been defined: (i) Fast twitch oxidative-glycolytic fibre‘sk(FOG, type A, or as
"a motor unit, FR-type), «whieh are similar fo the SO_ type due to their fatigue
resistant-oxidative potentiai, but are capable of ger41e‘rating m;Jch greater forces.
(it) Fast twitch glycolytic fibres (FG,‘ 1B, or FF-type) are the largest muscle fibres
and are usually required only for quick, powgrful contractions beéause o‘fltheir
high force generating capacity ;nd fow fatigue resisfancé. The third fibrre.‘ t;/pe
under the fast twitch heading are the /ntermediate fast twitch fib;es (LAB or
F[int}), and as the name suggests, these fibres have properties inbetween FG_iarﬁ \

FOG fibres.

-

Although this classification system segregates motor units into distinct

groups, the fact that |IAB fibres have been defined suggests that there is

probably_a continuous spectrum of fibres ranging from SO to F/G/Ebﬁﬁacrter'rsﬁc/s/”ﬁ

I
S
——

(Kugelberg, '1979) The observat/ig_nﬂ/mart/musfﬁésfﬂcﬁ predominantly SO or FG

o

_composition demonstrate smooth force and fatigue curves supports this concept.

N

There is aiso evidence that shcws that under certain conditions SO fibres can

adopt the characteristics of FG fibres and vise verse (Edstrom and Grimby, 1986).
‘ ~



The type' of motor unit  activated will determine the appearance of the
surface EMG signal since an action potenti‘al from a fiber of twice the-diametéf
may be four times greater than th;t of the smaller unit (Loeb and Gans, 1986).
The SO i‘ibres are smaller in diameter, are less ‘numerous per motor unit, and,
have different contractile properties Uthan the -FG type. Thu{in order to prodUceA
the muscle contraction for a desired movement, tﬁe neuromuscular system must
strategically recruit motor units in a speci‘fic pattern. It has been generally
accepted that, during most movements, motor units are recruited aécording to the
size principle, as proposed by Henneman (1965) (although, under certair; Contractile
demands this the:ory has been refuted [Edstrom and Grimby, 1986]) For activities
that demand smaller forces for long periods of time, SO and FOG type are -
recruited first followed by FG fibers if the force requirements increase or fétigue
develops. A plot of EMG vs. force demonstrates both a linear and non-linear
positive relationship as illustrated in Figure 2. The linear response of the soleus'
and the non-linear respoﬁsev of the biceps brAchii have been attributed to the
hetérogeneous fib‘er compositio;m of the latter and the homoéeneous composﬁtion
of the former (Bigland-Ritchie, 1981 and Pagala, 1984). These relationships hold
under optimal congitions, but can change during fatigue, when motor units tend
to be activated éynchronously providing better efficiency at the expense of a
smooth pattern of force generation (Rau, 1985). The relationships may also vary

A~

when motor units of a common type are subjected to stimuli that promotes the

adoption of the characteristics of another fiber type (Edstrom and Grimby, 1988).

in order to confidently apply surface EMG to the study of muscle function
a greater understanding of the roles of the different motor units is needed. The
remainder of this review will concentrate on mechanisms that have been

postulated to regulate the course of skeletal muscle fatigue.

-



- r
postulated to regulate the course of sketgtal muscle fatigue.

The sites of muscle fatigue can ‘be divided into two. groups: (i) Those
processes that originate proximal td the motor unit termed centra/ fatigue, and
(ii) those sites that are peripheral ir{ origin and include all processes that involve

motor unit activity.

0.3 Central Fatigue

T

The ability of the CNS to maintain its drive to an active motor unit has
been questioned for as long as research into muscle fatigue has been conducted.
Unfortunately progress in this area has been limited because of the complex

nature of the CNS and the lack of technology developed to study it. One of the

I
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Figure 2. EMG/froce relationship for unfatigued soleus and bnceps muscle (Ref
Bigland-Ritchie, 1981).
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observation that an individual could produce more work shortjy. aftér' mental
arousal (in this case the mental arousal was an important lecture given byr(a
Mosso colleagu'e) than b'efore- suggested to Mosso that fatigue must be 'prlmarl‘rty
central. Seyeral yeabrs .Iater Asmunssen, also ‘interested in “central fatfn‘gue. set up
a series of expeFiments fo test Mosso’s h:ypothesis. Using a simple arm
ergograpI;, Asmunssen had subjects produce a series tof maximal contractions unfil
their force fell to zero. During a subsequent two mi»nute‘rest period one Qroup
of subjects sat still doing nothingn, while a second group of subjggs spent the
rest period performing some “diverting” activity (ie. reading). FoH'oWin’g' the rest
period, all of' the subjects conducted a second series of contractibﬁs on the
ergograpf. It was shown that more work Was’ done by the subjects who
performed diverting activity during the rest period than those who sat idle.
Similar conclusions* where extracted in a separate set of experiments where

Asmunssen had subjects exercise with their eyes closed followed by an

immediate open eyed bout, and vise versa. in. the condition where _the subjects

eyes were first closed then opened, 20-30% more work was performed compared

to if the procedures were reversed. Like Mosso, Asmunssen interpreted, these

results to suggest that the state of arousal of the CNS plays a major role in

the fatigueability of the neuromuscular system.

Alt‘hough the observations of Mosso and Asmunssen are interesting and
provide clues to a possible source of fatigue, a more rigid definition and
mechanistic explanation is needed to link a central element to muscle fatigue. In
more recent publicatio‘ﬁs (Bcigland-Ritchie, 1981) central fatigue has been
distinguished from peripheral with the use ‘of superimposed supramaximal nerve
stimulation. The concept is quite simple; if the loss in f‘ofce éf a given muscle,

that has been voluntarily activated, can be restored, or partially restored by a



» .

supramaxomai stimuiation of the /innervating nerve, then the recovered force must k

have a central origin (or at least an origin proximal to the point of stimulation).

L~ ' .
It also folioWs that the unrestored force ioss .must therefore be peripheral or

a

originate somewhere distal to the point of stimulation
4

Comparisons of. forces generated by volition and nerve stimulation have
\\ M
been done several times. It was originally thought that maxumal tension was not /
attainable through voluntary effort. This idea has been rejected since it has now
~ °4

been shown that most humarn muscie can be voluntarily activated to match the

tension induced by maximal nerve stimulation (Belanger and McComas, 1981, and

Bigland-Ritchie, 1979)

Data frrorl\n experiments comparing fatigue curves from voluntary effort ~and
maximal nerve stimulation has been confusin/g. Some studies (Grimby, 1981, and
Bigland -Ritchie, 1979) have shown that voluntary force falls faster than force
induced by maximal nerveLstimula\tion. This would suggest that there may be
some degree of failure of the motor drive to the muscie. However, it is difficuit
to separate whether this observation is due to central mechanisms or simply a
consequence of the stimulation protocol, since others (Bellemare ai}‘ld Garzaniti,

-
1988) have demonstrated no difference or «the opposite of the above findings. A
study by Bigland-Ritchie (1979) lead to the conclusion that failure of central
mechanisms was at least partly responsible for the loss of force observed
during MV(; of human quadriceps muscle. In this study Bigland;Ritchie observed .
that three of they nine subjects were able to restore some of the lost force if .

they were encouraged to apply an “extra effort". At the points of "extra effort”

both the EMé and force output showed a transient increase, with the increase in

' EMG_being quantitatively —higher. Furthermore, the subjects who demonstrated the

. "extra effort" also showed a more rapid decline in force output during voluntary

10



_effort than from stimulation of the femoral nerve. Based on these observations,

o

Bigland—Ritc;hi.é}/ concluded that ’the three - subjects ‘who produced “éxtr& e*foris"
showed signs: of‘ central fatigue. A closer iook at the ‘d:\ta}' however, reveals
several argumenté against their conclusio'ns. Firstly, the paper supplied sample
data from one of the "centrally" fatigueing subjects- and one of the other six
non-centrally fatigueiﬁg subjects. The ‘peak tension from the' former‘s'ubjbect
ap’péared significantly lower than that of the latter subject, and during the bolits
of lextra effort" the restored force produced was, at a few édints, greater than

-

. the intial values., This su.ggests that the three subjects were not sufrfering from
failure of central Qrive,, but rather from Iack ‘of experience in producing rﬁaximal
forces. This is supported by Bigland-Ritchie in a lafer publication (1984) were she
states that maximal voluntary contraction can only be sustained by well
motivated, trained subjects. The subjects in the 1979 study were not“ trained,
Grimby (1981), who origfnally found the same ‘"extra effort” pattern.'s" in a similar
s;udy, trained‘ a second‘ group of subjects and found that as the tréined level

3

increased the ability to produce "extra efforts" declined. This, and the appearance
of a longer duration of the EMG plateau phase with the "centrally" fatigueing
subjects suggests initial- failure of maximal activation rather a central fatigueing

process.

4

. Although the evidence in these and earlier étudie_s were not concluscijve in
demonstrating central failure, or for that matter a mechanism by which central
failure occurs, central precursors to fatigue can not be rejected. In facf, a
number of possibiliti'es have recently been postulatéd. The motor neurbns ‘receives
an extensive network of excitatory and inhibitory inputs from both the CNS and
the periphery (Brooks, 1986, Garland et a/, 1988, Suzukigf ‘a/. 19\88). -Afferent

feedback can originate from a number of peripheral receptors, which may include,

]
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pain, temperature, muscle- tensién and length, and féedback from the‘: cvhemica‘i
envir;)nment. Signals from some of fhese 'variabiie;“ are \feedback\ td thé CNS a;d
motor neuron‘poo'ls where théy theoretic‘alzly and in some casés experimentally
have been shown to influence motor .unit output (Enoka, ‘*1985;1 Bropks,; 1986;

Green, 1987, Asmuns% 1979; Garland, Garner, and McComas, 1988).

The feedback system; are particularly influential‘on the perception of effort,
which is important in maintaining MVC, as -demonstrated by Grimby '(1951) and
Bigland-Ritchie (1979). ’Subjecté that ﬂreceivﬁe visual feedback of force during
fatigueing exercise protocols are able sustain hig(her contractions for longer,
suggesting that their perception -of effort is distorted by ;eedback from

non-~visual information.

!

There is some evidence that corolla‘r'!y signals f‘orm the efferent signal-in
the higher brain.‘ centers are relayed towthe cerebellum and red nucleus wher\e
they may interface with afferent feedback’ from the periphery, and final efferent
outputs will be modulated accordingly (Brook_s, 1986, Enkoa, 1985, and Mathews,/
1977). Evidence to support modulation of the efferent signal from theii'nformati'on
extracted from the working muscle ha;s t;eeﬁ p‘rovided> in‘tendon v;bration ref~|¢x
studies (McClosky, 1987) \/ibrating a muscle tendon at:: 7high frequency (>100HZ),
selectively activates the la afferents eliciting a spinal reflex to the alpha motor
neurons. |f a subject supports a weight with the biceps at> a. constant joint angle,
over time fatigue will set in and the weight will feel incréasingly more difficult
to support. Appﬁcationof high frecjuency vibration to the agonist tendon induces
a spinal reflex facilitation, and the subject becomes less a'ware qf fatigue and
supports the weight longer. By rhoving the vibration to  the aritagonist tendon
(tricgps) an inhibitory signal is relayed to thé bikceps alpha motor neuron.

Consequently, to’ support the weight the efferent signal from the brain must be

12
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greater.\}n .,t'his ‘ca'se the perception of effort 'by the sub'ject is greater and the

weight is not supported as long (McClosky, 1978) The mechanism suggested here —

= @

is that the efferent signal from the higher brain centers is continuall

a

<

- well as- a mechanism of comparing this -signal with incoming information from

the muscles. Metabolic by-products of muscular activity that are capable of

’

crossing the blood brain barrier . may also effect the central - drive. Such
substances may include H* ions or NH, as Suggested by Mutch and Banister

(1983). ) ;
: ' f

Although’ these and the studies discussed earlier are not conclusive in

demonstrating a mechanism by which the CNS fatigues, if in fact it does, there

L]

is certainly enough evidence that merits —further research. However, progress on

this, topic will depend on a greater understanding of the CNS circuitry, which can
only be facilitated with significant technical advancements and the development

of a good animal model.

0.4 Peripherai Fatique ) : :

4
i, ‘
TN

Pefipheral inhib.ition in the neuromuscular 'system has attracted the most
research interest, with the bulk of the research concentrated on contréétﬁe faiture.
Fatigue related to this topic involve\ the metabolic, mechanical, and bbiochemiéal
events occurring within an active muscle distal to the endplate. All of the events
proximal to the sarcolemma up to .and including the motor a‘xoh are collectively
fermed transmission processes, and are the rr;ajor top;ié‘ of this paper to be

discussed in detail later.

to give the individual a perception of what is being sént, to the periphei’y as

y éiampled,f -
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.0.4. 7 Ciontragt/ le failure
- . . : \ _ .
. ] AN

The metabolic consequences: of muscular activity that have been correlated -

to muscular fatigue include; (i) changes in the energy: status of the cell, (i)

electrolyte shifts,- (iii) accumulation of contractile by-products, ahd (iv) structural

i

alterations of the fibre. } \

Energy from the hydrolysis of ATP ‘is  required ‘fo‘r operations of the

-
< - ) - -
excitation-contraction process,-as indicated by the large, number of ATPases -

present throughout the muscle cell. Consequently, ‘it foIIows,thai deplefion of
energy stores during muscular activity could -sighificantly inhibit for&ce’pr,odustion.
Measurement of [ATP], [phbsphocreatin], and [glycogen], do not correlate’well
with} high intensity fatigue, it is therefore agreed that: at least during short;term
maximal exercise, that energy depletion is not a primary source of force loss
| (Dawson, 1987, Salhin, 1983:' Hermansen, 198"1).‘ ATP utilization appears to be>the

more important consideration during fatigue. Accompanying the generation of

force is also the liberation of cellular by-Qproducts, including ihcreased le\}els of; -
H- ions, ADP, phosphates, and lactate, all of which correlate well with fatigue

(Dawson, 1978, and Hermansen, 1981). it is still debated as to whether these

\

by-products directly inhibit force 'generation, or are just 'a consequence of muscle

cell activity, Increased levels of lactate are readily demonstrated both in the

LS

-

blood and intracellularvly during fatigue, The residing hypothesis is tﬁhat the

-

apparent associated H* ion of lactate (the'” source of the H- ion during muscle

cell acidosis is not in agreement) inhibits ATPases important in “cross-bridging

and the 7subsequent relaxation (Donaldson, 1983, and Duchateau, 1987). Under

“normal resting conditions the intracellular pH is maintained at about 7.0 with the
help of intracellular buffering systems (Tibbits, 1987, Hermansen, Osnes, 1972, and

14
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Sahli,ri, 1983) and the Na* - H+ eXc'han'gfer.’ Dur‘i'ng’exercise. the intfac}ﬂulér pH has |

been estimated to fail to 6.4—6.&.' Thisr reductidn in. pH ',inhibitS,.‘,I‘he,' \ac,ti,\lity,‘,,df:;"l R
/ATPases responsible for cross-bridging during forcé generagjo&n';_.ﬁg.i well ,,!é_f,,,,,,,
‘inhibiim Ca regulation important for both co_n.tra‘ction and ré'lakf,__ltioh '(Sat;iin.
1983 and Donaldson, 1‘5:383). The relaxafion 'of' the muscle is primarilz'i;v.,_‘ a,)‘funct'lon'

of the intraceliular {Ca,’*_] which is détermined “b'y ‘the rate of r‘g,l_ea‘se and‘l
reuptake of Ca* by the SR ‘:(Belcastro', 1985, Tibbits, 1987;~Green, '1"9‘877, jand;
Dawson, 1978, 83). At a lower pH dur~ir?g exhaustive’ exercise 'Ca"'accur!'\xu!ati,on< m
isqlated SR 'preparations was depressed (Belcastro, 1985). There appvea;r‘s V‘to be
reasonab‘le agreement that acidosis is‘ related to. the fatigueing proceés;
particularly wifh respect to enzyme' activity, but there arer still some res'erva'tion-s

* s

as to the source of the H* ion and its exact role in fatigue.

High frequency stimulation of skeletal muscle has bee}m shown. to induce
considerable shifts in Na* and K* down their electrochemical ‘gr‘adients (V‘oliestad.'
1987). These shifts have been hyp(bthesized to leave the sarcolemgma“ less |
responsive to electrical stimulation r;ésulting in a red‘uced action Apotential'
amplitude (Jones, 1981 and Luttgau,41“965, Juei, 1988). If this is the casae,‘ other
intracellular membrane structures, sUch as the T—'tubule_s and ‘SR, may atso be
affected, which would theoretically upéet the excitation-cohtraction coupling . of: -

the fibre (Tibbits, 1987, and Vollestad, 1987). . .

P

A final concern in the area of contractile failure is whether or not

Y

structural changes in the muscle during exercise occurs. To test for morphological
abnormalities, muscles biopsies have been used (Sjostrom- and Friden, 1983). Data
from short term high. inte:hsit'y exercise, or from exercise L{mder ishemic o

conditions appe'ars to induce Z-band d“isorganiz‘atioh" (Sjostrom and Friden, 1983,

and Green, 1987), however it is difficdlt*to dembnstra:e if this has‘ any ° ,"'

'
)
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" G ‘ - o ‘ . .
o force generation, or if the structural damage is simply - a

conse’q‘uence of the biopsies.

correlation

- Since the primary topic of this paper is transmission failure, proper justice
[}

could not be paid to the vast amount of research on contractile fatigue. For

. .

more information on this topic excellent reviews have been presented by Green

~

e “17987, Vollestad 1988 and selected papers in Biochemical- symposiu’,m (1983).
A
- .
“'---\Q.,4.2 Transmission Failure _ | N

v

Although the bulk of research into muscle fatigue has been concentrated at
the muscle cell ‘level, metabolic changes have been unsatisfactory in providing a
complete explanation. Researchers thus shifted some their interests to more

proximal areas of the heuromuscular system. We have already delt with the CNS

<&

and discovered Vinsgfficient objective evidénce to support a. cenfral fatigueing
mechanism. The final area to consider is the link between the CNS and the

muscle cell. Thg motor . unit axon provides ‘the fimal path <for electrical

propagation of the efferent signal to muscle. Transmission of this signal is

dependant on a series of complex electrical and biochemical events’ that-.occur at

‘

‘the  NMJ. Failure of transmission mechahi»sms became a major topic of

investigation in the 1950’s subsequent to the classic works of Asmussen (1934)

and of Brown and-' Burns (1949).. ¢

The results of Asmussen’s (cit. Asmussen, 1979) study are schematically .

v

reproduced in figure 3. below. Using a lizard intercostal nerve-muscle preparation,

v

Asmussen . observed force changes in response to both direct (muscie) and

16



“(nerve) stimulation. Maximal tetanic- stimulation was - first applied to the nervfe and
maintained until the force “output fell to zero. ‘At that point the stimulus was
. . &
i N
immediately switched to the musclie fibre, at which time™a significant restoration

)

of force was observed (figure 3). The obvious conclusion of the day was that
somewhere between the point of nerve stimulation and the muscle fibre, failure
must of occurred that would account for the restored force seen during direct

stimulation. The NMJ seemed the most plausible site. Brown and Burns (1949)

o

conducted a similar but more comprehensive investigétion testing Assmunsens

findings. Using the cat soleus and tibialis anterior muscles they first made

CONTRACTILE
FAILURE
RESTORED NMJ FAILURE
FORCE
FORCE
RECORD ,
. T r'y :
. NER/E.STIM ’ -
. MAX NERVE. MAX MUSCLE STIM ,
ANIMAL NERVE MUSCLE PREPARATION
INDIRECT J

STIMULATION

DIRECT
STIMULATION

Figure 3. Re-drawn results of Assmunsens original observations of force response
to indirect and direct stimulation.(Ref. Assmunsen, 18789)
17 ,



they first made comparisons between direct and indirect stimulation. These tests

N
™~ A ]
revealed that with consistent voltq,ge and stimul

frequency peak tensions
were Achiéved with‘in 5%. HoWever, they reported t the decline in fbrce was
generally faster via ‘nerve stimulation. The latter observation was suggestive of
neuromuSculaf*block. The' preparatbns were then fatigu’ed both indirectly and

4

directly. At five second intervalsv along each of the fatigue -Icurves the stimulation
was quicklyA swit;‘:hed from indirect to direct, which showed the same
enhancement in force as Asmussen, and from direct to indifect, which resulted in
a decline - in force. From these results Brown and ‘Burns concluded that
.neuromuscular block regulariy occurs during nerve stimulation, but confused the
issue by stating that this block in no way was related to the force loss in
fatigue. Their, data provide evidencé‘ to sugéest the former conclusion, however,

they did not provide an adequate information to explain the uncoupling of

neuromuscular transmission from <force. = )

)

Before discussing the research “that followed from these studies, some

important characteristics of the neuromuscular junction will-be reviewed.

0.5 The Neuromuscular Junction

IS

Y .
The function of the NMJ .is to transfer the propagated action potential of

the motor nerve axon to the ashsorciated skeletal muscie fibre. Morphologically the

v

NMJ can be divided into two components: (i) the presynaptic terminal, which
synthesizes and secretes the contents of vesicles that contain the trransmitter,

acetylcholine (Ach), and (ii) the poétsynaptic terminal, whi¢h binds transmitter for

transduction of information. The " arrival of the motor neuron action potential

.
~

stimulates membrane-mediated processgs’ -to prdmote the migration of Ach

vesicles to active zones located at t distal portion of the_ presynaptic ‘terminal.

18
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Exocytosis of a single vesicle liberates a quantum of active-transmitter into the
cleft, which subséquently bind to Ach receptors (Ach-R) on the postsynaptic
membrane, facilitating end-plate depolarization and muscle contraction (Kandell and

SchWartz, 1983).

The postsynaptic membrane is characterized by the presence of numerous
folds, which bear crests occupied by Ach-R’s at an approximate density of
10,QOE) copies per square micron (Salpeter énd Loring, 1985). Deep within the
folds resides the membrane-bound enzyme acetylcholine esterase (Ach~E), which

functions to hydrolyze Ach to choline, making the latter available for reuptake by

the presynaptic terminal,

Biochemicai analysis shows Ach-R’s as beiné composed of four polypeptideA
subunits, termed alpha, beta, gamma, and delta (Salpeter and Loring, 1985). The
alpha subwnit contains two binding sites which bind both agonists (includiﬁg Ach)
and antagonists (such as alpha-neurotoxins) with high affinity. The details of the
binding- characteristics of the alpha subunit have been -greatly facilitated by the
use of alpha-neurotoxin: such as the’ alpha-bungarotoxin extracted from snake
venom. All subunits -of Ach-R’s completely span the membrane and together have
been hypothesized to form an iohic channel predominantly permeable to cations.
The opening and closing of theie channels is dependent upoAr’m:iAch binding. ‘Under
stimulated conditions. acetylcholine bind to Ach-R’s, ‘which promotes transient
channel opening and depolarization of the motor ehd plate. These end plate
potentials can be recorded at the NMJ by the use of KCL-filled microelectrodes.
Unde‘r resting conditions, smaller depolarizations can be observed as a result of
the occasional exocytotic discharge of the contents ;of a storage vesicle (Hess, et

\

a/, 1983). These small randomiy occurring depolarizations are known as mihiature

end-plate potentials (mepp) and are usually of a consistent amplitude, which -

19



supports the exocytotic mechanism of transmitter release. ‘lt has been estimated
that about 30 vesicles of transmitter must be released into to the cleft to
produce an epp which is above the threshold (typically 15mv ‘depolarization) for
the initiation of. an action potential in the skeletal muscle fibre (K;ndell and
Shwartz, 1983). Once the action potential has been initiated |t will propagate
along the surface of the sarcolemma and cross sectional through the transverse
tubules. Junctioned along the transverse tubules are membrane structures known
as sarcoplasmic cisternea, which when activated by the arrival of an action
potential liberate calcium that is important in promoting acto-rﬁyosin interaction

and skeletal muscie contraction. (Best and Taylor, 19886),

The mechanisms of channel - opening and closing have been difficult to
elucidate because the Ach receptors demonstrate desensitization under activated
conditions. Desensitization is a term that describes the observation that, the

- post-synaptic receptors lose thier response to Ach after relatively prolonged

exposure (Thesleff, 1959).

The anatomical and physpiological properties of the NMJ described /rirere_
stimulate speculation as to a number of areaé within the NMJ that may be
subject to failure. As such, both pre-synaptic and post-syna.ptic mechanisms have
been proposed. Rather than investigate these mechanisms in a chronological order
we will review tr'1e literature starting with studies dealing with the motor axon

and work distal to the sarcolemma.
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0.5 Animal Studies . .

.

13

The rmotor axon is unlikely to fail during activation since isolated nerve
preparations can last through several hours of:stimulation under normal conditions

(Krnjevic and Miledi, 1958). Hov\vever, Krnjevic and Miledi (1958) found that nerve

o

axons innervating the mouse dqiaphram\ were sensitive to temperature changes
(both' cooling and heating) and hypoxia, conditions that rﬁight prevail as the distal
portions of the axon enters the muscle fasciulus. The portion of the motor axon
that has shown potential to fail are the bifurcation points which divide the axon
to inneﬁr\{ate different m-usc.!e fibres., Evidence to support this hypothesis was
first presented by Krnjevic and Miledi (1958, 1959) in experiments using rat
phrenic nerve-diaphram preparations stimulated via the nerve at frequencies

between 10-50/s. Recordings of endplate potentials (e.p.p.) from two endplates of

the same motor unit showed asyncronous failure of e.p.p.’s. They rejected a lack

of Ach production based on unpublished data and hypothesized branch: point

failure. Hatt and Smith (1976) directly addressed this hypothesis by stimulating a

crayfish opener nerve-muscle preparation, Two observations from this study.

convincingly supported branch point failure. Firstly, the nerve was stimulated at

.

30 Hz while compound action potentials \X/ere recorded from the axon distal to
the point of stimulation. After a period of activation the compound action
potential was shown to reduce in size, with the magnitude of the fedhction
correlating to the amplitude of a single nerve’action potential. Secondly, when

the recording electrodes were moved to an area very <close to the nerve

terminal, where excitatory nerve terminal potentials (ENTP’s) were record;;d.m\it\‘was'

observed that 4 of 11 ENTP’s of a common motor unit failed in response to \\th\_e

same stimulus. The conclusion was that action potentials failed to be propagated

J g §



down certain axons subsequent to bifurcation. Recording -from the pre-synaptic
terminal allowed Hatt and Smith to eliminate failure of more distal processes,

which Krnjevic and Miledi (1958) where unable to do rei':ording from the endplate.

- The ability of the nerve terminal .to maintain adequate output of Ach has
been a topic of discussion in many papers, however, the .number of studies
actually conducted to test the integrity of this system have been few. This has

been primarily a result of the difficulty in measuring changés in Ach

concentrations during repetitive activiiy. Krnjevic and Mitchell (1961) attempted to

monitor Ach release from the rat diaphram in response to phrenic nerve
stimﬁlation. Their results demonstrated that d(Jring high frequency stimulation Ach
levels were depressed. However, their findings were based on biq assay.s that
showed high degrees of variability (+ 20%'to + 50%), as well, these assays
relied on assumptions that may not be acceptable today. The Ach that was
assayed was extracted from the bathing solution which’ likely did not contain Ach
as its\ only active ingredient, since anticholinesterases and 'curare were used.
Furthermore, the Ach extractant can only represent the Ach concentration liberated
by a mass group of active terminais. To confidently be able to determine that
the -observed reduction in Ach was due to a reduction in the synthesis and
release of Ach, information from single axon terminals must be evaluated. BReoks
and Thies (‘1962) isolatedf,’single axon terminals of guinea pig serratus muscle
using intracellular microelectrodes implanted into the endplate. Ach release per

impulse was estimated by the analysis of the coefficient of variation of a

\’\sgries of e.p.p. amplitudes. Their results agreed with Krnjevic and \Mitchell (1961)

—~—

that Ach release was depressed in response to nerve stimulatibn, and the
depression was of greater magnitude when the rate of stimulation was high. The
same conclusions were reported by Eilmqvist and Quastel (1965) in which e.p.p.’s

' | S
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were recorded from human intercostal muscle :in response to nert/e stimulation.
Calculation of Ach changes was similarly derived from theﬁ variance in .p.p.
amplitude. While this method of analysis demonstrated a reduction in the
amplitude of the e.p.p.’s for both the above studies, it does not necessarily
reflect a problem with synthesis and release of Ach. Qther meéh'anistns that
in\tol've the fate of Ach in the synaptic cleft and changes in the properties of

LN

the postsynaptic membrane must be considered.

Once Ach is released into the synaptié cleft it has essentially three Wfates;
(i) it can diffuse - into the extracellular medium, (ii) it can bind to the
postsynaptic mtambrane for the production of e.p.hp.’s, or (iii)y it can be brok‘env
down into acetyl CoA and choline by membrane bound cholinesterases. each of
these processes are regulated by rate constants as reported by Kordas (1972). By
first using a computer mode! Korgjas was able to'v alter a simulated endplate
current through manipulation of the rate constants. He then applied - this principarlﬂt,
to a sciatic nerve-sartorius muscle of th;\txog by inhibiting cholinesterase with
prostigmine, -aIIowivng a greater amount of Atch to teside in the cleft. This
procedure resulted in the prolongation of thé‘ faJting phase of endplate currents,
and since e.p.p.’s are graded potentials the probability of témporal summa.tion is

enhanced. Translated this suggests that Ach may be limiting and by increasing

the amount of available Ach the probability of producing a muscle action

)

potential is greater. These data, however, may not be directly relevant to fatigUg
since the study was not designed to i‘nvestig?te fati'g'l)e mechanisms, and tf;e
stimulation protocol was not present in the methods. Nontheless it provides
some insight into the affects anticholinesterases have on transmission, which will

be discussed later.
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It was mentioned earlier that even if an Ach molecule remains bound to a
post-synaptic receptor the ion channel will not remain open. This was termed
desensitization, If this process exists then it is possible that the reduction of

- <

the e.p.p.’s observed by Krnjevic and Miledi (1958, 69), Brooks "and Thies (1961)

N

and Elmqvist and Quastel (1965) may have resuited from desensitization of the.

motor endplate. Thesleff (1959) investigated this speculation with stimuiation of
the; isolated phrenic-d'iaphram preparatibn of the ratv. "The  preparation
iontophoreéicav‘lly) received applications of known doses of Ach. After a period of
high frequency stimulation (30-60 Hz) the response of the preparation to the test
dose of Ach was greatly reduced compared to pre~stimulation trials, suggesting
that the diaphram became less sensitive to Ach. Further : work .relating

desensitization to transmission failure has not, to my knowledge, been published.

jn Krnjeivihc and Miledi’s 1958 study on the mouse diaphram the e.p.p.’s were
shown to decrease in amplitude, as well ’a.ls drop out completely in response to
high frequency stimulation of the phrenic nerve. Recording electrodes were also
implanted into the sarcolemma qf the muscle fibres, where it was observed that
the action potential threshold in::eased during stimulation. The combinétion of a
reduced e.p.p. and an increased threshold make it increasingly difficult to initiate
a muscle action potent'al. Thus the ability of the sarcolemma to initiate 'and
maintain the muscle action potential has been questioned. It is well known that
the certain characteristics of the muscle action potential change with stimulation
- of isolated preparat§ons, as well as in humans during both wvoluntary and
non=-voluntary contraction. During repetitive stimulation of a single motor unit, the
action potential becomes distorted in shape, having a smaller amplitude -and a
broader time base (Sandercock, et a/ 1985, Clamann and Robinson, 1985, Hatt and

Smith, 1976, Juel, 1988). This may be due to a reduction in the conduction
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velocity —of the action potential = (Bigland-Ritchie, 1981, Juel, 1988. Qnd

Milner-brown and Miller, 1986), a downward shift- in the power zspectrum"

(Viitasalo and Komi, 1977), and the environmental conditions'of the muscle fibrés
(Krnjevic, 1958, and Luttgau, 1965). The latter was investigated by Luftgau (1965)
in ‘which action potehfglé were recorded from the semitendir;nsusv and\the
iliofibularlis\of Engl’i'sh frogs. Again, high frequencyvystimglgti;n'(as' oppos\ed to
low frequéncy stimulation) induced changes in the wave form of the individual
action‘ potentials, which was followed 'by the complete drop-out of somé
impulses entirely. When gfycolysis and oxidative vrr;etabolism were blocked using
sodium cyanide and iodoracetate limiting the productioﬁ of metabolic bly-prbducts.
the sarcolemma showed little action potential fatigure and responded more like a
nerve (Luttgau, 1965). This study suggt;sted that fatigue of the action pdtentlal is
a 'consequence of }metabolic reactions*asso'ciated with muscle *contraction. |f ghe
sarcolemma fails to produce action potentials the force generating capacity ‘of

N

the the muscle is halted.

it is «clear from the above discussion that both pre-synéptic and
post-synaptic events fail during high frequency repetitive stimulation, The

questions that remain are; Do the same . events fail during voluntary activity in

animals?, and is transmission failure occurring in humans during either voluntary |

exercise or through stimulation?. Experiments to elucidate the former have not

been challienged, probably because experimentation of this nature would be

éxtrernely difficult in animals. Studies to investigate the the second guestion

have been attempted several times since the early 1950’s with limited success.

The major probiem that has inhibited  successful study of neuromuscular

transmission in humans, has been the difficulty in observing and quanfifying -any

change that occurs within the NMJ during muscular activity. Introduced earlier
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- was electromyography, which has proviqed the only tool for the study of
neuromuscuiar transmission. This technique, whether it’s being recorded from the
surface - of the muscle or from indwelling electrodes, ‘ yields very limited

3

information about activity at the NMJ, and in no way can mechanisms be

derived from its analysis. Nonetheléss electromyography . ltands as the only

method available for nonrinvasive study of neuromuscular transmission. .

0.5.2 Human Studies

One of the first to employ electromyography for the study of muscle
fatigue was Merton in 1954. The st.udy involved human subjects who had their
wrists supported in a special apparatus that isolated the adductor polli‘cis mu,scie
of the hand. Maximal static effort of the adductor pollicis was sustained for
about two minutes, while single maximal shocks were applied to the ulnar nerve
throughout the-cogrse of fatigue. Merton observed that as force fell thé
superimposed nerve shocks were unable ‘to restore any of‘ the: lost force.
~Furthermore the EMG records (M-wave) did not reveal any evidence of electrical
failure. These data led to the conclusion that th‘e céntral drive and the
neuromuscular junction maintain normal function, and-\that the force generating
gcapacity during fatigue s Iimit{ed”’Bry'/ failure of eventg peraipher'alr to " the
sarcolemma. Mertons conc/td/s;i(;ns were chaHenged( several years later by Stevens
and Taylor (1972) in a similar . experiment using the first dorsal interosseods
" muscle of the hand. Their experiments .resolved two phases of -fatigue; t’r% first,

lasting about one minute, where the tension and EMG fell in parallel; and a

second phase subsequent to this, where the force fell much faster than EMG.
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The M-wave amplitude was shown to be reduced by  65%, with the bu’lit of this
reduction occurring during the‘ first ph.ase of fatigue. These finding were
inferpréted to suggest that during the - first phaser of fatigue, failure 6f
_Neuromuscular transmission was resp;onsible for the force loss, while contracti‘le,‘
mechanidms were responsible during the second phése. m\ms they postulatedj

that since high threshold FF units generate the greatest peak tensionswand fatigue
N N

first, that these units are more li ly to demonstrate to transmission failure than
the S-type units, This view has been ‘ghared by others (Pagala, 1§86¢KClbamann.
1985, Enoka, 1985, Kugelberg and _Lindegren. 1979, and Grimby, et al, 1981) who

have observed transmission failure in stimulation experiments on animal FF-units.

Furthermore, these units respond to high frequency rarctivation, and it has a‘lready

been disclosed from invitro studies discussed earlier, that a prerequisite for
transmission failure aré high rates of stimulation (Krnjevic, 1959). Whether FF-type
units in humans demonstrate different patterns of electrical failure than S-type
units cannot be resolved by previously completed experiments. since the data
forrm‘ these studies have been extracted from. muécles of ’the hand, which are

predominantly of S-type composition.

The conflicting evidence presented by' Merton (1954) and Stevens and Taylor
(1972) was addressed by Bigland-Ritchie (1982) in an exper.irﬁent in which the
protocols of both authors were repeated on the adductor pollicis and the first
dorsal ir;terosseous muscles. The results of ihis, experimeg\\agreed wi;h the
findings of" Merton (1954) demonstrating that for both muscl\es ‘there was a
30-50% reduction in tension that was not accompanied‘ by any decii‘ne in -the
M-wave, Theré was, however, a diéagreement Vbetween Bigland-Ritchie's data and .
those of Stbvens and Taylor, which"aﬁbears to stem from the difference in

methods used to analyze changes in the M-wave, Bigland-Ritchie used four
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methods to monitor the M-wave (i) the peak to peak amplitude; (ii) the total

- }

area above and below the |soelectrnc hne, (iii) the area of the first half of the

wave only; and (lv) the area over.a specnflc ttme mterval of .the M-wave, WhICh

was - the method used by Stevens and Taylor (1972) The peak to peak amplltude

was observed to dechne Wlth fatigue, however, it was discovered by

_Bigland-Ritchie that if the stlmulatmg electrodes were moved S|Ight|y there was

no  reduction otpserved, suggestmg that the detcline in amplitude probably ’resulted-.‘

from electrode shifts over the course of exercise. This discrepancy could have

a4

been avoided if ‘Big'vland-Ritchie used higher stimulation voltages, since it s

questionable whether supramaximal levels were reached. They stimulated the uinar
e ,

nerve up to 75 volts, while Stevens and Taylor used much higher voltages of up

to 400 volts. - At such high - Voltages small shifts in - the stimulating ‘electrode

would not likely affect M-wave amplitude. Biglanrd-Ritch‘ie also only stimulated

.
@ -

the preparation with single shocks, while Stevens and Taylor applied two pulses

20 ms apart. Stevens and Tay|ot used the second pulse to analyze the M-wave,

Q s

thus their results may not be directlyL comparable ‘to Bigland-Ritchie’s, since the

first lpulse effects the output of thé, second pulsé, (Burke, 1976). The other

L4

methods Bigland-Ritchie é&ad to analyze the ’M—wave showed no chan,ges‘ in the

~

whole or half wave areas, but when the method of Stevens and ‘Taylor was used

a similar reduction in the M-wave was observed. Bigland-Ritchie concluded,

AN

hdwaver, that the method of Stevens: and Taylor ne;glects to"’ account"for th‘e’
slowing of conduction ve'locity‘ of th’e l;a'ction potential that s known to oeccur
during repetitive activation (Milner-Brown'and Miller, 1986). The action potentlial
becomes flatter; and thus ther,area ‘between the two defined points in tim’ve wilt )
become smaller. This reduc—titm, therefore, can only be attributed to changes in

the appearance of the action potential and whether or not these changes reflect

failure of transmission cannot be answered with those data. Intramuscular
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recordings from single motor units of the cadductor pollicis (Bigland—Ritchie. 1982),

however, showed more reliably that the spike ‘area was maintained during 60

seconds of contraction. Therefore the study presented by Bigland-Ritchie. (1982)

suppoerted the findings of Merton (1954), but did not aHequately reject the work

of Stevens and Taylor (1972).  Since Bigland-Rvitchie’s 1982 study others have

~investigated the same problem. Kukulkia, Russell, and Moore (1986) }OUnd that the

M-wave area was maintained for up to three minutes of maximal exercise of the

human soleus, despite a 30% reduction in tension. In 1988, however, Bellemare

A

and Garzaniti é'onducted'ma well controlled study that involved maximal exercise‘of
the adductor pollicis. This étudy demonstrated that the decrease in tension and
EMG that naturally “occurs during fatigue was also accompanied by a parallel
decrease in the M-wave amplitude.

it

The question of whether failure of neuromuscular transmission occurs in

fatigueing exercise still clearly remains unresolved. Further research is warranted

by the fact that failure of both pre-synaptic and postsynaptic events have been
well correlated to force loss in isolated nerve-muscle preparations in animals.
More importantly, however, it has been shown that certain disorders that affect

neuromuscular transmission led to symptoms similar .o exercise~induced fatiguse.

Historically, the analysis and understanding of\,_pathological conditions have often

led to a better understanding of the normal functioning of physiological systems.

Of particular interest to trhis study is the disease\ ‘myasthenia gravis (MG). This

disease is an autoimmune disbrder of the NMJ in which antibodies are directed

against Ach-R’s of skeletal muscle resulting in symptoms of weakness and easy

fatiguability. In some cases the disease only affects the extraocular muscles, in
{ ' ¢

twhich case it is termed %g’cular MG", but most individuals have a wid-e-ipread

set of symptoms, and are said to have "generalized MGr" (Seybold, 1983).

N’
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'Orrginally patients who demonstra‘ted the classic 'symptoms‘of myaethenia

ey

:& v,

gravis were 'dlagnosed with the- 'aftti»chélihe’s"teras—e,f,neos,t,igm,ine, a drug that

produced seyﬁerai tincomfortable srde effects Iastrr\g up to a several hours (Flake,

1973). In 1952, however, Kermit and Kaphn mtroduced a new Tapid dragnostrc test

.
-

for MG by intravenously injecting edrophonlum chloride (tensulon) Within one

minute of lnjeCtIOﬂ t;ns drug provided. transientalleviation .(5-10 mm) of fatigue
9 -

in people with MG T}‘ns ebservatron provrdes ~an alternative approach to _the

'investigation of neuromuscular, transmrss‘ron in normal humans.' The - ,studles

o 8

T

dis‘cussedﬁ_ earlier have relied on “the analysis of surface EMG to indirectly

monitor transrhission,?bhich has proven suspect to many uncertamtaes The use

of Tedrophonium chlqride pr'ovides‘nai more direct metnod of4 investigation -.of

“transmission by allowing the researcher to alter Ach’levels  in the cleft of the

NMJ. Furthermore the short half life and easy application’u«‘of edrophonium renders

°

this drug suitable for experiment on exercising humans.

1

In skeletal .muscle, the manifestations of MG are similar to those of fatigue

induced by, exercise. This disorder ‘of the';'NrMJ is successfquy treated wuth

anti-cholinesterases, therefore it can be predicted that if -fatigue is deIayed by

edrophonium chloride, NMJ failure is'ia likely cause of exercise-induced fatigue.

N

Two experiments were designed to in‘vestiga"te\’ this prediction. The first

N
\\

experiment tested the effects of edrophonium - chlé‘r'rd_e on force loss and

S ' ‘ S
electrical failure that accompany fatigue from maximal viS\luntary effort (both

o

dynamic and static exercise) of the knee extensors. The second experiment

. Vo
followed essentrally the same exercise protocol however, prror to the actual drug

- \

tests the subjects were pre-fatrgued such that they were unable to prpduce thenr ro

absolute peak tensions. This .is a symptom that is experienced by the myasthenici

L3

patient, thus experiment two was designed to test the effects of edrophonium

»
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chioride under conditions tnhat somewhat simulate MG.

¥,
4

— . Edrophonium acts -as an anticholinesterase, that when injected will promote

an acute enhancement of -ACh in the cleft of the NMJ (Seybold, 198.3. and Katz,

N., 1967), and hence increase .the probability of ACh~R binding. This ,d{rug is a
synthetic quaternary ammonium ion (shown i figure 4) that reversibly attaches to
the anionic site of the cholinesterase molecule. Cholinesterases are not only

found at the NMJ, but are wide g?)read throughout the abdominal yisaara and

organ systems associated with ACh-R’s, termed muscarinic receptors. These -

receptors function to mediate signals from the parasympathetic nervous system

and differ in some of the Ubinding characteristics associated with the skeletal

muscle . nicotinic receptors (Kandell and . Shwartz, 1983). As with the nicotinic
i o . . l i A Lo

receptors, edrophonium chleoride enhances muscarinic receptor activity, however

with activation of the latter a variety of autonomic physiological responses

follow. These may include; nausea, vomiting, diarrhea, miosis, excessive salivation

dfophonium

et
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sweating, increased bronchial secretions, abdominal cramps, hypotension, and

Abradycardia. These side effects may cause discomfort in some tsubjects, as well

as reduce the reliability of the double blind nature of this ‘study. Under clinical\
. / -

diagnosfic’ conditions patient dis::dnﬁfort IS usually minimal and the synergistic
injectionf of a muscarinic antidote is sel;jom required (Roche, 1986, Ojer, 1986,
and Cronrnely, 1982). However, for the purposes of this experiment, the: muscarinic
biocker atropine will be injected in 'small dosés along with edrophonium. Atropine
will block a!l parasympathomimetic side‘ effects induced by‘edvrophonium,,‘_and

although it will provide a good control, it is also accompanied by side effects.
A .

The adverse effects of atropine are of an anti-parasympathetic nature and are

- . ) \

dose related: with 0.5 mg, slight cardiac- slowing, some dryness of the mouth,

and inhibition of sweating may be noticed; at 1.0 mg, drynéss of the mouth,
N ' 4

thirst, increased heart rate and mild

s ~

pupillary dialation are common; and above 2-

mg, the above responses' are potentiated and may also be "accompanied by

difficulty in micturition, flushed skin, blurred vision, reduced intestinal peristalsis,

headaches, and restlessnessl(Weiner, 1985'). With the use of atropine and by .
knowing that edrophonium does not cross the blood brain barrier, the assumption

of fhié experiment will be that any drug effect of edrophonium will be at

nicotinic sites.
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HYPOTHESES
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0.6 Experiment one

The purpose of experiment one was to investigate the effects ‘of
ed/womun chlornde on force loss ;nd electrical failure during fattguemg exrelifcnse?
of the knee extensors. Four force variables and one EMG variable were of
statisti'cvalkinterest to this study. With respect to force, the following predictions
were forwarded:.
1. The time to onset of fatigue (TTQO), defined as the time to 9% MVC, will
be prolonged ‘with the administration of edrophonium chloride. |
2. The time to fatigue (TTF), defined as the time to 55% MVC for dynamic

exercise and 60% MVC for static exercise, will also‘ be prolonged with the

administration of edrophonium chloride.

3.  For -the final force -anatysis "a common time between the drug and control
was chosen (the actual time being the maximal-létency common :to both
conditions), and the percent MVC at that_specific time will be compared
(TS%MVC). It is hypothesi;ed that the TS%MVC would be higher as a result

#

of administration of edrophonium chloride.

%

To produce force, an EMG signal must be present; however, to observe an EMG

signal does not req‘u’fi'ke ‘the production of force. From this we postulated two

outcomes for the EMG:
1. Edrophonium chioride will increase the overall integrated surface@ﬁ values,

and if t and/or 2 above are true, theh transmission failure is a likely

mechanism in fatigue. e

2. If 1 and . 2 above are Trejected and edl:bbhon-ium chloride increases EMG

activity then transmission failure is unlikely and fatigue is likely. to involve
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mechanisms distal to the sarcolemma.

0.7 Experiment two

Experiment two was designed to simulate one symptom of the

/

neuromuscular disorder myasthenia gravis-the inability to produce absolute

maximal tension through maximal effort. Statistical analysis was completed on

the same variables_as in experiment one, thus the hypotheses of experiment one
also apply to experiment two. The primary question to be answered in
experiment two is, whether or not edrophonium chloride restores the ability to
Achieve maxli,ma,l tension in pre-fatigued muscle. Wé’ hypotheqsize that edrophonium
will ‘restore peak tensions to- values that are significantly higher than the coﬁtrols

4
and are comparable to the peak tensions of experiment one.
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PART C

'EXPERIMENT ONE
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0.8 Methods

=

12 male volunteer subjects were paid to participate in this study subsequaht

_to medical approval as determined by D. Hedges, M.D. Medical approval consisted

p

of a questionnaire, an

=

examination and a test injection for sensitivity to

edrophonium chioride. Informed consent was obtained, after which the subjects
\’\ -

where trained to perform both- static and dynamic exercise with the quadriceps

muscie using a Cybex knee extension/flexion mAchine. For the. experimental trials,

edrophonium chloride and atropine sulphate, or atropine sulphate. alone (control)

was administered intravenously in a randomized, double=blind fashion to

investigate the effects of the former drug on force output"an%l IEMG.

0.8.1 Apparatus

All exercise conditions were ‘carried out on a Cybex Il Isokinetic

, ‘ 3 7
Dyanometer (Lumex Inc., Cybex Division, New York). This mAchine was chosen

‘because of its versatility in providing measures of muscular output at

pre-selected controlled velocities .ranging from zero degrees/s (static contraction)

to over 200 degrees/s (dynamic contraction). Furthermore, for the purposes of

‘this study ‘the Cybex ié ideal for testing an individual’s repeated ability to

sustain high levels of muscular performance. It was recognized that -the reliability
*»

- of the Cybex has been questioned (Johnson and and Siegel, 1978; Winter, D., et

al, 1981; and Murray and Harrison, 1986) since several errors may be introduced
.0' .
when assessment of absolute muscle function is -required. The major errors of

concern are in; calibration, signal filterization, and inertial and gravitational
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corrections. These errors present a problem if calculation of the "real” muscle
forces, power and work are to be analyzed. Ho}we‘ver, in the present study,
fatigue waé monitored simply as a function of the relative chanée in force
m'erasured .over time. The force recording represents the total force applied by
-

the subject against the lever arm, and since the subjects performed repeated

measures where the mechanical errors are the same for all conditions, the Cybex -

_provided a reliable assessment of the drug 4effect.

The force output was converted from mechanical torque applied at the lever
arm to an electrical signal which was recorded on a Cybex Il Dual-Channel Pen
recorder. Calibration procedures were carried out at gain settings of 180 and 360

ft-ibs/full scale deflection (paper speed at 5 mm/second). as described in the

Cybex manual.

[

With the padded Cybex chair fuily Yeclined and the subjects in the - supine
position, the right leg was oriented for knee extension and flexion. The natural
axi>s_of the knee joint and the mechanical axis of the Cybex lever arm was

aligned such that the lateral condyle of the femur corresponded with the center

of the lever arm axis. A constant lever arm distance was provided by

positioning a padded velcro strap exactly 34 cm from the axis of rotation to the

center of the pad support bar. Additional straps were secured around fhe thigh,

!

. waist and shoulder to provide support for those regions and to ensur/é optimal

isolation, of the quadriceps. |

Both edrophonium chioride and atropine sulphate affect cardiac ﬁ)nction. thus
/

1S Wwas necessary to monitor heart rate for the duration of all dﬁhg trials. The
electrocardiogram was set up in the traditional triaxial reference éystem,- with a

ground electrode positioned over the inferior surface of the right scapula, a

positive lead placed over the lateral surface of the left lower chest and .a

o
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negative lead placed over the lateral surface of the right chest. In addifion to
monitoring. heart rate D. Hedges, M.D., was always present in case of a medical

emergency.

Muscle electrical activity was monitored over two éregs of the driceps,
the vastus'latera.lis and the rectu"s'femoris. Two sites were chosen primarily to
provide a greater index of the overall electrical activity of the fatiguing
quadriceps muécle. The electrical activity was recorded with Silver-silver chloride
electrodes pilaced 5 cm apart over the approrximate motor areas of -the vastus
lateralis and rectus femoris. To Achieve minimal resistance. the skin was shaved,
nscrubbed with isopropanol, and received an application of conduction jelly. After
the first Vexercise trial was completed, the skin was marked with water resistant
ink so that during successive trials, the electrodgs were positioned in the exact
same place. Excess 60 Hz line noise was eliminated with e; large ground
electrode, constructed of wire wrapped with gauze, soaked in a saline solution

and secured to the exercising leg just above the cailf.

The EMG signal from both muscle groups were amplified independently
through two differential microelectrode preamplifiers (model P15,7Grass Medical
Instruments, Quincy, Mass., U.S.A.) These amplifiers are equipped with a high;,
input impedance and low noj\se (typicalty 5 microvolts over a bandwidth of 0.1
to 300 Hz), a maximal gain of 1000, and a frequency response of 0.1 - B50KHz.

For these experiments. ampiification was set at 100 times, and the frequency

cutoffs at 30 and 3000 Hz. Prior to each test three calibration signals of 1 mV =

were collected from the preamplifiers.

The amplified EMG was then split, with one BNC lead attAched to a dual
beam oscilloscope (Tektronic t921) for verification of a clean EMG signal, while

a second lead was relayed to a portable instrumentation FM tape recorder (model .
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Pi-6200) for stdfage of a hard copy of the analog signal. The specifications of

s
b .

' this recorder -were ‘adequate for these ekperiments having ‘an input impedance of

50k 5hms or greater, ‘a frequency ‘res;‘)ons/e., of B5Hz-1000Hz at a tape speed of

S _—

"
T

3.75 ips, and a signal to noise ratio of 38 db (Precision instrumen/t/ anual 3170.

Porter drive, Palo Alto, California). T

P

- »

After all data colleétion was complete the 7inforrr‘1ation saved on the tapes
were then 'AC filtered and rectified (rembviné DC bias) and subsequently
digaitized.’The digvitizati’ori,p_rocgs;s was co'rnpieted through an IBM A/D conversion
unit, whichf; required specific program modifications (Rob Taylor, 1988) of IBM
labpac (seé appendix‘for program detéils). The program was designed 4t<'> sample
the analogué signal at a‘ freciﬁeﬁc'y;‘of'SOOHz which, avoids aliasing of EMG
signais up to 250Hz. For data extracted from the dynamic trials, the computer
was programed to((s,ave “information only during the extension phase. This was
accomplished by setting a trigger level that was ‘sensitive to changes in EMG
amplitude above basal levels. We were confident that the digitizati;)n process
was accurately extracting only the extension phase of EMG since we
simuitaneously received visual feedback of the EMG from an oscilioscope, which

was synchronized with the collection cues visible on the computer screen. Audio

feedback from the tape recorded could also be used from varification of proper —

computer synchronization. Reliability tests were also performed, in which the data
were sampled four times over the same section of tape. The results of thes

triais can be found in 'Figure 6 in the appendix. For the static trials the

computer saved one second samples- every two .seconds. .The details of the

program design for this procedure can also be found in the appendix. After the
data were digitized the computer integrated each extension phase of the dynamic

trials, and the one second segments of the static trials.
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Figure 5. Schematic representation of experimental set-up.
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0.8.2 Experimental Protocol _

R 1 L ’ : . . .
The majority of studies that have been conducted to investigate fatigue

-
®

have presented results that are specific for isometric contraction only. From

H

]

these studies gen/ei"arlized statements regarding muscle fatigue must be taken with
caution since unde:' normal physio!dgical co;ditiéns during mév‘ement; static
muscular contractions - are rarely obsérved. The obvious concern betweeh static
and dynamic exercise that would effect thé course of fatigue is the lack of
blood fllowrto the muscie that accompanies isometric contractions. This lack of
perfusion will likely lead to a greater build~up of contractile “by-products, a's
well as increase the oxygen debt, compared to( dynamic contraction where blood
flow is not lir’hiting. Since bott\ the lack of oxygen and the build-up of
metabolic wastes are known to have detrimental effects on ‘muscle function (
Stevens and Taylor, 1972 and Belcastro, 1985), the course of fatigue is likely to
differ significantly between static and dynamic contractions. Furthermore, the
patterns of motor unit firing differs,' with the dynamic . contraction .sﬁowing a
cyclic pattern, while a constant firing pattern is requiredV io maintéin tetany
during static contractions. From these observations we feel that if gener'alized
conclusions of muscle fatigue are 'Eo be made both dynamic and stautic' conditions
should be  considered. Consequently, dufing our experiments both dyna‘mic and

-

static exercise protocols will be followed. R

An endurance protocol (Cybex testing protocol, Lumex lnc.,i 1975) has been
designed for the Cybex to quantify muscular fatigue durir;g repetitive, maximal
contractions., For the dynamic éondition an angular velocity of 180 degrees/s was
selected because it provided maximal dynamic fjeedom without challenging the

accura‘&\( of the Cybex at its upper most limit of 200 degrees/s. Furthermore, in
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a report by Johnson and Siegel (1978) on the reliability of isokinetic " rhovement

of the knee extensors at 180 degrees/s correlatton coeffuc:ents ranging

/

.93-.99 were demonstrated between trials over a § day pbmod Also, Barnes
(1981) compared isokinetic fatigue curves .;at different angular velocities, and :
demonstrated that at high angular velocities (b'etween 150-300 degrees/s) gubjectj

- S,

fatigue more rapidly.

N

The angular displacement of the leg ddring the dynamic “exercise -ranged

from a 90 degree joint angle to OVdegrees when the leg is fully extended. The

ad - -~ B >

full range of motion was ensured by having the subject make contact wlth- a
board that was adjusted in front of the subject at a height corresponding "to the "

extended leg position. This also helped ‘to maintain the subject’s motivatton for

maximal contraction, as the subject was encouraged to kick the board with-

maximal effort. _ , : - _ %

‘ /

each subject performed three practice . trials to become accustomed to the “

feel of the accommodating resistance provided by the Cybex These trials lasted

45s with two minute rest periods between triale. During the expe‘rimentalt/tri‘als, i
which were conducted on separdte days, the subjects' performed' one set ofiw
maximal reciprocal contractions until his force outp’ut‘had fallen to ‘55% of the
starting valde. This level of fatigue was chosen because™ it was a value reached

within a reasonable time period (30-60s) as well it was a level that minimized -

subject discomfort that was associated at higher fatigued states. :

N
For the isometric condition'the subject was positioned on the Cybex
mAchine with the joint angle about the exercising knee at 120 degrees and the
. angular velocity of the speed 4se|ector unit set to zero. - At this joirtt angle

Murray et a/ (1977) demonstrated that the highest isometric torquee could be

Achieved, as compared to other joint angle over a 90 degree range
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The subjects also performed three static bractice trials prior to the drug

e, .

testing. These were conducted on the same day as the practice sessions for the

dyn-a’mic condition, End _éons'rs{red, of three MVC’s also lasting 455 with';‘ two

minute rest periods between trials. Under .experimental conditions: the subject

o

performed a maximg'\l voluntary static contraction until the force Qutput had

decreased_-by 40% Preliminary testing revealed that the fatigue was slower’ during‘

&

. » .
. static exercise, as well the subjects reported greater discomfort. For ‘these

reasons the fatigue index differed slightly between dynamic and static exercise. .

On the day < of the experiments, .testing commenced after the

electr,oc,arc':liogrbam and eiectromyogram electrodes were in place and normal

-

‘recordings- were observed. All drugs were administered by iniravenous injection in

~ ~

a randomized, - double-blind fashion and “maximal exercise was performed exactly 2

&

minutes  after the completion of thé injection. Preliminary experiments
E - ‘ - -

.-

demonstrated that the subjects were never able to proglJce there “highest peak

tensions during the first 3-5 seconds of static exercise or until about the. third - -

dynamic contraction. This ‘was oyercomé by h@*)irig, the subject preform three
"build--up" éoﬁtraétions pri‘or" to star‘ting. the timer. l‘=or ’thbe "build-up" contractions
the subjects qualita'tiv'ely” contracted thé first at about 25% M\//, the second at
50% MVC, aﬁd the third at /about 75% MVC. Unde‘yr these conditions the fourth

contraction, which was designated time zero, wai on average, the maximal peak’
tension. The subjects received vocal encouragement from the experimenter to
perform maximally.

& . -
—y
{ —
=
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0.8.3 Drug conditions ' o - .

r e
1. control.......0.3 mg Atropine sulphate + normai u/;:\:z ) . -

2. Drug......... 10 mg Edrophonium cAh'loride + 0.3 mg Atropine sulphate

Both drhgs act rapidly (within 1 minute) and'have,short hatf lives. Peak

edrophonium chloride activity occurs between 0.8 and 2.0 minutes (Flake. 1973). In

i1 4 o

order to ensure peak drug activity.during the expe}iments, éxercise trialls did not
proceed until two rﬁinutes had elapsed after injection. The effects of thia drug
‘usually do not last longer than 10 minutes. Atropines pejak activity is also rapid ?
(1-2min), and.any noticeable efféct_s of atropine (which w;s limited to dryness
of the moqth at the above dosage) dissipated 1-2 hours after injection. However:

\ ,
as a precaution subjects were requested to remain in the lab for 30 minutes

, after the ‘conclusién of the 'exercise.

£
~

The ~drugs were administered at doses( far below toxic Ievéls. and
edrophonium sensitive subjects were screened witt; a test injection during the
medical examination. “Clinica!ly edrophohium is intraQenously injected in 10 mg
doses, and for precautionafy reasons 1 afg is injected first, dgring which 30'
‘seconds must elapse with no. adverse side effects before the rest is injected v
over the next 30 seconds. This | progedure was " not required \“during the
experimernts since the ;ubjects were pre-tested for adverse reactions. Don

N ¢
Hedges, M.D. administered all drugs and medications, and provided constant

observation of the subjects during all drué trials.

The subjects were ,requested to complete four individual days of testing,
which consisted of 2 dynamic (control and drug conditions) and 2 static trials

(control and drug). VThey were also asked, that during period of testing to refrain
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from any heavy leg training, as well as/ to, refrain from caffeine or any other

-

stimulants for three hours before the experiments.

)
~—

0.9 Data Preparation, Analysis And Statistics
N /””’ - . .
-~ - The fqr"ce data for experiment one and two where prepared for swatistical

analysis m the following way: A ruler with a miilimeger scale was used - to
measurg ”the deflectior;»(top of baseline to top of deflection) of the force tracing
to' t é'nearest‘ 0.5mm, as shown in Figure 7 in the Appendix. The obtdined vaiue
wads converted to S.I. units using the following formula: (measured value in mm)
/( \\(gain factor in ft-ibs)/ 50mm X (0.3M/ft) X (0.45Kg/lbs) X 9.81 M/s* = Force
/ n néwto_n—meters. To rnormaliz'e'the’data, all corrected values were divided into
the peak ;/alue aﬁd multiplied by 100. The TTO, TTF, TC and TS%MVC were then
calculated and the drug vs. control conditions were analyzed using a standard

! Student’s T-test for repeated measures.

‘The raw EMG signal was first saved on FM' tape and later digitized, as

described eartier. The digitized EMG signal was corrected f/or the - 100 ’times

i amplification and respective calibration_value. These values we;'e a|‘504 normalized

- as described above. A single vélue representing the total int>egrated EMG for TTF

¥ - was calculated using the' following formula: IEMG = '[(‘EMGH + EMGt2)72 X
:; (t2-t1)] + [(EMGt2 + EMGt3)/27 X (t3-t2)]..... where t is the time at which the
“respective EMG values where recorded. Thése IEMG values for‘the drug vs.

control conditions were also compared using' a oneway ANOVA for repeated

_measures, which compared both drug conditions, as well as muscles groups.
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0.10 Results

x

The pharmacblogical action of edrophonium chioride tesults in~ the

enhancement of acetyicholine levels in the synaptic cleft at both nicotinic and
A

muscarinic junctions. To secure the double-blind nature of the experimenis, 0.03

mg of =ztropine weas administered with both the control ang drug injections.

" Indirect conformeation that these crugs were acttive in the sysiem wes extracied

from the heart rete data of experiment one. Figure 8 illustraies the change in
heart rezite OJuring ithe two minule ezbsorption subsecuent 1o the injections. The

lower curve represents the edrophonium chioride plus zairopine trials (n=24), and

8¢
. ] —t— Contirol
Ecrephenium '
: ~
70 1
z ] .
@
R
3 60 o
E . -
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i .
40,]'&'711'TfTﬁTfl'7\"1‘flj‘]
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Timg(s)

Figure 8. Heert rzie vs. time from catz collezted in Ixperiment 1 Quring the two
minute drug ebsorption period prior 10 Exercise. :
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clearly showys that the edrophonium chloride induced a significant 'drop in heart

) rate. The averagé resting heart rate was 58.0 * 11.1 beats/minute, but after 48

)

seconds the rate fell to 55.9 + 10.7 beats/minute where it became sighificanﬂy

N -
different from the atropine plus no}mal saline trials. After 84 seconds the heart
rate was lowest at 49.7 j-_ 15.3 beats/minute, but then pegan to_ri§e, probably in
antfcipation of éxercise or perhaps through a built in sa“fe:t'y mechanism knoWn as
va;gat escape. If the hear.trrate drops to low as ’anéa‘reSUIt"éf vagal stimulation the
sympathetic nervous system shows increased asti\)ity which ovverl_rides the effect
of the vagus. The agfropine in the control injections promoted a significant rise

in heart -rate from a resting level of 595 + 9.7 beats/minute to 74.4 1 14,0

beats/minute after two minutes. ' ) > “

»

Comparisons between thé static and dynamic exercise were not statistically
acceptable due to the different ‘protocols, however‘, there were certain features of
the forc,e data that disting}wed the twgvconditions. Firstly, it was feported by
all but one subject that the static exercise was far more uncomfortable than
dynamic exercise:, and that they felt more fatigued after static exercise than
dynamic..ysbecondly, ‘the peak}tension for static ~contractions was on the ‘average
twica that of the dynamic contractions (255.0 * 59.6 newton-meters and- 142.0° +
16.7 newton-meters respectively). And third, the rate of fatigue taken over the

linear portion of the curve from figures 9a and Sb demonstrate that the subjects

. fatigued faster with dynamic exercise compared to static (66% MVC/minute and

&

50% MVC/minute, respectively).

?

The force variabies, PT (peak tension), TTO (time to onset of fatigue), TTF
(time to fatigue), TC (time course), and TS%MVC (the time specific level of
force) are shdwn in Table 1 and illustrated in figures 10a to 10b. Statistical

analysis revealed. that edrophonium chloride had no effect on any of the force
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Figure 8. A. Pooled results of force vs. time .data for dynamic knee extention. E.
Force vs time for static exersise.{Error bars not included) - -
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variables described. These datz do not. support Qurvhypotheses that the drug will
delay fztigue, and instead supports the work of Bigland-Ritchie (1978, 1982);' and

others tha! transmission mechanisms are - intact during MVC of human skeletal

muscle,

Electrical fatigue during the maximal knee extension was accessed through
. ¥
EMG recorded over the belly of the vastus lateralis and the rectus femoris. The

~

raw signal varied in amplitu'de between 5 mV and 12 mV with the larger values

generally o’bserved‘ over the vastus léteralis, which was probably due to the

Experiment 1
Dynamic : Static .
Edrophoniym Control Edrophonium Controt  °

TTO(s) 7.7 + 4.3 7.1 + 2.6 18.7 + 9.4 15.3 + 12.6
TTF(s)’ 454 + 11.2 425 + 8.1 56.5 '+ 12.2 517 = 15.7
TC{s) 37.7 + 115 35.3 + 6.6 1 37.8 + 12.0 ;ﬁ.s + 16.8 )
TS%MVC 45.8 + 8.1 49.9 + 7.3 61.6 + 10.4 60.2 & 6.2
PT(N-M)137.8 + 14.3 1419 = 166 2625 + 51.0 255.0 = 59.6:
IEMG
RF .. 3839 + 546.0 3741 + 538.8 2189 x 521.6° 2276 + 394.7
VL 3673 + 629.0 3535 + 406.6 2291 + 3 2344 + 400.8

Table 1. Values for Time to onset of fatigue (TTQO), time to fatigue (TTF), time
course of fatigue (TC), the fatigue level at specific time (TS%MVC), the peak
tens:on -and total IEMG (arbitrary units)}n=12, error=SD)



recotding system (less fat resides over the vastus lateralis than the rectus

femoris) rather than differences.in the physiolegy of the muscie groups. The raw
signal was integrated twice as described ‘earlier. The first integration produc::i 'a'
blo_t of the EMG patterns (represented as pércentagb of the. maximum yaV\ue), 6ver
timg and are shown in Figure l11. There was no subjective -evidence from the
IEMG curves that consistently distinguished the EMG of static exercise from the
dynamic exercise. The second iritegration process produced -a single value
représentative of the overall electrical activity of the particular muscle group.
These values are presented in Table 1. There were statistically no differencas.
observed between the vastus lateralis and the rectus femoris. Analysis of the
effects of the edrophonium chiloride on electrical fatigue were consistent with the
'force recprds demonstrating no significant differences between the control and

drug condition. This rejects the hypothesis that the electricat failure that

accompanies force loss is due to transmission failure across the NMJ.

<
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0.11 Methods 5

All of the procedures of Experiment 2 are identical to those of Experiment

) 1 with the exception of the following“changes:

1.,

J

Prior to the drug injections the subjects were pre-fati'gued with 40 maximal

dynamic contractions. This procedure was conducted to create a situation

similar to those experienced_ by the myasthenic patients; the inability to

produce absolute maximal- tension due to neuromuscular block. -

'

At the end of the 40 contractions@fﬁer the drug or the control was

Esi )

injectioned. After one minute had elapsed the subjects were requested to

produce maximal dynamic or static contraction with no prior "build-up’

contractions. We anticipated that since the subjects were already warmed-up

with the pre—faiiguing protocol that™ the first contraction of the actual test

would produce the peak‘tensionf A- oneé minute absorption pem used
. \\

instead of two minutes, to reduce therecover time from fatigue. It ‘was

likely that peak drug activty was reached during this time since the subject

had just completed 40 maximal contractions in which heart rate and blood

flow were greatly increased.

0.12 Results

. . . . . . .‘ :
dynamic contraction prior. to drug administration—and._ exercise. The poole

%

Experiment 2 differed from experiment one with the addition of 40 maximal

56

d data

for the pre-trials (Figure 12) illustrate the reproducibility of the fatigue By



2

over four separate -days, and show that the forty cfontractions produced

-

approximately a 60% reduction in force. he objective of ~thé prefatiguing

procedure was to create a situation where  the subject;s./v_yth maximal effort, -

_were unable to produce maximal fore ‘dug to fatigue. This criterion was met "as

"indicated by the reduction in the average peak tensions obtained in Experiment 2

compared to ¢>Experiment 1. The peak tension for dynamic exercise' was reduced

by approximately 25‘%, while for the static exercise the peak tension was reduced "

by 15% The presence of edrophonium chloride did not restore the force loss-

since there were no significant differences in pea‘k tension between the control

and drugs condition. This was also the case for TTO, TTF, TC, TS%MVC as

shown in Table 2 and figures 14 tg’ 15, and for the IEMG shown in Table 2.

Thus the findings of Experiment 2 support those of Experiment 1 that
p .

transmission failure does not limit force production during maximal fatiguing

— s

~ N ~
exercise of the knee extensors. ' \



(%MVC)

Force

20 v Y T . v — -r 1

Time (seconds)’

Figure ~12. Pooled force vs. time data for the four dynamic pre=trials performed

on separate days brior to either dynamic or static exercise.
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Exercise Condition
Fngre 4. A, Time to onset of fatigue(TTO). B. Time course of fatigque(TC). C..

Time to fatigue(TTF). D. Peak tension. E. Time specific @MVC(TS%ViVC). (n=12,

errortsm
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Figure 15. Pooled IEMG vs. time data. A. Dynamic control condition. B. Dynamit
edrophonium. C. Static control. D. Static Edrophonium. (For error data see table

2)
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-
xperim
Dynamic ‘ Y. Static —
Egroph - Control Edrophoniym - Control g
TTO(s) 83232 \ + 87 :22 222 + 112 19.9 & 9.3
TTR(s)  30.% 2 7.1 34.0 £ 131 333 = 140 367 x 12.4
TC(s) 245 + 83 261 + 111 202 » 100 13.8 + 18.3
TS%MVC . 528 » 61 489 £ 60 557 £ 68  57.0 x 82
PT(N-M)106.3 £79.5 1025 + 144 2215 + 46.9 222.8 & 42.9
LElﬂ.G.- . - .
RF 3048 + 1966 2941 1352 1720 x B0B.4 1663 + 582.7
VL 2962 + 1765 3099 = 1889 1767 x 611.6 1739 x 618.6
(8
Jo "
. )

-

Table 2. \Values for Time to onset of tatigue (TTO), time to fatigue (TTF), time
course of fatigue (TC), the fatigue level 2t specific time (TS%MVVC), the peak
tension, and total IEMG (arbitrary units). (n=12, error=gD)

I
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The present ex‘;)e:}iments were conducted >to examine the speculation that
neuromuscular transmission (NMT), failuré accounts forr some of the force loss
during fatiguing exercise in humans. It has been proposed since the early 1950’s
that[ transmission of the motor unit action potential is impaired »un‘der»certain

stimulation orotocols, in animal nerve-muscle preparations. .In humans, it can be

confidently demonstrated that faulty transmission leads toY muscle fatigué and

weakness in patients suffering from myasthenia gravis. However, scientists who _

have investigated transmission failure in_ normal individuals have presented

conflicting results. The disagreements have largely been due to the lack of
technical flexibility availabie for the study of the intact neuromuscular system. In
fact, electron;yography (EMG) has provided the only quantitative tool where

information. about NMT can be extracted. As such, differences in methodology

and data interpretation of EMG signals from the same or similar studies have

yielded contradictory results. EMG dvata from Merton, 1954 (adductor poIIicis),
Biéland-Ritchie. 1982 (adductor pollicis and first dorsal interosseous), and Kukulka,
1985 (soleus/} were interpreted to show no evidence of transmission fail'ure, while
,Stevéns and Taylor, 1972 (first dorsal~interosseous), and Bellemaire, 1988
(adductor pollicis), using very similar protocols to the ab‘ove, both concluded thét

transmission failure infiluenced the course of fatigue.

Our approach to accessing transmission at the NMJ during fatigue was to

-attempt to enhance transmission using the cholinesterase blocker, edrophonium

chloride. In two separate experiments 10mg of edrophonium chloride was injected.

_prior to maximal static and dynamic exercise. Force output and siurf«ace EMG data
were extracted form these experiments. In both experiments - the results - from
statistical analysis of these variables reject the hypothesis that failure ‘of

neuromuscular transmission is a mechanism of fatigue under normal physiological

64
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conditions in humans. .

We defined fatigue as the inability of a muscle to maintain a deéired force
output. The pooled forcé records, represented as a percentage of the maximal
peak tension, are show in Figdre 9. Although the raw. data varied ‘ccfnsiderably
between subjects, the normalizéd and rrr)ooled results ciea@»{ demonstrated linear
rela(gonship; for alt trials within a force range of 100%,MVC to approximatalyr
556% to 60% MVC. The lack of experiments in which dynamic protocols have been
used leaves little flexibility for comparison of our dy&namic trials to standards.
The static trials on thi other hand compare quite weil with the fatigue cﬁrves

from experiments using maximal quadriceps exercise, and with others using

different muscle groups (Asmussen, 1979, Mills, 1982 and Stevens and Taylor,

1972). For the most part a Iinéar.,re|atidnship_dominj‘tes the fatigue curves as
iltlustrated in Figure 9. The rate over the linear a}orti’on of the curves in
experiment one are within the range reported for M\LC of the quadriceps.” The
values reported by Bigland-Ritchie (1981) are betwee‘n‘50%-70% MVC/minute. For
the dynamic trials we calculated an average fatigue rate of about 66%/minute,
while for the static condition a slower rate of about 50%/minute Wwas observed.
Since the subjects were pre-fatigued in experiment two the fatigu‘e‘ rates were
much faster; approximately 101% MVC/minute and 60% MVC/minute “f\‘or dynamic
and s/tatic exer;:ise respectively (Figure 13). When the force in exper\{ment two,
for both static and dynamic exercise, fell to appréximately 60% MVC a nonlinear
phase ‘was observed (Figure 13). Stevens and Taylor’s (1972) data from““r the fir«:ét
dorsal interosseous also revealed a .non-linear phase, as, did Merton (1954) with
radductor pollicis and - Komi (19‘83) using the quadriceps. This 'trend ‘was not as

discrete in Experirhem 1. but was comparable to Bigland-Ritchie's (1979)

experiments with the quadriceps, and with Hultman (1983) who stimulated the
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quadriceps maximalllyp., The non-linear pﬁase observed in_our expériments'can‘ be
explained partially by subject atricia. Since our subjects fatigued at different
rates, and the fatigue protocol was based on.a defined level of fatigue rather
than time, the number of subjects contributing to the force curve becomes
smaller with tirpe. As such; if a subject drops out the averaée forceA should
theoretically 'rise. Evidence. to support this comes from the dynamicvpre—trials \of
experiment -two (Figure 12), which illustrate almost ; perfectly linear relationship
from 100% MVC to 40% MVC. Observation of the individual force curves of
certain subjects. however.tshow a definite non-linear phase where the aboveA
explanation - cah not/ apply. On a physiological basis synchronization of md'tor
unéts,“’W’ﬁich has been shown during prolonged exercise (Burke, 1981, and
Bigland-Ritchie 1981), could lead to a slowing of the rate of fatigue. Alsb, as

fatigue progresses force output  is dependant more and more upon the FR and S

type ‘units that fatigue at a lesser rate (Burke, 1981).

Preliminary testing of the experimental protocols revealed that ‘wnhen the

&

£

subjects were r"asked to produce MVC’s the péak tension was never attainable
before the fir.{t 3-6 seconas of either dynamic or static exercise. With - this
obse'rvation we instructed the subjects . in experiment one to pr‘odu‘ce three
"build=up” contractions {(as described in the methods), which was followed by
maximal effort for the duration of the éxercise. in experiment one fatigiuﬂe then
progressed as described above. For experiment two the subj'ects \/;/ere not

. i ~
instructed to ‘produce the “build-up"” contractions, rather they were asked to

exercise maximally exactly two minutes after the injections. Figure 13a and Figure
13b show that for both the static and dynamic trials there was aiways -a short

time delay before peak tension was reached. For the dynamic trials the time

delay was the same for ‘both the drug and control. conditions, a>veraging 3.6
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seconds. Qut of the 24 trials, 12 subjectsi Aprocit‘nged their pesk tension on the
third contractién, 7 on the second, 3 on the fourth, and 1 on the‘first and fifth
contractions. In other studies using humansw_ where magi;nal voluntﬁry eﬁfgrt} was
required, this trehd has not been reported. Howevaer, re‘cords of maximal twitch
ténsion in isolated mgtor units of the cat demonstrate posttetanic potentiation
(PTP) and/or pos,tactivation potentiation (PAP) (Burke.1976, 1981), With I:;oth PTP
and PAP the evoked twitch tensions bcan be enhanced by mbodulaationz of the
activation history of the preparation. For PTP, the twitch rec.orded éhortl\) after a
tetanizing train of activation is usually of greater amp!itude than the twitch
recorded prior to tetani (Burke, 1981) Eor PAP, the second twitch in a train of
pulses can be enhanced to amplitudes much hiéher than the first by adjusting the
interpuise interval to an appropriate latency ( for the cat hind limb motor unit
an interpuise interval of 5-10 mgec produces this * effect [Burke, 1976]). Burke
(1981) suggests that PTP and PAP are an inherént property of the muscle fibre.
While this may be the case,‘the ot;servations of the present study give some
clues of a possibte central origin..This‘ conclusion is based on; (i) the fact that
the dynamica prg—trials of experiment two showed the same trend with an
average time to peak tension of 2.1 seconds, which suggests that the muscle
responded\in a similar fashion to ‘different activation histories, ?nd (it} the EMG
showed the same patter.n as tr;e force, as /illuvstrated in figures 15%a to 15b. The
EMG - is determined \by motor unit recruitment and the rate and pattern at which
the motor units fire. It is po‘ssible that any three or all of these variables reach
an optimal fevel at some time after initial activation. This neurogenic theory 15
somewhat. supported by a recent study by Suzuki et a/ (1988), in'vyhich single
motor unit firing frequencies were increased subseguent to conditiomng muscular

contractions of 25% and 50% MVC. There was also evidence that the conditioning

contractions lowered recruitment thresholds. Since our results show that force
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output so closely mimics the EMG over ‘the first few seconds of MG,/

neurogenic potentiation is an attractive hypothesis, but certainly requires further

investigation.

The peak tensions ‘were calculated for each trial and comparéd in
experiment one to ascertain whether the_knee extensors were fully activated. As }-
stated above, maximal force output is initially dependant upon recruitment of all
motor units and the optimai firing rate and patFern of those units. From work by
Grimby (1981), aﬁd Bigland—-Ritchie (1981) it was assumed for these expériments
that maximal motor unit recruitment was attainable for voluntary knee extension.
If this is true, the only way to enhance force output is through the; modulation
of firing rate and firing pattern. The mechanism by which a change in firing rate
can effect force output is through the enhancement of transmission. In order for
this to occur more transmit‘ter must be released per unit tihwe. This is essentia“y
the mechanism by which edrophonium chloride restores force gepew:ﬁ/gg in
myasthenic patielnts, by allox;ving more‘ Ach to reside in t}h/e/""éyy'ﬁaptic cleft
producing effects equivalént to. excessive stimulation. A»ssu'rr’ywing‘vin the|present4
experiments that ail of the motor wunits are recruited, the presence of

edrophonium chloride should theO(etically simulate optimal firing rate and to

ensure maximal activation of the knee extensors.

There were no significant differences observed for the peak tensions
between the drug and control conditions for both the static and dynamic exercise
(Figure 10 & 14). Therefore under the conditions of these experiments the peak .
tehsions represe:pt the knee e){tensors in a fully, voluntarily, activated state. This
conclusion was further supported by the observation that in over the 96 trialg of
experiment one and two, there were only five trials in whi;h a gubject produced

a contraction that was greater than a prior contraction ( once the peak tension

A

o~
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was reached). This condition was predominantly observed during the static_bouts =
(occurring only once during dynamic trials) of exercise where cénc,p'h_tration Was T
ﬁ/'“j ;

reported by most subjects to be more difficult. Bigland-Ritchie (1978) and Grimby -

-

(1981) observed similar periods of "extra effort" (see introdrucftion page 10)."in4

which peak tensions were greater at various points along the ‘fyatigue curve. They -
concluded a centrally fatiguing mechanism, however, it is our opiﬁion that these °
studies did not provide sufficient evidence to' support this claim (see page 11 of
introduction). It is more likely that the subjects initially failed to fully activate

all motor units through lack of motivation or experience (Bigland-Ritchie, 1984)

The values for the peak tensions, in newton—met‘ers, are shown in Table 1
& 2 where é two iold difference in force generation between the static trials
and dynamic trial‘s was observed. The greater forces produced statically could be
predicted from the force-velocity relationship, however it was unexpected that the
rate of fatigue would be fastef with dynamic exercise, since dynamically

Lk
generated ~forces are smaller and the knee extensors are provided a rest period

{(where blood flow is restbred to the musctes) during flexion. The unexbected
results are not easily explainedr since- most of the studies on muscle fatigue
have been conducted using static protocols, and the existing dynamic proto’cols
are not comparable to the static. One possibie explanation may be &related to the'
energy expenditure that is required for the continuous forming and “brea{;ing of
the acto-myosin bonds during dynamic  exercise, however, ~there s no

experimental evidence to support this speculation.

A

\

For experiment one the peak tensions represented tﬁe abéo‘ute maximal
voluntary force attainable by the subjects, Experiment two was designed to
create a situation where the subjects maximal voluntary force- was reduced
relative to their absolute maaximum. This is the condition that rpyasthenic patients

I

69

2



— . e pd . L

are faced with due to neuromuscular block. These patients are only able to
regain the ability 'to maximally activate their skelétal muscles with’ presénce‘ of *
anticholinesntrerases. /By brefatigue‘mg the subjects with 40 maximal dynamic
coniractions prior to the injection, this physical symptom of myasthenia gravis
was simulated. Subseguent to this procedure the drug or controll was injected,
followed a min‘ute later - by maximal dynamic or static exercise. The peak
tensions (Table 2) were about 25% and 15% (dynamic and static respectively)
lower than - the values ca'lculated' from experiment one (Table 1). It was
postulated that if this Iosé in force genera;ingi capacity was due in whole, or in
pjart, to failure of transr;'mission process>es,r the presence of edrophoﬁium chloride
would restore trr;we peak-  tensions tc‘vwar& values obtained in experi‘:ment one. There
was _ no evidence to show that the peak tensions for - any c;f the static or
dynémic drug trials in experiment two were enhanced or statistically different
from the control trials., Thus the loss in forﬁe generating- capacity’ createa in
experiment two can not be attributed to transmission failure (at least with
respect to transrﬁission processes proximal to the end plate).

A

N

it was stated in the hypotheseé that to produce force, an'EMG signal rh-ust.
be present, however, to Nave EMG present does not n;ean that force must
follow. The point being that fatigue is characterized by a number. of different
features (som'e of which have already been described), in which one process may
involve the failure of transmission \while ahothe[ may not. For this reason ‘we
anaiyzed the effect of edrophonui chioride on forur othe‘rv force variables
representing different phases of fatigue, as well as the integrated EMG (IEMG).
We defined the time to onset (TTO) of fatigue as‘the last point where the
subjects force was 90% MVC. This variable has not been previously described,

however, it was selected for comparison because the early phases of fatigue are
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likely to differ from the later stages.",This specdlation was based on the ' F
evidence that the FF-type fibres that are recruited for large fvorces«a_nd fatigue -

much faster than the S-type fibres. Stimulation experiments in animals (Pagala,r

1984, Clamann and Robinson, 1985, Kugelberg and Lindegren, 1979, and Enoka et -

al, 1é87) have rsuggested that the FF-type fibres are moré suscept}ble to
't'rans;nvission faAiIure,.b If this were the case in our experiments the TTO would be
expected to increase in "th’e presence of edrophonium chloride. Fi‘gurg 10 and 14
illqstrates that the drug did not have an effect on TTQO underA‘dyn:amic or static -
conditions for bOtH experiment one and two rejeéting the above statement,

Considering the =~ observations of the authors above,. who demonstrated that

4

FF-type fibres are mare prone to transmission failure than the fatigue resistant
fibres, several attempts - were made to catagorize the subjects into fatigue
sensative group. This was done to in‘vestigqte whether individlégl variations in the

subjects may have masked a drug effect,.which might have occured if the drug .

effected certain subjects,‘and had no effect on others. THere were only three
subjects where a drug effect was shown, however this was never consistant for
all trials for that subject, rejecting the possibility edrophonium chioride had an

effect on certain individuals with common neuromuscular ‘characteristics.

The later stages of fatigue were investigated with analysis of 'tpe latency

N . ‘ :
from 109% MVC to a pre-defined percehtage of- MVC (TTF)., For the dynamic
: 8
“exercise the pre-defined value was 55% MVC and f&r the  static condition 60%

MVC was used. These values generally occurred close to or within the non-linear -

A

portion of the fatigue curve. By subtracting TTO from TTF a value defined as
. the time course (TC) of fatigue was calculated. Depéhding on how edrophonium

chioride effected TTO and TTF, three outcomes were postu'aféd for TC: (1) The
' *

Ve

TC‘was significantly reduced after edrophonium chloride as a result of an

¥



increase in TTOV and no change in TTF. For this to occur the drug would. have
‘enabled the subjectg to maintain force output above 90% MVC, which would have
supported the findings from selected animal studies that the FF-type fibres are

more suscepfible to transmission failure. Since we have already disclosed no

¢

change in TTO this hypothesis "was vrejected. '(2) The TC was significantly
' _ R ,
increased due to an increase in TTF with no change in TTO. Under these

conditions edrophonium chioride was predicted to éither restore activity in fibres

?

that have dropped out or prolong the activity of the fibres still active. Figure 10
& 14 shows the TTF and TC data and it is clear from this and statistical
analysis that the drUg had no effect on these variables. The above findings also

reject our third prediction -for TC, that both TTO and TTF increase resulting in no

v

change in TC.

.

All of the above data compared latency.  values derived from constan
fatigue levels.'TThus for\c’:ompleteness aﬂfinal'co,mparison was computed- at a
constant . ,tAi_rhe during fatigue. For this test the percent value of the MVC
(TS%MVC)~Was célcu1ated at a maximal, time comrzén‘ to both the drug and

control condition, on a subject Ao subject basis. Figures 10 & 14 illustrate the

results-of‘th'e TSHMVC 'data and support the findings described earlier that show
. § ‘3

-

no effect of the drhg on fatigue. Thus the force -data pr@sente“d‘in these

experiments clearly reject the hypothesis that transmission is impaired during
? N -

fatigue of the knee extensors from MVC.

As stated- earlier, the EMG signal is not dependant upon force, thus, changes

*

in the EMG may occur without any observable changes in force. In fact Clamann

(1985) observed a 75% reduction of IEMG and no loss in force with high

frequency ~stimulaticn of S-type motor units isolated from the cat hindlimb. In

-2

humans fatigue experiments, others have reported a reduction in evoked M-wave

* 4

S
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amplitude and/or area (Stevens and Taylor, 197&2.\WBelle‘?Trfarej and Garzaniti, 1988),

~

while still others have shown ng change or even a faEiUt(alion“\Qt the M-wave

during MVC (Merton, 1954, Bigland-Ritchie. 1979, 1982). Thus it was quite_possibie’

in the present experiments that EMG might increase in response to edrophonium

e

chloride with no change in force. Undér such conditions fatigue could'thkeh"be ‘

attributed to mechanisms distal to the sarcolemma.

[

-

//F{t/:u;th Experiments the raw EMG signals {vas extracted f:om the, surface of
the‘ vastus lateralis and the rectus. femoris. The amplitude o!fx the rectified signal
ranged between 5 mV and »12" mV with the: values beingb marginally higher‘nov.err
the vastus lateralis. The rectified signal was digitized, integrated, then plotted

. ‘ e '
against time. as a percentage of the maximal value. For statistical analysis a
second integration was ;;erformed from ‘thes‘we curves leaving a single value
representative of the overall EMG activity of the selected muscle. The EMG
(mean values represented as a percentage of the maximum) vs time curves for
‘a1H coﬁditions’of experiment one and two are shown in figures 11 & 15. There
does not app’e‘af to be any differences in the pattern of electrical fatigue from
S

the different muscle groups, which suggests that the VL and RF contribute

synergistically to force output, and are affected by fatigue in a similar way.

Although surface EMG correlates well ‘with ‘maxirfnal“’/voluntary force, it can
not provide specific information about mechanisms of fatigue. It would therefore
be unreliable to extract anything other than subjective speculations from the data

presented in these experiments. The |IEMG data of experiment one demonstrates

)

essentially the same -fatigue pattern as force, with exception of the first few

3-5 seconds of activation. During the early stages of exercise the 1EMG was
never maximal at the time corresponding to the peak tensions recorded. The

delay observed in the peak IEMG recorded is probably not an artifact since the



e

~~~

J

same trend can be seen in EMG records of Bigland-Ritchie (1978) and of Kranz -~

(1985). Sinte it was not a topic- of their investigation, these authors did not

- . . -
address™ this observation, however there are some properties of the motor unit

E

that may explain the uncoupling of the force and EMG. Most of the EMG over

<
X

thefearly stages of MVC is dominated by the activity from the large FF-type

¢ ) ) o ) : .
units. Associated with fatigue. of these motor units is, a slowing of sarcolemmal -

conduction velocity\ (Milner-Brown, 1986, and Bigland-Rit'chie'. 1981), a downward

shift in the power spectrum (Mills, 1982, and Viitasalo and Komi,- 1971), and"

motor unit -synchronization (Lippond, 1962, and Bigland-Ritchie, 1981, 1984), ali of

which can alter the appearance of the EMG signal without influencing forcg. Once

s

. {
the IEMG reached a maximal value it fell off at a slower rate than force and at

£
* /

various points along the later stages of the curve sporadic fluctuations in the

IEMG occurred that did not appear to be correlated to force output.

<

. Experiment two .yielded much the same results, however it was interesting

_ that without the "build-up" contractions of this experiment the IEMG matched the

gparly stages of force output. This was particularly obvious with dynamic exercise
where the relative magnitude of the IEMG incremented exactly the same as force

for the first three contractions. Once peak tension was reached the IEMG signal

‘became more like experiment one characterized by a slow rate of failure

superimposed with radical fluctuations. ¢

5

Tables 1 & 2 show the total IEMG values along with the standard

deviations. The error values recorded between the twelve subjects are clearly

. large enough to raise questions as to the possibility that a real drug effect may

have been masked. This is probably not the case, however, since observation of

the subjects individual data does not reveal any clues to support a drug effect,
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Statistical analysis of the integrated-IEMG were consistent with the force
analysis revealing that edrophonium chloride had no effect on electrical failure
during fatigue.

-

0.13 Summary And Conclusions‘

Although transmission failure is reddily demonstrated with high frequency -
stimulation in vitro, and in humar;s, wi myasthenia gravis, its‘ presence during
rep[etiti‘ve activity in normal individuals has not been convincingly _demonstrated.
Studies completed to date have made controversial conclusions about
‘tranSmission mechanisms through obslervations of surféc‘e‘ E!(/IG trends of an
active muscle. The bresent study was unique in that transmission processes waere
Xpharmacologica!ly manipulated to‘&ensure optimal levels of acetylcholine in the
synaptic _cleft during fatig].n'mg exercise. The resuits of this investigation support
the conciusions of Bigland-Ritchie, and others, that transmission mechanisms are
intact and are not a limiting factor in force production with fatigue from MVC.
From this it follows t'hat fatigue must involve faiILnre of events distal to the
endplate, and/or events that effect motor unit activation. At present mechanisms
supporting the former dominate the field. This does not necessarily mean that»
th%ents I\imitv')r;g force /output'predominate distal to the endplate. The large
vclume of data cdf\relating biochemical, metabolic, and mechanical precursors to
fatigue may simply reflect the state of technology. Advanced ‘biochemical

-

techniques have facilitated research into peripheral fatigue, while technical

advancements in neurophysiology still limit investigation into central é:iJgue of
the intact organism. Force production involves the interaction of many events in

the neuromuscular system, thus it is predictable that as many processes may

influence the course of force lpss. The simple definition of fatigue (the inability

+
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of Ehe neuromuscular system to maintain a desired force outpu‘vt) can basically be
applied to all exerci;e protocols, however, the causes* of fétigue und'er aif»ferent
éxercise conditions are Hkély to be shown not consistent. The system can be
fatiguéd under static or dyngmic conditions, through submaximal or maximal
voluntary activation, or with the use of s.timulafion techniques. each of these

s

may involve different interactions of the motor unit types, and it has ‘been well

established that FF, FR, and S-type units differ significa\ng with their

contribution to force production. Therefore, we reject the possibility of"
transmission failure during maximal static and dynamic knee extension in humans,
but we can not apply these conclusions to fatigue induced with different exercise

protocols, or with muscles of a different composition and function.
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Figure 6. Test for A/D conversion repeatability over four trials using the same
section of FM tape. A. Dynamic test, B. Static test.
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/0.tt‘.tt“..‘t...‘.t........“!.t.....t“.“..t‘...“ﬁ.““.‘...t..“t

-

‘....../

M DYNAMICC - i - */

/‘.............““.t‘“.‘t...tt‘..‘..tt“‘t.tt‘.t“t“t“‘.t‘.‘#.ttt -

uuttut/"
#define MASTER -
#include

int gain[16]= { 3,3,0,0,0,0,0,0,0,0.0,0,0.0,0,0 };

/* channel O (rectus femorous) +-1.25 volts code 0 */ .

/* channel 1 (vasos fmérous) +-1.25 volts. code 0 */
int chammelf2}={0,1};

int emgdata0 ; int emgdatal;
P.“..“‘.“‘.“‘.‘t‘i“‘.”‘.tt“tt..“‘titt’ttt“‘t‘t.“““‘.‘.i‘

tt...t.../
" Compiled as small model: ) */
/&tt.t.....‘i.ttt.tt..‘.tttttt..t‘t‘t;t‘tt.t“ttttt“‘.t"‘(*#ttt‘.“‘
t..t.tttt/
[ =
int j;error.file,newrun;  /* housekeeping variables
*/
int kickindex; /* index to timer array, begin of each kick
*/
int intindex; /* index to number of integrals,
theoretically (7) */

/* the same at end of program as kickindex
*/

unsigned kicktimes[50}]; /* this will be indexed by kickindex
. ./ .

int integrals(50){2];  /* indexed by intindex; can only be max 50
kicks */

char string[20],achar{10}; /* keyboard data entry area */
long triglevel; /* trigger level of emg to switch on aquisition */
long hysteresis; /* 10 hold in aquisition loop longer ~ i
long totalemgO; /* integral of 1/10 sec data segments

*/ . )
long 1; /* integral of 1/10 sec data segments chan
1* .
long tempemg;
newrun = 0; /* unless otherwise, dont execute main loop
./ .
printf("\n\n Labpac EMG DYNAMIC program”);
printf("\a\n Code by Rob Taylor and Greg Jensen™);

printf("\n\nRectus femorous chan 0, + 1.25 volts™);

2
=
-~
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printi{\nVastus femorous chan 1, + 1.25 volis™);
" printf("\nChannel 1 will trigger data aquisition”);

printf("\n\nThe program Labpec.com must be run before this
1) , .

newrnun=1; .

LP (RESET), v /* Reset labpac arrays ./

LP (AIINIT, ATOD, 16, 0, gain); /* Initialize A/D convertion */

LP (TIINIT, TIMER);

while (newrun) {

> intindex=0;

prind("\n\nEnter trig level: *);

scanf("%id" &iglevel):
printf("\a\nEnter hysteresis level: ");
scanf("%Id",&hysteresis);
LP (TIST.5.14.2); /* 500 HZ main times
LP (TIST,1,0,10); /* 50 HZ timer
LP (TIST,2.0,5); ./*<10 HZ timer

LP (TIST,3,0,0); - /* keep track of timer 2 puises */
kickindex =0; . .

while (lkbhit()) { /* Main aguisition loop )
integrals [intindex][0}=0; integrals [intindex}{1]= 0;

while(totalemg1<triglevel) { /* wait for begin pulse loop

*/
#ifdef DEBUG

printf("\nWAIT ")

‘emgdatal = LP(AIRAW, 1); /*resd muscle ¥/
emgdata0 = LP(AIRAW,0); /¥ read muscle */
totalemg1 = totalemg1 + emgdatal;/* Sum muscle */
totalemg0 = totalemg0 + emgdatal);
| .

} /* End wait pulse loop ' “'!/

4
*

*/

kicktimes{kickindex} = LP(TIRAW,3);  /* Read begin kick time

*/

#ifdef DEBUG
pmﬁ("‘nl(wknme' %d" kicktimes{kickindex]);

81
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kickindex ++ ;
tempemg = 20000; f'Foré‘cmnyimowhileloop
*/
while (tempemg >= triglevel-hysteresis) |
o /* Start aquire loop */
#ifdef DEBUG
<lend. ,
printf( \nAQUIRE "%
Hendif
/* move up 1/10 sec on array index */
LP(TIST.S,14,2); /* Re-Start timer at 500 Hz. */
tempemg = C; l
for (im0; i<50; ++i) {
LITISTAT.S,i); /* wait 1/500 second */

emgdas0 = LP(AIRAW, 0); /* read muscles */
emgdanal = LF(AIRAW, 1);
totalemgO = totalemg0 + emgdata0; ‘
totalemg1 = totalemgl + emgdatal;/* sum1/10 sec */
tempemg = Ma + emgdatal;
) I)‘ End data aquire loop | */
integrals [intindex][0] = ((intKtotalemg0/100)); ‘

integrals [intindex][1] = ((intXtotalemg1/100)); .

totalemg0 = 0;

totalemgl = 0;

++ intindex; , .

} /* End main loop *

#ifdef DEBUG s
printf("\nEND DATA AQUISITIONW");

Wendif 4
peindf("\n\nScreen dump? (\n) *); .

scanf("%s",achar);
if (I(strcmp(achar , "y"))) {
printf("\\n - integrals ")
print("\iKick Time Channel 0 Channel I\i");
for(i=0; ickickindex;++i) {
" if(kbhit0) break; /*kill screen dump if kbd hit ¥/
printf("\1%-8d %-8u %-8d %-8d",i,kicktimes{i},integrals[i][0],
integralsfil{1]); |
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)
)

printf("“nSave data? (y/n) *);

scanf("%s" achar);
if (1(strcmp(achar , "y™)) {
scanf{"%s" string);

file= LP(CREATE, string);

printf("aWriting to file %s",string);
. LP(WRITE file kickindex,1,channel kicktimes); A Vot

LP(WRITE,file,intindex,2,channel,integrals);
LP(CLOSE, file);

)
newrun=_0; '

prind(MaAnother un? (y/) "); : : .
scanf("%s",achar);

if (I(strcmp(achar , "y")))
newrun=1;
) /* end while newrun */
)} /* end main ./

Pt‘t‘tt“t‘ttttt‘ttttttttttt‘t‘ttttttt‘ttttt'ﬁtttttttt“t*ttttt-*t“t”
tttt“t/

el

» STATIC.C */
/‘t‘“t““‘tt*ttt*‘t**‘t“t‘**“*t“**t‘ttttt ‘t‘t*tt‘*tt‘tt‘tt L L L] )]
L] . ,

#define MASTER A ‘ ‘
#include <labhead h> , Sy

int gainf16]= { 3,3, 00000.000000000 ].
* channel 0 (rectus femorous) +1.25 volts code 0 */
/* channel 1 (vasos femorous) +-1.25 volts. code 0%/ -

int charmel[2}={0,1}; , ,
int emgdata [12000]{2);  /* Data array that a/d info goes into
*/

/‘tt . phbE ALl Ll L]l vv-—tt*t*t*#t*ttttttt*ttttt*t‘tttttttt
tttttt*tt/’

" Compiled as small model: .

Ft#ttt“tttt#ttttttl e Sheby L ALY L]
ttttttttt/ '

r{naiw ) : .
int i,error, file,newrun;

int arrayindex;

char string[20],achar{10}; - p
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long tempO,temp];
int kick;

int integrals{40](2];
for(i=0; i < 12000; ++i) { /* initialize data array */

emgdata [i][0] = O;
emgdata [i)[1] = O;

prir}tlf("vm Labpac EMG STATIC program”);
printf("\n\n Code by Rob Taylor and Greg Jensen");
printf("\n\aRectus femorous 0, +- 1.25 volts”);

' printf("“\nVastus femorous 1, + 1.25 volts");

printf("wi\nThe program Labpac.com must be nm before this ‘

prhtt‘("n\n’!hn pmgxam saves one out of every three seconds of
data™;
peintf("\n\nSample data? (y/n) ™); '

scanf("%s", achar);
newrun = 0;

if (I(stremp(achar , "y")))

newrun=1; ,
labpac(RESET); _ /* Reset labpac arrays */

labpu:(AﬂNIT ATOD, 16 0, gain); /‘ImluhzeA/Doonvauon "/
while (newrun) ( .

arrayindex=(0;
kicke=0;
printf("\nSampling inputs “);

while ( (!kbhit()) && (arrayindex<12000) ) (
printf("“«Saveing starting at array index: %d " arrayindex);

labpac(TTINIT, TIMER); /* Initialize timers ¥/
Iabpac(TIST, 5, 14,2 /* start timer at SO0 hz %/
labpac(TIST, 1, 0, 0); P timer 1500k */
templ=(;.

for(i=0; 1<500-++1){/"Readoncsecondloop*/
labpac(TISTAT, 1,i); £* wait 1/500 second ¥/
emgdata [i+mrayindex][0] = labpac(AIRAW, 0); i* Save data

in arrays ¥/
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emgdata [i+arrayindex](1] = labpsc( AIRAW, 1 S
tempO= tenipO+emgdata (i+arrayindex][0]; '
~ templ= templ+emgdata [i+arrayindex][1];
} ‘ |
imegnls[kick][?] = tempO/lOOW
integrals(kick][1] = temp1/100;
++kick; | k iy ‘
1--;

emgdata [i+arrayindex][0] = 9999; /* Mark end of 1 second -
segment*/ - A

emgdata i -arayindex][1] = 9999; L

arrayindex = arrayindex-+500; -
! labpac(TIINIT, TIMER); "/ Initialize timers ./

A {
labpac(TIST, 5, 14,2); ™ [* start timer at 500 hz »/
labpac(TIST, 1, 0, 0): MPtimer1 £500hz ¥/
printf("«Two second wait "%

i * - .
é for(i=0; i<1000; ++i) { /* Wait two second loop
»/ '

labpac(TISTAT, 1,i); /* wait 1/500 second s/
. ‘ pe
} /* end main aquire loop |
printf("\n\nScreen dump? {y/n) ");

scanf("'%s",achar);

if ((strcmp(achar , "y"))) { - )
printf("\n\n  Integrals \n"); S
- printf("Kick Channel 1 Channel 2"y,

' pringf(" ),

" for(i=0; i<kick; +3) { ’
if(kbhit()) break; /*kill screen dump if kbd hit */ s

[ -4

A

printf("%-4d %-8d  %-16d\1",i, integrals [i][0},integrals
finy » o T
) » S
. } . . i
printf("\nSave data? (y/n) *); " ]
scanf("%s".achary, .
if ({(stremp(achar , "y"))) {
printf("\nFilename: ");"
scanf("%s" string);
file= labpac(CREATE; string);

printf("aWriting to file %s"string);

. ¢
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}

LP(WRITE,file kick,2,channel,integrals);
labpac(CLOSE, file);
- ,
“for(i=0; i < 12000; ++iY { /* initialize data array
emgdata [i}[0] = 0; .
emgdata [i][1] = 0;

}
newrun=0;

. printf("\nAnother run? (y/n) ";

scanf("%s",achar);

- if ({strcmp(achar , "y"))) i

néwrun=1;
} /* end while newrun */
/* end main */

%
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