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Abstract

Lower motor neuron damage often results in flaccid paralysis in which the affected muscles
are unable to be stimulated artificially via the supplying nerve. Such damage is common in pa-
tients who suffer from spinal cord injury and Multiple Sclerosis. Current practice for artificial
recovery of muscle function involves stimulating the muscles directly by means of Functional
Electrical Stimulation (FES), which requires 100-1000 times more current than that required
for nerve stimulation, thus presenting the risk of pain receptor activation. A potential al-
ternative exists in chemical stimulation by means of administration of the neurotransmitter,
Acetylcholine (ACh). This study investigates the potential of this possibility by examining
the response of two muscle types to extracellular administration of ACh. Peak forces and
times taken to reach peak forces were recorded for gastrocnemii (predominantly fast twitch)
and solei (predominantly slow twitch) for 2 ranges of concentrations (low 4ug/ml-550ug/ml
and high 1.6g/ml-6.3g/ml). Muscles were denervated for 4 different periods namely 7 days,
14 days, 50-55 days and 204-208 days. Novel application of Empirical Mode Decomposition
(EMD), Hilbert Spectral Analysis (HSA) and Marginal Hilbert Spectra (MHS) were applied
to stochastic force-time data and allowed for visual depictions of energy-frequency-time distri-
butions. Additional alternate chemical and electrical stimulation was used to determine the
effect of ACh in comparison to a known stimulus.

Post-denervation fibre type changes occurred sooner in gastrocnemii than solei. In order of
decreasing sensitivity, and taking both slow contractures and contractions into account, muscles
were ranked as follows: denervated solei (DS), innervated solei (IS), denervated gastrocnemii
(DG) and innervated gastrocnemii (IG). In general, denervated muscles were more sensitive
to ACh and produced more measurable responses than their innervated contralaterals, except
for short term DG at high concentrations. This was attributed to receptor proliferation. The
suggestion of a lower concentration threshold to produce the same response for denervated
muscles than their innervated contralaterals is made. Moreover, this observation is first visi-
ble in fast twitch muscles, reasoned by preferential phenotypical changes of fast twitch fibres
post-denervation. It is further suggested that fibre type changes (as opposed to receptor pro-
liferation) is the governing factor of long term denervated muscles. The largest difference in
response between DS and IS was observed at 14 days post-denervation.

Long term DS were found to lose all potential for slow contracture for all tested concen-
trations of ACh. This was not the case for long term DG. Additionally, fast twitch responses
were still visible in long term DG. These observations were attributed to a decrease in sen-
sitivity of long term denervated slow twitch fibres such that they are less sensitive to ACh
stimulation than both orginally slow twitch fibres as well as slow twitch fibres which appear
post-denervation in originally fast twitch muscles. Results are supportive of a threshold dener-
vation period for slow twitch muscles, beyond which an increase in concentration corresponds
to an increase in output force. In addition, times taken to contraction could be grouped ac-
cording to short and long term denervation periods, where the short term periods (7 and 14

days) and followed the same trends (which were different between solei and gastrocnemii) and a



similar observation was made for long term denervation periods (50-55 days and 204-208 days).
Concentration threshold dependencies were observed at different denervation periods such that
denervated slow twitch muscles reacted faster than their innervated contralaterals. IG dis-
played an increase in fast twitch fibre sensitivity, attributed to increased activity necessitated
by denervation of the contralateral limb.

DG were slower to reach peak force than IG. The opposite was true for DS. DG contracted
sooner than IG at combinations of long term denervation periods (50-55 days and 204-208
days) and low concentrations (4-550ug/ml); as well as short term denervation periods (7 days
and 14 days) and high concentrations (1.6-6.3g/ml).

IS produced larger contractions than DS when stimulated chemically if first primed by
electrical stimulation. Combined EMD, HSA and MHS analysis revealed high energy outputs
from fibre bundles contracting within a wider frequency range for denervated muscles compared
to their innervated contralaterals. It was suggested that this be attributed to larger fibre type
variation in denervated muscles than innervated muscles. Denervated muscles stimulated with
large concentrations of ACh post electrical stimulation, produced a reduced energy output
from the contracting fibres and a shift in frequency of contraction. This was probably due to
either preferential fibre type saturation and or fatigue of fast twitch fibres. Fast twitch fibre
fatigue was further noted by reduced energy output of muscle contraction whilst the frequency
of contraction remained unchanged. This was observed in IG subjected to alternate stimulation
(ACh-electrical-ACh). Low energy output from muscle fibres contracting at low frequencies
when stimulated with high concentrations of ACh post electrical stimulation were considered to
be responses from slow twitch fibres thus indicating slow fibre predominance, potential fatigue
and block of fast twitch fibre conduction ability.

Based on the results obtained, it was concluded that direct muscle stimulation by ACh in
the manner conducted in this study would be less effective than the current use of electrical
stimulation.

Recommendations for future studies include the use of larger testing groups to verify sta-
tistical significance; in vivo testing of the investigated parameters by i.a. ACh administration;
set rate stimulation by ACh administration for a finite period (comparable to like FES test-
ing) and conduction of presented experiments for shorter denervation periods with the aim of
determining the optimal time period and concentrations required for denervated muscles to
behave as close as possible in functionality as innervated muscles. Additionally, application
of intra arterial (i.a.) or micro fluidic administration of ACh could potentially benefit from

implementation of the broad results documented herein.
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Term

Definition

a posteriori

cholinergic

concentration

lag

contracture

endoplasmic

reticulum

exocytosis

fibrillation

frequency

modulation

Gibbs

phenomenon

isometric

contraction

ligand

lower motor

neuron

Derived from empirical observation.

Denoting nerve endings, that when stimulated, release acetylcholine as a

neurotransmitter, such as those of the parasympathetic system.
Releasing or activated by acetylcholine or a related compound.

Initiation at a higher concentration of a pattern or trend similar to that of a

different muscle.

A reversible and prolonged contraction, not characterised by short bursts of

propagated contractile activity along the muscle fibre.

A network of membranous tubules within the cytoplasm of a cell, responsible for
the production of the protein and lipid components of most of the cell’s organelles.

The process of cellular secretion in which the secretory products are contained
within a membrane-enclosed vesicle. The vesicle fuses with the cell membrane so

that the lumen of the vesicle is open to the extracellular environment

Fine, rapid twitching of individual muscle fibers with little or no movement of the

muscle as a whole.

Modulation in which the instantaneous frequency of a sine wave carrier is caused
to depart from the center frequency by an amount proportional to the

instantaneous value of the modulating signal.

The Gibbs phenomenon is an overshoot (or "ringing") of Fourier series and

other eigenfunction series occurring at simple discontinuities.

Muscular contraction during which muscle fibre length remains unchanged.

A smaller molecule that binds chemically to a larger molecule, which is usually a
protein. Neurotransmitters can be the ligands for specific membrane proteins
(ACh is thus considered a ligand).

A motor neuron that has its cell body in the grey matter of the spinal cord and
that contributes axons to peripheral nerves. This neuron innervates muscles and

glands.
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Definition

motor neuron

motor unit
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somatic

motor neuron

tetanus

upper motor

neuron

An efferent neuron that conducts muscle action potentials away from the central
nervous system to effector organs (muscles and glands). It forms the ventral root

of spinal nerves.

A lower motor neuron and all the skeletal muscle fibres stimulated by branches of
its axon. Larger motor units (more muscle fibres per axon) produce more force
when the unit is activated, but smaller motor units afford a finer degree of neural

control over muscle contraction.
A set of muscle fibres innervated by a motor neuron.
A compound used for its anti-cholinergic activity.

Skeletal muscle sensitivity to Acetylcholine. No attempt is made at quantifying
the this term, but it is rather used as a comparative measure of the muscle’s
reaction to ACh. For instance, if one of two muscles tested at the same
concentration were to produce a larger contractile output than the other, it would
considered more sensitive than the other to ACh in terms of contractility. If one
were to contract sooner than the other, it would be considered more sensitive to

ACh in its’ time to contraction response than the other.

A motor neuron in the spinal cord that innervates skeletal muscles. Somatic
motor neurons may be categorized as alpha and gamma motoneurons. Alpha
motoneurons stimulate extrafusal skeletal muscle fibers and gamma motoneurons

stimulate intrafusal fibers within the muscle spindle.

Denotes a smooth, sustained contraction of a muscle (as opposed to muscle

twitching), caused by rapidly repeated stimuli.

Cell bodies of interneurons located in the precentral gyrus of the frontal lobe of
the brain (involved in motor control). Upper motor neurons play a role in muscle

regulation.
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1 Introduction

Nervous system damage may result from spinal cord injury (SCI), stroke or neurological disorders
(such as multiple sclerosis (MS)) which may all have severe impacts on muscle tone and contraction.
In 2007, the number of Americans living with SCI was 255,702 on average; with a further 12,000
incidences occurring per year. Less than 1% of patients experience full neurological recovery at
the time of hospital discharge. 2,500,000 people worldwide suffer from MS. MS is an autoimmune
disease in which myelin sheaths degenerate, causing an adverse effect on central nervous system
(CNS) functionality; particularly by interruption of nerve signals and impulses. If areas of the brain
or CNS which control movement are affected, this may result in movement impairment or complete
loss of movement. The worldwide estimated stroke prevalence in 2006 was 6,400,000. Depending on
the area and extent of brain injury and the type of stroke, motor activity may be affected. Motor
neuron damage may be classified into two primary groups, depending on the region of damage.
Upper motor neuron (UMN) lesions constitute damage to neurons from the frontal cortex or their
tracts. UMN lesions are characterised by spastic paralysis. Lower motor neuron (LMN) lesions
constitute damage to neurons or fibres of the ventral horn. This often results in flaccid paralysis in
which the affected neurons are unable to relay signals to the muscle fibres to initiate contraction.

Paralysis occurs due to an interruption in the conduction pathways from the brain to the
muscle fibres. It is possible for the connection between the brain and motor neurons to be severed
whilst still maintaining the functional viability of the motor neurons. In such cases, the motor
neurons themselves are undamaged and it is possible to stimulate them electrically to cause muscular
contraction. Functional electrical stimulation (FES) has been used as a means of reestablishing basic
functionality by stimulating elementary motion, for example in patients suffering from dropped foot
due to MS or stroke [Taylor, 2002, Burridge et al., 1997].

FES does not prevent degeneration of nerve tracts and may thus prove ineffective when complete
degeneration occurs (which would constitute peripheral nerve damage). Peripheral nerve damage
(as may occur in the case of LMN lesions) presents a more complicated case. In this instance, the
motor neuron is no longer viable and can thus not be stimulated electrically. It is however possible
to elicit contractions by stimulating the denervated muscle directly, although this has proven to be
more challenging due to the functional anatomy of muscle fibre innervation. Each motor neuron
has many axonal branches, one or more of which innervate a muscle fibre [Feindel et al., 1952,
Hunt and Kuffler, 1954]. Stimulation of an undamaged motor neuron to cause the contraction of
the associated muscle fibres thus requires 100 to 1000 times less current [Sheffler and Chae, 2007]
than that required for direct denervated muscle stimulation [Eken and Gundersen, 1988] due to the
volumetric difference in stimulation sites. The higher stimulating current requirement for individual
muscle fibre stimulation creates the potential risk of stimulating surrounding pain receptors whose
conduction pathways may still be in tact [Merton et al., 1982, Benedetti et al., 1998]. A further



limitation of FES includes the inability to treat multiple muscles simultaneously due to restrictions
on the maximum stimulation current [Kern et al., 2002].

Physiologically, undamaged motor neurons communicate with muscle fibres at the neuromus-
cular junction (NMJ) by means of a neurotransmitter, Acetylcholine (ACh). The post junctional
membranes on the surface of the muscle fibres contain a number of specific receptors. Nicotinic
acetylcholine receptors (nAChR'’s) in skeletal muscle fibres bind to release ACh molecules, allowing
for sodium /potassium channels to open and for depolarisation, and hence contraction, to occur. An
alternative means to electrical stimulation thus exists in the use of ACh as a chemical stimulant.
Hypersensitivity to ACh in chronically denervated skeletal muscle fibres has been reported [Axels-
son and Thesleff, 1959]. Chronically denervated frog skeletal muscles and cat gastrocnemius were
found to be 100 and 1000 times more excitable respectively when compared to their innervated
counterparts. Theoretically, it may then be possible to artificially administer ACh to denervated
muscle fibre membranes in an effort to stimulate muscular contraction. In order to substantiate the
viability of such an application, it is necessary to determine the dynamic response of denervated
skeletal muscle fibres to controlled amounts of artificially administered ACh. This could effectively
rule out the possibility of pain receptor stimulation and offer an alternative to electrical stimula-
tion in cases of LMN damage. Applications would include incorporation of ACh administration
into neural prostheses (for example, stimulation of the blink reflex by micro-fluidic application of
ACh in patients with facial paralysis).

1.1 Objectives of Study

To the best of my knowledge, no in-depth investigation has been reported in literature on the effects
of denervation periods on the contractile response of mammalian skeletal muscle to ACh. Hence,
the objectives of this study are three-fold. The primary objective is to investigate denervated
muscle contraction dynamics induced by in vitro extracellular ACh administration. This involves
determining times to peak force of contraction and maximum force of contraction on denervated
skeletal muscles for varying concentrations of ACh. Innervated muscles will be used as a control. A
further objective is to determine the effects of varying concentrations of ACh on two different muscle
types (fast and slow twitch). The influence of the difference in muscle denervation periods will be
investigated by examining three different time periods of denervation (short term, medium term
and long term denervation groups). In addition, further signal analysis methods will be applied to

the stochastic signals obtained from the raw experimental data.



2 Review of Relevant Literature

A literature search of the biomedical and engineering aspects of muscle denervation and experimen-
tation was conducted and the relevant information is presented in section 2. Section 2.1 provides
an overview of the physiology of both innervated and denervated skeletal muscle and section 2.2

comprises the engineering applications to the physiological theory.

2.1 Biomedical aspects

Extensive research has been conducted in the field of muscle contraction and stimulation of den-
ervated muscles mainly due to the simplicity of the denervation model; the need to understand
the mechanisms governing muscular disorders and to further rehabilitation schemes for patients
suffering from paralysis. Denervation models allow for analysis of the nervous system control of
peripheral tissues [Midrio, 2006]. Skeletal muscle morphology is identical in vertebrates, thus al-
lowing for animal models to be used to investigate muscle contraction dynamics and the potential
factors which influence them. A thorough understanding of muscle fibre physiology is also necessary,
considering their altered state in the face of denervation.

2.1.1 Excitation contraction coupling

The purpose of skeletal muscle is to generate sufficient force to enable controlled movement of
associated extremities. In order to do so, the muscle fibres are required to receive signals from the
pre-central gyrus and cerebellum via motor neurons directed by the CNS.

Motor units comprise a number of muscle fibres which are innervated by a motor neuron. A
cell body (soma), an axon and dendrites constitute a motor neuron. Motor neurons may have
many dendrites but only one axon which in turn may branch into many axon terminals. Axon
terminals synapse with either the dendrites of an adjacent motor neuron or with the motor end
plates of muscle fibres. The process of neural stimulation and consequent muscle contraction is
termed excitation contraction (EC) coupling. Each muscle fibre is innervated by its own motor
neuron axon. An electrical impulse is conducted from the axon to the neuromuscular junction,
of which only one exists on each muscle fibre. The NMJ (whose size has been demonstrated to
be directly proportional to muscle diameter [Gauthier and Dunn, 1973]), is the connection zone
between the axon terminus (or terminal bouton) and the sarcolemma. These are depicted in Figure
1.

The post-synaptic junction of the membrane is termed the motor endplate. Cell adhesion
molecules are proteins found in pre- and post-synaptic plasma membranes. They project from
both membranes into the synaptic cleft to bond to one another hence ensuring that the pre- and

post-synaptic membranes remain close enough to allow for rapid transmission of neurotransmitters
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Figure 1: Depiction of neuromuscular junction and propagation of action potential

to occur across the synaptic cleft.

Neurotransmitters are chemicals which initiate action potentials in post-synaptic cells. Loewi
[1921] was the first to establish proof of neurotransmitter existence and action [Katz, 1966] in his
experiments conducted on cardiac muscle of the frog. In his experiments, the cardiac branch of the
vagus nerve was stimulated and a substance, initially termed “Vagustoff” by Loewi, was shown to
inhibit the contractile ability of cardiac muscle. This substance was later identified as ACh. Dale
et al. [1936] showed that stimulation of motor nerves innervating skeletal muscle in vertebrates
results in the release of ACh.

The arrival of an electrical impulse at the terminal bouton stimulates the opening of the calcium
channels thus enabling calcium ions in the synaptic cleft to diffuse into the axon terminal. This
increase in calcium ions activates regulatory proteins such as calmodulin. These regulatory proteins
activate protein kinase (an enzyme) which further phosphorylates other regulatory proteins. Docked
vesicles containing ACh are found on the pre-synaptic cleft. The eventual effect of the activation
chain of events is to encourage the existing synaptic vesicles in the presynaptic axon terminal to
fuse with the plasma membrane of the axon which hence allows for exocytosis to occur by formation
of a pore for the release of neurotransmitters such as ACh.

ACh is synthesized by choline acetyltransferase whereupon it is transported into synaptic vesicles
by means of vesicular ACh transporter (VAChT) for storage. The membrane of the synaptic vesicle

contains an ATP-powered protein pump which acidifies the lumen of the synaptic vesicle causing a



pH gradient to exist between the lumen and the cytoplasm. The VAChT exchanges ACh molecules
for protons from the synaptic vesicles. The number of vesicles and frequency of action potentials
determine the amount of neurotransmitter which is released into the synaptic cleft. After exocytosis
occurs, the vesicles are taken back up into the pre-synaptic axon terminal to be reused for the same
purpose. This entire process, from the diffusion of Ca?T into the pre-synaptic cell, to exocytosis,
takes less than 100us.

The released ACh diffuses across the synaptic cleft and binds to the nAChR’s on the sarcolemma
of the muscle fibre resulting in sodium /potassium channel opening. There are two types of channel
regulation, namely chemical or ligand regulated channels and voltage regulated channels. Neu-
rotransmitters are ligands which bind to receptor proteins on the post-synaptic membrane and
hence activate ligand regulated channels. Ligand regulated channels are primarily present in post-
synaptic membranes, whereas voltage regulated channels may be found in axons. ACh may be
used as an excitatory or inhibitory neurotransmitter depending on the type of innervation (somatic
or autonomic) and the end stimulus (muscles, organs or glands). Since, this study focuses on the
use of ACh at the NMJ, it is important to understand the receptor properties. There are two
types of cholinergic receptors (receptors which receive ACh) namely nAChR’s and muscarinic ACh
receptors. nAChR’s are found in the brain and in skeletal muscle fibres whereas muscarinic ACh
receptors are found in smooth and cardiac muscles and glands. Only nAChR’s are relevant to this
study which pertains to paralysed skeletal muscle stimulation.

nAChR’s are pentameric molecules and in innervated muscle fibres are found mainly in the
vicinity of the NMJ. Two of their extracellular binding sites allow for the attachment of one ACh
molecule each. Once two molecules of ACh are bound to the nAChR sites, a channel in the
receptor protein is opened thus allowing for Na™ to flow into the cell and K+ to flow out of the
cell simultaneously and through the same channel. The Na™ flows into the cell along a steeper
electrochemical gradient than the K leaving the cell, causing depolarisation or an excitatory post-
synaptic potential (EPSP). The polarity of the membrane remains the same when an EPSP is
created , due to the outward flow of potassium (this is not the case with action potentials, which
are associated with voltage regulated channels in which the potassium gates only open once the
sodium gates have closed). Figure 1 depicts the nAChR’s and the ligand regulated channels opened
by ACh molecule binding.

This binding process causes the ligand gated ion channels to open and allows Na™ ions to enter
the cell resulting in depolarisation. Upon reaching the threshold value, voltage gated ion channels
open and depolarisation occurs whereupon a new action potential impulse is produced to propagate
along the sarcolemma. The sarcolemma is then repolarised when the KT ion channels open (sub-
sequent to the closing of the Na™ ions channels) and the KT ions leave the cell. Hyperpolarisation
occurs when more potassium ions leave the cell than is necessary resulting in a relative refractory

period. The resulting ion distribution is eventually restored by means of the Na™ /K™ pump.



Table 1: Muscle units and their respective sheaths

Muscle Units Sheaths
Whole muscle Epimysium
Muscle fascicle Perimysium
Individual muscle fibre Endomysium

The impulse encounters invaginations of the sarcolemma known as T-tubules which are located at
each Z-disk. This prompts the release of C'a?* ions from the terminal cisterns of the sarcoplasmic
reticulum (SR) where it is stored. The Ca?" ions are released into the sarcoplasm surrounding
the myofilaments and bind to the Troponin C molecules on the thin myofilaments. This causes a
rearrangement, of the Troponin (C, I and T) molecules on the thick myofilaments such that the
binding site on the actin globule is uncovered to enable cross-bridge attachment.

Energy required for movement of the cross-bridge myosin head is released from the breakdown
of adenosine triphosphate (ATP) into adenosine diphosphate (ADP) and a phosphate ion (P).

The movement of the myosin head results in movement of the actin filament since they are
attached at the actin globule cross-bridge attachment site. The myosin head then detaches as a
new ATP molecule attaches to it. The ATP molecule undergoes hydrolysis again and the myosin
head returns to an upright position in anticipation of further stimuli. Once the stimulation halts,
Ca?* ions are returned for storage to the SR by means of active transport. The troponin molecules
rearrange to their resting position such that Troponin-I covers the cross-bridge attachment site
thus preventing myosin head attachment and contraction. Cross-bridge cycling hence translates to
muscle force generation. The muscle is relaxed when Acetylcholinesterase (AChE) breaks down the
excess ACh at the NMJ to allow for the receptors to respond to another stimulus.

The sequence of events in the EC process is rapid prior to muscle fibre contraction. Contraction
lags behind the initial stages of the EC process. Due to this lag, continuous stimulation will result in
contraction with increased force by a process of summation. Successive stimuli at high frequencies
thus result in stronger contractions since initial stimuli overcome intrinsic resistance from parallel

structures (such as tendons) Lieber [1992].

2.1.2 Skeletal muscle morphology and physiology

Skeletal muscle itself is composed of a number of subunits. Each subunit is covered with fascia

and sheaths of connective tissue. Table 1 describes the subunits of skeletal muscle composition and

their respective sheaths. Figure 2 depicts the units of which skeletal muscles are comprised.
Whole skeletal muscles are composed of muscle fascicles which are in turn composed of muscle

fibres. The muscle fibres can be further broken down into myofibrils, sarcomeres and myofilaments
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(in respective order of decreasing sized subunits). Skeletal muscle is most easily identified micro-
scopically by striations visible due to the arrangement of the myofibrils. The sarcomeres form
the basic contractile units of muscles [Fulton and Isaacs, 1991]. Sarcomeres are composed of thin
actin and thick myosin protein molecules grouped in bands and framed by Z-lines. Isotropic bands
(I-bands) are formed by the actin filaments which are positioned on either side of the Z-lines.

The thick myofilaments are composed of a globular head (composing heavy meromyosin) and a
thin tail (composing light meromyosin). The globular heads are found on the ends of the sarcomere.
The purpose of the globular head is two fold. Firstly, it acts as a binding site for actin. Secondly,
it acts as an enzyme site for catalysis of ATP hydrolysis. This is necessary for the energy release
required for muscle contraction. Cross bridges are formed by the globular heads when actin filaments
connect to their binding sites and are pulled towards the sarcomere centre. The cross bridges are
positioned spirally at 60° from one another, whilst remaining at 14-15nm apart (axial translation)
[Shimizu et al., 1985]. Each thick filament has 6 thin surrounding myofilaments. The thin filaments
are comprised of actin globules, tropomyosin and troponin. The actin globules are 5nm in diameter
and are linked in series. Each thin filament consists of two spiralled actin chains. Tropomyosin,
a long protein molecule, is found on the spiral formed grooves of the actin chains. Troponin is
found along the actin spirals at 38.5nm apart. There are three types of troponin namely Troponin
C, Troponin T and Troponin I. Troponin C acts as a site for Ca?t binding, Troponin T contains
tropomyosin and Troponin I inhibits cross-bridge attachment when Ca?* is not present.

Actin and myosin are involved in contraction and are hence termed contractile proteins, whereas
tropomyosin and troponin regulate force production by controlling cross-bridge attachment and are
hence termed regulatory proteins. Another protein essential to the functioning of skeletal muscle
is Titin. Titin is present in myofibrils and is believed to maintain the position of the thick myosin
filament in the centre of the sarcomere between the Z-lines. This is necessary during long durations
of contraction and unequal force application to the thick filament [Wang et al., 1979, Kellermayer
et al., 1997].

Skeletal muscles are comprised of either slow or fast twitch fibres, or a combination of both,
which dictates the force velocity relationship of the muscles. Slow twitch fibres (also termed Type
I muscle fibres) have an extensive blood supply due to their use of aerobic respiration. These
fibres are red in colour and contract with low forces for long durations. Fast twitch fibres (or Type
IT muscle fibres) on the other hand are considered white fibres and use anaerobic respiration or
oxidative metabolism (subtype dependent) to contract with greater forces for shorter periods and
are known to fatigue rapidly. The amount of force produced per contraction is the same for both
slow and fast twitch fibres. The distinction thus lies in the greater speed with which the fast twitch
fibres are able to fire [Fox, 2003]. Figure 9 shows an adenosine triphosphatase (ATPase) stain for
innervated fast and slow twitch skeletal muscle fibres.

Skeletal muscle contraction mechanics differ between muscle types. Contraction periods are



(a) Gastrocnemius (b) Soleus

Figure 3: Histological ATPase stains for (a) fast twitch fibres in rat gastrocnemii (arrowheads Type
IIc) [Burnes et al., 2008] and (b) Type II fibres (stained dark) in rat solei [Bye et al., 2008]

specific to muscle functionality, for instance rapid contraction of the gastrocnemius is necessary
for fast motion such as running; whereas the primary function of the soleus is to maintain balance
against gravitational effects by means of slow contraction [Shier et al., 1996].

Muscle contraction dynamics are dependent upon a number of factors which determine the time
constants of the system by means of neurotendinous sensory organ feedback. These factors include
fibre composition, length (sensed by type II secondary spindle endings), shortening velocity and
tension history (sensed by type Ib golgi tendon organs). Type Ia primary spindle endings sense
length and strain rate.

Rats have three major plantar flexors, namely soleus, gastrocnemius and plantaris. The soleus
and gastrocnemius will be used in this study. The soleus muscle is a monoarticular ankle extensor
mainly comprised (80%) of slow twitch fibres, whereas the gastrocnemius is a biarticular ankle
extensor mainly comprised of fast twitch fibres (percentage differs depending on the region of the
muscle) [Lieber, 1992]. Albuquerque and Thesleff [1968] conducted a comparative investigation
into the membrane properties of fast and slow skeletal muscles of the rat when both innervated
and chronically denervated. It was found that in innervated muscle fibres, the electrophysiological
properties did not differ significantly. When considering ACh sensitivity however, a difference
between the fast and slow twitch muscles (of the extensor and soleus muscles respectively) was
apparent. In the innervated extensor site, the ACh sensitivity site was found to be confined to the
endplate whereas in the innervated soleus muscle, ACh sensitivity regions were found to exist at
the endplate as well as along the muscle fibre in close proximity to the tendon.

Prodanov et al. [2005] mapped the spatial distribution of the motor endplates of the gastroc-
nemius muscle of the rat. The maps were created from series of cross sections stained for AChE
activity. The lateral and medial gastrocnemii were considered as separate entities. The motor end-

plates of the lateral gastrocnemius (LG) were arranged longitudinally in the middle of the muscle
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Figure 4: Effect of motor unit summation on degree of contraction. Arrows are indicative of stimuli.

in 3 columnar regions. The motor endplates of the medial gastrocnemius (MG) were found to
be distributed in a pattern resembling a leaf, with its main constituents in the distal third of the
muscle. Such information is useful in determining the region of injection or application of neuro-
transmitter substances. Both the MG and the LG are supplied by four different branches (each)
of the sciatic nerve, each controlling a section of the muscle independently. Prodanov et al. [2005]
further observed that for the LG, only the lateral portion contained motor endplates on the surface
of the muscle. They noted that the MG displayed a larger deviation in data. The LG was used in
this study.

2.1.3 Characteristic behaviour of skeletal muscle

Motor unit sizes vary depending on the level of control and force. Small motor units are associated
with thin (and hence easily excitable) axons, few muscle fibres and fine muscle control whereas
larger motor units innervate more muscle fibres and are associated with thick (and hence less
excitable) axons and large forces. Stimulation of a motor unit results in the contraction of all the
fibres associated with the respective motor unit.

Force summation occurs by means of motor unit summation and wave summation. Motor unit
summation involves the recruitment of motor units such that an increase in the number of recruited
motor units corresponds to an increase in the degree of contraction. Figure 4 displays this trend.

Wave summation occurs with an increase in stimulation frequency. The motor units are stimu-
lated continuously without being given a chance to completely relax. Some of the C'a?* ions remain
in the sarcoplasm, resulting in a larger number of cross bridge formations. Stimulation whilst still

3

in a state of contraction thus results in force summation, marked as section '2’ in Figure 5.
In the case where motor units are continuously stimulated at high frequency (with no chance for

contractile activity to subside), tetanic contraction occurs in which a constant force is maintained,
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Figure 5: Display of force summation and resulting unfused and fused tetanus.

indicated by the marker '3’ in Figure 5. When the release rate ofCa®Tions exceeds the rate of
uptake, fused tetanus results, as shown at marker ’4’ in Figure 5. The smooth constant force is
indicative of tetanic contraction. The maximum contractile force eventually begins to decrease over

time as the muscle fatigues.

2.1.4 Muscle denervation

Denervated muscles provide good models for investigations of muscle dynamics under varying con-
ditions. They have been used as the focus of studies exploring methods of exercising and or
reinnervating denervated fibres [Gutmann and Guttmann, 1944, Gardiner et al., 1984, Kern et al.,
1999].

Upon severing of a motor nerve, Wallerian degeneration occurs. This process is characterised
by predominantly distal axonal degeneration, although a portion of the proximal end of the axon
also degenerates. Additionally, Schwann cells concerned with the distal portion of the axon lose
their differentiating properties and rapidly increase, destroying the remaining axon and myelin
segments by phagocytosis. Further physiological changes to the cell body also occur (for more
detailed descriptions please consult Nicholls [2001]).

Subsequent to severing of a motor nerve, denervated skeletal muscle fibres pass through a
number of characteristic physiological changes including the occurrence of fibrillations [Brown,
1937, Langley and Kato, 1915], increased sensitivity to various chemical stimulants and muscle
atrophy. Fibrillations occur 2 to 5 days post-denervation in rabbits [Langley and Kato, 1915] and
rats (compared to 1 week + in humans) and are marked by allochronic and involuntary contractions
which are not due to ACh stimulation but rather caused from direct muscle membrane activity.
They do however, initiate from the original endplate region.

Changes in denervated muscle membrane sensitivity can be explained by changes which occur in
receptor topography post-denervation. The topography of nAChR/’s on skeletal muscle fibres differs
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in pre- and post-developed muscles and in innervated and denervated muscle fibres [Watson et al.,
1976]. Before muscle fibres become innervated, nAChR’s may be found spread out along the muscle
fibres. A reduction in extrajunctional nAChR’s occurs in developed adult skeletal muscle and may
be attributed to nAChR gene expression [Chahine and Goldman, 1992]. The nAChR’s are found
clustered at the NMJ’s in fully developed and innervated muscle fibres (15000-20000 nAChR’s /jim?
[Levitt-Gilmour and Salpeter, 1986]) and few extrajunctional nAChR’s are present [Miledi, 1960b].
It has been shown that in sites of low sensitivity, the time course of ACh potentials is slower [Katz
and Miledi, 1964b]. This was attributed to low nAChR site density in insensitive regions thus
involving a larger area of stimulation. Potential change is affected by receptor topography and
density. An increase in stimulative means results in the saturation of the closest receptors with
later activation of remote receptors due to increased diffusion time.

Receptor gradients from endplate to non endplate regions in adult skeletal muscle occur at a
steeper gradient than newly innervated skeletal muscle. In their study on receptor site distribution
in innervated muscles (sartorius of the Rana temporaria and Rana esculenta, rectus abdominus of
the Rana temporaria and diaphragm and rectus abdominus of the rat), Katz and Miledi [1964b]
measured the amplitude of depolarisation as an indicative parameter due to its ease of measurement
and the accuracy with which it could be done. They reported low extrajunctional sensitivity of the
innervated skeletal muscle fibres and ensured the validity of their results by implementing measures
such as muscle cleaning and varying pipette pressure on the muscle. This eliminated any potential
barrier effects of connective tissue or tendon layers at the muscle insertion to the tendon.

Subsequent to denervation however, extrajunctional ACh receptors proliferate. The proliferated
receptors are not initially evenly distributed along the muscle fibre but rather are spread down a
concentration gradient from the junctional folds to the tendons. Levitt-Gilmour and Salpeter
[1986] investigated denervation effects on the sternomastoid muscles of the mouse and found the
site density 500pm from the endplate to be 4 times higher than non-endplate regions which was
defined as 2mm from the endplate. Further, they observed that 4 days post-denervation the density
of the receptors in endplate regions were 4 times more than that of non endplate regions and no
indication of new receptors possessing a slow degradation rate was found. Such a gradient is not
unlike that observed after developing muscles have been innervated. Levitt-Gilmour and Salpeter
[1986] suggested the existence of a mechanism which presupposed a maximum number of nAChR’s
at the NMJ, even whilst in stages of altered synthesis and atrophy.

ACh sensitivity in innervated slow twitch and fast twitch fibres differ in so far as the slow
twitch fibres have a low ACh sensitivity along the whole fibre whereas the fast twitch fibres exhibit
no extrajunctional ACh sensitivity [Hartzell and Fambrough, 1972]. The sites of ACh sensitivity
in denervated muscle fibres however, are similar in both slow and fast twitch fibres and are not
regionally specific but rather apply to the entire muscle fibre [Albuquerque and Thesleff, 1968,
Axelsson and Thesleff, 1959, Gauthier and Dunn, 1973]. Denervated muscles have been reported
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to exhibit an increased sensitivity to ACh [Watson et al., 1976, Katz and Miledi, 1964b|. Increased
membrane sensitivity to a number of chemicals signifies lower stimulant concentrations required
to initiate contractions. Reduction factors of up to 1000 have been reported [Brown, 1937], as
in the case of ACh stimulation, where ACh is administered intra arterially (i.a.) or within the
denervated muscle bathing medium. Hartzell and Fambrough [1972] conducted an investigation into
the distribution and sensitivity of nAChR’s of the rat diaphragm post-denervation'. The innervated
adult rat diaphragm is comprised of predominantly slow twitch fibres [Kilarski and Sjostrom, 1990].
Extrajunctional nAChR’s were seen to increase from 2 to 3 days post-denervation, as too was
observed by Levitt-Gilmour and Salpeter [1986]. Levitt-Gilmour and Salpeter [1986] reported that
by 8 days post-denervation, extrajunctional receptors proliferated over the entire muscle surface

at a site density of between 200-400 binding sites/pm?

; and that the number of receptors at the
junctional folds remained constant for a number of weeks before exhibiting a decrease. At 14 days
post-denervation Hartzell and Fambrough [1972] stated that the extrajunctional receptors had
reached 1695 nAChR’s/yum? but by 45 days had reduced 3-fold to 529 nAChR’s/pm? (although
still resulting in an overall increase in extrajunctional nAChR’s). The decrease in ACh sensitivity
between 14 and 45 days is akin to the sensitivity of a 5 day post-denervation fibre. This was
hypothesized to be due to a decrease in the number and density of extrajunctional receptors and
or a decrease in surface area due to muscle atrophy. Hartzell and Fambrough [1972] established a
logarithmic relationship between the density of the nAChR’s and ACh sensitivity such that nAChR
density was 0.53 times the log of the ACh sensitivity (where the sensitivity was determined by means
of iontophoretic application of ACh). The receptors displayed a 19-fold increase after a period of
14 days post-denervation if counted by specific binding methods [Hartzell and Fambrough, 1972].
Three theories exist as to the nature of the increase in extrajunctional receptors post-denervation.

These include
1. redistribution of existing receptors
2. latent receptor activation
3. generation of new extrajunctional nAChR’s

(1) would result in a marked decrease in the number of junctional receptors. Hartzell and Fam-
brough [1972] did not observe such a decrease and noted that this was not a general trend in
the literature hence concluding that if redistribution were to occur, it would do so in insignificant
amounts and would thus not be the sole cause of the increase in extrajunctional receptors. The
literature is more supportive of (2) [Katz and Miledi, 1964a] and (3), although a combination of all

three possibilities has neither been ruled out nor verified [Hartzell and Fambrough, 1972].

INote that diaphragm muscle is classified as skeletal muscle.
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Gauthier and Dunn [1973] investigated the semitendinosis muscle (composed of red, intermedi-
ate and white fibres) of the rat at a 14 day denervation period. It was observed that at this period,
the fibres were altered to a more homogeneous state resembling that of red or intermediate fibres
but that these differed from normal fibres in their ultrastructural properties. The increase in red
and intermediate fibres was attributed to a preferential modification of white fibres, confirmed by
a myofibrillar ATPase staining technique to distinguish between fibre types before and after den-
ervation. This alteration was considered as either a conversion (from white to red or intermediate)
or as a deterioration of fibre type.

The discrimination in fibre type alteration may be due to either inherent muscle fibre properties
or their respective motor neurons (with specific motor neurons, differing cytochemically, supplying
different muscle types). Type I (red) fibres are considered more independent of the nerve supply,
substantiated by muscle proteins which subsist independently of the nerve supply. Gauthier and
Dunn [1973] contested such complete independence, alluding to changes in ultrastructural proper-
ties. Further observations at this denervation period included an increase in free ribosomes and
rough surfaced endoplasmic reticulum. The increase was considered unbiased towards fibre type
and attributed to the elimination of the nerve supply as a universal response. The observation was
however, more evident in red and intermediate fibres (noted to possess more extensive superficial
sarcoplasms). The increase in ACh sensitivity along the muscle fibre was attributed to the observed
increase in physiological apparatus of protein synthesis.

Gauthier and Dunn [1973] stated that post-denervation transformations should not be attributed
to discontinued use of the muscle, but rather to some trophic control by the respective nerve. It
was suggested that the observed increase in the number of ribosomes corresponds to the increased
production of a protein receptor. Gauthier and Dunn [1973] further asserted that the change in
ACh sensitivity to incorporate the entire fibre post-denervation is curtailed by compounds which
inhibit protein synthesis. This increase in sensitivity, apparent after 2-3 days [Levitt-Gilmour and
Salpeter, 1986, Lgmo and Rosenthal, 1972] is consistent in time with the appearance of additional
ribosomes, suggesting that increased ribosome appearance is either adjunct to or precedent to the
inception of whole muscle ACh sensitivity. Moreover, Gauthier and Dunn [1973] supported their
proposition of increased ribosome-ACh sensitivity correlation, with their further observations of
whole skeletal muscle ACh sensitivity at birth (in the rat) corresponding to a wealth of ribosomes
in said fibres. They additionally noted that prevention of protein synthesis in undifferentiated fibres
(sensitive to ACh in their entirety) in vitro inhibits the progression to muscle fibre supersensitivity
to ACh. Such findings are consistent with receptor proliferation.

Denervation alters muscle dynamics differently to what immobility or unloading would [Lieber,
1992]. Muscle atrophy (a decrease in total muscle mass) is the first noticeable change subsequent
to denervation and occurs in both slow and fast twitch muscle fibres. As a result of this atrophy,

a decrease in the muscle fibre diameter and muscle force output is exhibited. Onset of atrophy
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occurs practically immediately post-denervation [Shier et al., 1996]. Muscle fibre degeneration
ensues approximately 2 months post-denervation. If no reinnervation occurs (for reinnervation, see
section 2.1.5), muscle fibres reach the final stage of atrophy which involves replacement of fibres
with fibrous, fatty tissue. Remaining fibres comprise a cell membrane and cell nuclei, but a limited
ability to contract. This results in almost no capacity for myofibril regeneration.
Post-denervation, muscle fibres transform from slow to fast twitch fibres and thus increase
the contractile speed, albeit at a lower force than their innervated counterparts [Lieber, 1992].
Albuquerque and Thesleff [1968] observed a three-fold increase in the electrical time constant in both
fast and slow twitch muscle fibres post-denervation in experiments involving rat skeletal muscle.
Denervation has been shown to cause an increase in the transverse resistance of the membranes in
both slow and fast twitch fibres. Further notable changes post-denervation include an increase in
the threshold required to generate an action potential and a reduction in the amplitude and rate of

rise of spike, both of which are more pronounced in slow twitch fibres [Albuquerque and Thesleff,
1968].

2.1.5 Denervated muscle fibre functional electrical stimulation and reinnervation

It is possible for denervated muscle fibres to become reinnervated, provided the nerve supply to
the muscle fibres redevelops rapidly. Damaged nerves which have not completely degenerated, may
regenerate at various rates depending on the nerve. If reinnervation occurs within 3 months, the
muscle fibres are likely to reacquire full functionality. As post-denervation time wears on however,
regaining of full functionality becomes less probable and after 1 to 2 years, unlikely [Shier et al.,
1996]. Eberstein and Eberstein [1996] proclaimed that once a muscle has been denervated for
over a period of one year, the muscle could not be restored to its’ full contractile functionality.
It was accepted that if the damaged nerve regeneration rate was so slow as to exceed this time
frame, the respective muscles would not respond to reinnervation. FES has thus been used to
maintain denervated muscle viability until reinnervation occurs [Eberstein and Eberstein, 1996].
The one year time period for muscle reinnervation was generally accepted in clinical rehabilitation
applications. Kern et al. [2002] however, disproved this by successfully stimulating and training
denervated, degenerated muscles 15-20 years post-denervation over a period of 3-4 years, albeit
obtaining high variations in contraction forces and fatigue resistance during initial years.

Muscle fibre reinnervation has been shown to result in a decrease in the number of extrajunc-
tional nAChR’s. Chahine and Goldman [1992] have ascribed this phenomenon to the suppression
of nAChR gene expression. Neural cell adhesion molecules (NCAM’s) have also been shown to play
a significant role in muscle fibre reinnervation. Denervated muscle fibres make use of NCAM’s to
instigate the process of reinnervation. It has however been demonstrated [Lieber, 1992] that electri-
cal stimulation of denervated muscle suppresses the expression of NCAM’s and hence discourages

reinnervation. Reinnervation sites have been shown to favour the original NMJ locations even in
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Figure 6: Effect of acetylcholine concentration on contractures developed in crustacean gastric mill
muscles [Marder and Paupardin-Tritsch, 1980]

cases of complete destruction of the muscle fibre such that only the basal lamina is left intact, along
with damaged muscle fibre constituents. NCAM’s thus affect reinnervation but are not the sole

cause thereof.

2.1.6 Response of innervated and denervated skeletal muscle to ACh administration

Application of ACh to explanted, innervated, whole skeletal muscles placed in a tissue bath, has
been shown to cause the muscle to produce a slow contracture?. The muscles’ ability to react to
this form of stimulation may last for a number of hours [Quilliam, 1955]. Marder and Paupardin-
Tritsch [1980] investigated the effect of ACh (amongst other ligands) on contractures developed
in (striated) gastric mill muscles of crustaceans. Figure 6 illustrates their findings (adapted from
Marder and Paupardin-Tritsch [1980]).

Fast and slow twitch muscles differ in their response to activation. Short bursts of propagated
contractile activity are characteristic of fast twitch fibres whereas slow twitch and multiply inner-
vated fibres display a gradual increase in tension, dependent on the degree to which the membrane
is depolarised [Sanghvi and Smith, 1969].

2Refer to Glossary of Terms on page Xix.
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Sanghvi and Smith [1969] investigated the effects of a number of cholinomimetics and neuro-
muscular blocking agents, including ACh and succinylcholine (SCh) respectively, on the extraocular
muscles of the cat. ACh was found to induce a contraction which was maintained under both in
vitro as well as in vivo conditions. Small doses resulted in recurring motor unit activation in fast
twitch fibres (measured by means of electromyography). Large doses resulted in the cessation of
the recurring motor unit activation.

Application of ACh to extraocular muscles has been shown [Sanghvi and Smith, 1969] to result
in slow contracture. ACh was also shown to evoke a prolonged contraction of the isolated superior
oblique muscles of the cat. Physostigmine (refer to Glossary of Terms on page xx) was used to
increase the effect of ACh. Gasser [1930] described a contracture as a reversible and prolonged
contraction, not characterised by short bursts of propagated contractile activity along the muscle
fibre. Contractures are commonly known to result in shortening and hardening of muscle.

Sanghvi and Smith [1969] presented two reports on the effects of ACh on slow twitch fibres. One
reviewed study [Hess and Pilar, 1963] supported that ACh causes only slow contractures in slow
twitch fibres whereas another reviewed study [Bach-y Rita and Ito, 1966] added that invocation of
contraction by electrical stimulation prior to ACh stimulation resulted in short bursts of propagated
contractile activity as well as slow contractures as described by Gasser [1930].

Different doses of SCh were found to result in different stages of contraction. Low doses resulted
in a combination of asynchronous tetanus (refer to marker ‘3’ in Figure 5 in section 2.1.3) and
slow contracture. Large doses caused slow twitch fibres to produce contractures with some motor
activity confined to individual muscle fibres and a reduction in maximal twitch force. Since SCh
is a paralytic agent, the twitch depression effect caused by large doses is expected and was further
substantiated by a potential inability of the muscle to contract further if already in a contracted
state. Sanghvi and Smith [1969] likened the response of extraocular muscles to cholinomimetics
and neuromuscular blocking agents to that of amphibian and avian skeletal muscles, all of which
exhibit slow contractures upon stimulation with some fast twitch contractions. The type of response
elicited was found to be dependent upon the dose (and hence concentration) of the agent.

A difference in cholinomimetic effects under varying conditions was also reported [Sanghvi and
Smith, 1969]. Parameters said to affect stimulation included temperature (tests were conducted
both in vivo — at body temperature and in vitro — at room temperature) and exposure time to
the stimulating agent (short exposure times occurred with i.a. administration for in vivo tests and
longer exposure times for in vitro exposure times).

Brown [1937] experimented with the stimulation of denervated mammalian (cat) and amphibian
(frog Rana esculenta) gastrocnemii muscles by means of i.a. injection of ACh. Mammalian mus-
cles were denervated for periods between 4 and 27 days whilst amphibian muscles were denervated
for 3 weeks. The development of isometric tension (refer to section 2.2.1) was recorded amongst

additional electrical parameters. Attention was drawn to a double peak response consisting of a
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quick contraction and a slow contracture, which was a previously noted phenomenon in literature
but which had never been thoroughly examined. The double peak phenomenon implied a partial
similarity between innervated and denervated muscle contractile response thus warranting further
investigation [Brown, 1937]. Mammalian muscles denervated for a period of 1 week were tested
with various doses of ACh. Larger ACh doses were administered to innervated muscle. The results
were comparable in terms of the quick response and the subsequent relaxation periods, in which the
denervated muscle exhibited a longer time period of relaxation after the quick response than that
of the innervated muscle. Small doses caused a quick contractile response, quick relaxation, and
the recommencement of fibrillations thereafter. The quick contractile response was noted to occur
in conjunction with an increase in action potential discharge, where an extended action potential
discharge period was evident in denervated mammalian muscle after stimulation by ACh admin-
istration, compared to shorter discharge periods in innervated mammalian muscle. An increase
in the dose (and hence concentration) of ACh caused the initial quick contraction time to display
an increase in tension and the relaxation to be reduced. At such increased doses however, the
relaxation phase was inhibited by a gradual increase in isometric tension. Further increases in the
administered dose resulted in increased peak tension of the slow contraction phase, whereupon the
slow contracture exhibited a greater peak tension than the initial quick response until eventually
the quick response was no longer discernable at maximal dose and the increase in action poten-
tial discharge shown to accompany the quick response was inhibited. Large contractures further
resulted in an increase in the ACh threshold and a reduction in the tension of contractions elicited
by maximum dose administration of ACh. Moreover, fibrillations did not recommence quickly af-
ter high doses of ACh, taking up to 10 minutes to do so. This effect was found to be in direct
proportion to the duration of the period of slow contracture. A third contraction phase was noted
in tests conducted with doses of ACh low enough to stimulate a slow contracture with a maximal
tension less than or equal to half that of the quick contraction. This third phase of contractile
activity was thought to be due to remaining ACh in the interstitial fluid, the effect of which had
been temporarily suppressed by the slow contracture phase.

In 3 week denervated frog muscles, no spontaneous fibrillations were noted. In fact, the only
significant difference between the innervated and denervated frog muscles worth mentioning here is
the lower threshold (dose) required required to stimulate the denervated muscle in comparison to
the innervated muscle. The dose of ACh required to elicit a response in denervated muscle equal
in tension to that of innervated muscle, is a factor of 10 less than the dose required for the latter.
It should be noted here that the discussion of innervated frog skeletal muscle is relevant in that
their contractile response to ACh has been shown to be comparable to that of denervated mam-
malian muscle insofar as the effects on quick response, suppression of fibrillation and suppression
of contractile response to direct electrical stimulation [Brown, 1937].

Whilst a similarity does exist in the occurrence of the quick contraction phase in both inner-
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vated and denervated mammalian muscle, three important differences have been noted [Brown,
1937]. These include the requirement of a lower dose of ACh to elicit a response in denervated
muscle (compared to innervated), the extended period of the mechanical response elicited and the
lengthened duration of the action potentials occurring alongside the aforementioned mechanical
response. The increased sensitivity of denervated muscles has partly been attributed to the lack
of AChE associated with nerve endings. The lengthened periods of activity noted in denervated
muscle can thus be explained by a combination of the low threshold dose required and indepen-
dence from the requirement of rapid application (as needed in innervated muscle to overcome the
effects of AChE). The slow contracture phase of the response is not associated with repititive ac-
tion potentials. In fact, the physiological mechanism involved with the propagation of contractile
activity is inhibited by the slow contracture phase. Further, the slow contracture has been reported
to involve all the muscle fibres in denervated mammalian and amphibian muscles. Although no
rigorous investigation into the contractile response of denervated muscles at varying time periods
has been conducted, Brown [1937] hypothesised that an increase in the gradual slow contracture
and an increase in membrane sensitivity (characteristic of denervation) occurred simultaneously.
This was determined by considering mammalian muscles denervated for periods of 4 and 6 days
where at 4 days, (threshold dose) > L (threshold dose)

4day denervation — 2

Oday denervations With a barely
visible slow contracture; and at 6 days post-denervation, the muscle was considered highly sensitive
and the slow contracture was distinct.

The contractile effects on skeletal muscle due to ACh administration can thus be related to
the response of the junctional and extrajunctional nAChR’s. As discussed in section 2.1.4, the
nAChR’s of rat skeletal muscle are distributed down a density gradient with the maximum density
occurring at the endplate. Sensitivity thus decreases with increasing distance from the reactive
area. Frog skeletal muscles differ slightly in that intermittent regions of higher sensitivity exist
along the fibre. Miledi [1960a] asserted that regional sensitivity to ACh affects the time course
of ACh potentials. Regions of low sensitivity exhibit slow rise time (T?) due to the delay in the
recruitment of surrounding receptors in an attempt to elicit a depolarising response (mV) of the
membrane. Feltz et al. [1971] investigated the effect of ACh on junctional and extrajunctional
nAChR’s in terms of distribution and rise time of synaptic responses (depolarisation) in innervated
frog skeletal muscle. The resultant responses differed greatly between junctional and extrajunc-
tional nAChR’s. Junctional receptors exhibited highly sensitive behaviour (sensitivity expressed in
mV /nC) to ACh administration with rise times below 10ms, independent of ACh dose (Q) increase.
Extrajunctional receptors on the other hand exhibited low sensitivity to ACh administration with
slow rise times which correlated linearly with a Q3 dose of ACh [Feltz et al., 1971]. The rise time of

2
3Feltz et al. [1971] defined the rise time as T = Q3 o, where Q is the dose of ACh administered, D is the constant
4r DX

of diffusion of ACh 10"%cm?2sec™! and X is a function of Q, D, time (¢) and position (b), Xo = Q —exp— (417—[2”)
8(wDt)2
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response at the extrajunctional regions increased with an increase in the amplitude of depolarisa-
tion. The difference in response between junctional and extrajunctional nAChR’s was attributed to
the difference in area covered by the receptors. Extrajunctional nAChR’s cover a larger area with
a more uniform distribution whereas junctional receptors are densely packed into a smaller region
which the administered doses cannot saturate hence resulting in rise time independence from Q.
The amplitude of depolarisation is dependent upon the concentration of the ACh being adminis-
tered. Miledi [1960a] and Katz and Thesleff [1957] asserted that the speed of desensitisation (by
repetitive application) of a receptor site increases significantly with an increase in concentration of
the chemical depolarising stimulant.

In experiments on innervated frog muscle in which ACh was administered i.a., Brown [1937]
reported a rapid whole muscle contraction whose tension, at high enough doses, was able to exceed
maximal twitch tension.

An important consideration, very pertinent to this study involves the effect of ACh on the
contractile response of skeletal muscle to direct electrical stimulation (refer to section 3.3.2). Brown
[1937] reported that when doses of ACh were large enough to produce a slow contracture, any
subsequent attempt at direct electrical stimulation was futile (no visible contractions occurred).
The occurrence of such suppression of a response to direct electrical stimulation was taken as an
indication of the presence of a slow contracture. Moreover, additional chemical stimulation was still
able to produce a contractile response, despite the muscles’ unresponsive result to direct electrical
stimulation but this response was merely an extension of the slow contracture. Note that the initial
generation of a slow contracture is imperative - if only a quick response is elicited, the response
to electrical stimulation is not depressed. The occurrence of a slow contracture thus affects the
quick contraction response, fibrillation activity and direct electrical stimulation reactions; but has
no influence on slow contracture by further ACh stimulation. These effects may persist long after

the tension developed in the muscle during the slow contracture phase has subsided.

2.2 Engineering aspects

A study of muscle contraction dynamics requires a means of analysing the obtained contractile
response. In this study, explanted skeletal muscles (solei and gastrocnemii) were stimulated and
their contractile responses (i.e. generated force) recorded. The signal analysis applied to the
recorded contractile responses included Empirical Mode Decomposition in conjunction with Hilbert
spectra. This section describes these principles as well as the application of other engineering and

mathematical principles to the experimental design and execution.
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2.2.1 Isometric contraction

Explanted muscles stimulated to produce contractile forces may be tested under one of two condi-
tions, isotonic contraction or isometric contraction. Isotonic contraction requires that a constant
tension be applied to the muscle and its change in length recorded. Isometric contraction on the
other hand requires that the muscle be maintained at constant length whilst the contractile force
is recorded upon stimulation. Isometric contraction is applied in this study, as demonstrated in
Figure 7 (adapted from Ethier and Simmons [2007]).

2.2.2 Signal characteristics

The output signals obtained in this study were considered to be non-stationary (transient) and
non-linear. A stationary signal is one in which the statistical properties (such as the mean or
variance) of the signal do not vary over time. Mathematically, a time series X (¢) is said to possess

weak stationarity if [Huang et al., 1998]

E(|X(t)2|><oo
E(X () =m
C(X(tl),X(fg)):C(X(tl +T),X(t2+7')) :C(tl—tg)

where
E (.) is the expected value average, and
C'(.) is the covariance function;

and strict stationarity [Huang et al., 1998] if, for all ¢ and 7,
(X (1), X (t2), ..., X (tn)]
and
(Xt +7), X (ta+7),.... X (tn +7)]

are the same.

Systems are considered non-linear when the amplitudes of their variations become finite. Most
natural occurring physical systems are intrinsically non-linear. Even the data obtained from linear
systems may be deemed as non-linear in their final state due to limitations and imperfections of
probes or applied numerical methods [Huang et al., 1998].

There are a select number of methods which allow for the analysis of non-linear and non-

stationary data. The most applicable of these methods will be discussed here.
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2.2.3 Fourier Analysis

Fourier analysis (FA) involves the decomposition of a signal into trigonometric components of
different frequencies, essentially transforming the signal from a time-based to a frequency-based
domain. As will be demonstrated shortly, this method is not ideal for the analysis of non-linear
and non-stationary signals. It does however, form the basis of the underlying principles of other
techniques which will be discussed here, hence forming the foundation of a broader explanation to
follow.

The downfall of taking the Fourier transform (FT) of a signal is that it only provides the
frequency components contained within the signal but provides no indication as to when in the
time domain these frequencies occur. FA is thus only useful for stationary signals, or in instances
when the user has no interest in the time domain information. The short time Fourier transform
(STFT) was thus developed as an attempt at tackling the shortcomings of the FT by using a
windowing technique to analyse only select portions of data at a time. STFTs segment a signal
and assume stationarity over each segment thus providing a fixed resolution at all times (once a
time window is selected, its size is the same for all frequencies). This finite window decreases the
frequency resolution and provides limited precision based on the size of the window.

It follows then that a more adaptive approach is necessary if one wants to achieve better precision

and accuracy in the time and frequency domains.

2.2.4 'Wavelet analysis

Wavelet analysis (WA) provides just such an adaptive approach. WA is in effect a variable window

Fourier spectral analysis (FSA) and is defined mathematically as

a

W (a,b; X, 1) =| a|~/? /_O;X(t)zp* (t_b) dt (2.1)

where

) * (%) is the basic wavelet function

a is the dilation factor (% is indicative of the frequency scale)

b is the translation of the origin (indicative of the time location of an event)

Equation 2.1 represents the energy of X for scale a at t = b [Huang et al., 1998].

The basic wavelet function (as defined above) is selected according to the type of signal being
analysed and is applied before the analysis is undertaken. WA is capable of providing time and
frequency information of a signal simultaneously and overcomes the resolution problems of the
STFT by means of its variability. The technique involves decomposing the signal (to a pre-defined
level) into frequency bands by splitting the signal and applying various high pass and low pass filters
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to each component. The resulting frequency bands are displayed over time intervals?. Variable
resolutions may be obtained such that higher frequencies are better resolved in time and lower
frequencies are better resolved in frequency (the signal may be analysed at different frequencies with
different resolutions). The width of the window is variable and hence changes for every spectral
component. Negative frequencies are not computed. WA has been applied to time-frequency
distributions of data in time series [Huang et al., 1998, Farge, 1992, Long et al., 1993].

Pitfalls of this method include the time frequency resolution trade off (localised changes require
one to analyse the high frequency range thus making it difficult, if not impossible to to determine
local changes in the low frequency range), the restriction to the basic wavelet function selected
(this presupposes that the user knows the shape of the useful components of the signal) and the
assumption of linearity of the signal (since the technique is based on FA as described in section
2.2.3). Despite these shortcomings, WA is still a highly regarded technique in the analysis of

non-stationary data.

2.2.5 Empirical mode decomposition and Hilbert spectral analysis

Empirical mode decomposition (EMD) is a digital signal processing technique which allows for the
analysis of stochastic signals (generally non-linear and non-stationary) [de Lima et al., 2006] whilst
still maintaining information relative to the time domain.

The EMD technique is based on a number of assumptions as defined by Huang et al. [1998],

namely

1. a minimum of two extrema (a maximum and a minimum) occur in the signal to be analysed

2. if extrema are non-existent in the data set and only inflection points exist, differentiation will
be repeatedly applied to the data until the extrema are identified and the ultimate results

achieved by integrating the components
3. the time scale is determined by the time period occurring between said extrema

EMD produces intrinsic mode functions (IMFs) which are complete and locally orthogonal bases
of the original signal [Huang et al., 1998] (so-called due to their representation of the oscillatory
components fixed in the data). Time varying frequencies within the signal are thus maintained in
the IMFs. Huang et al. [1998] defined IMFs as functions which satisfy the following two conditions

1. the number of extrema is equal to the number of zero crossings or differ by a maximum value

of one over the whole data set

2. the mean value of the envelope defined by the local maxima, as well as that defined by the

local minima, must be zero at any point

4Note here the applicability of the Heisenberg Uncertainty Principle which states that the simultaneous momentum
and position of a particle cannot be defined, hence the use of frequency bands and time intervals.

24



These criteria for defining IMFs allow for both frequency as well as amplitude modulation.

The flowchart in Figure 8 outlines the EMD process and hence the means of obtaining the IMFs
of an input signal.

The IMFs may be representative of physical occurrences since they represent different frequency
and time scale components of the signal [de Lima et al., 2006, Huang et al., 1998, Mendez et al.,
2010, Peng et al., 2005, Sharpley and Vatchev, 2006] and have been used in seismic and biological
signal analysis [Battista et al., 2007, de Lima et al., 2006] as well as EMG [Andrade et al., 2006],
ECG [Balocchi et al., 2004, Mendez et al., 2010, Salisbury and Sun, 2004] and EEG [ur Rehman
and Mandic, 2010, Sweeney-Reed et al., 2004] signal analysis. The raw signal is sifted through
the process charted in Figure 8 and the outcome is a set of IMFs with the last output component
representing the residual data which were not classified into any of the IMF components. During the
spline fitting process errors occur which accrue during sifting and may result in slight inaccuracies
of the final amplitude and frequency values. In spite of these small errors, the method is successful
in extracting most of the dynamic features from the signals examined [Huang et al., 1998]. The
sifting process serves to eradicate the presence of riding waves as well as to improve the symmetry
of the wave profiles by smoothing irregularities in the amplitudes [Huang et al., 1998]. The effect
of the latter is controlled by applying a limit to the standard deviation (SD) between consecutive
siftings in order to avoid the extreme case of obtaining a fixed amplitude signal. The SD is typically
fixed between 0.2 and 0.3 and is given by

| (hye— 1) (t) — hax (1)) |2
b= Z 2 ()

The physical significance of each IMF is to be interpreted by the user and thus supposes prior
knowledge of the signal, although methods have been developed which aim to select IMFs relevant
to the physical significance of the signal. Some such methods are discussed by Peng et al. [2005],
Adu-Gyamfi et al. [2010] and Boutana et al. [2010]. IMF selection is essentially equivalent to
applying a bandpass filter to the signal, but is superior to bandpass filtering in FA in that signal
stationarity is not a limitation [Huang et al., 1998]. It is however, common practice for researchers
to make use of all the IMFs [Mendez et al., 2010] (besides the final, representing the signal residuals.
The residual may be included if evidence for physical significance exists).

EMD analysis is often used in conjunction with the Hilbert-Huang transform (HHT) and plotted
on a Hilbert spectrum (HS) (amplitude squared will represent energy density). The HS allows for
the energy contained in the IMFs to be visualised, and events localised (significant for locally
inhomogeneous signals), as functions of time and frequency. This method is unique in that it
allows for quantitative analysis of frequency variation. The IMFs provide a group of local functional
components for which the instantaneous frequency is identified everywhere. The combined EMD

and HS technique is considered superior to FSA and WA for a number of reasons [Huang et al.,
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Figure 8: Flowchart outlining EMD process
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1998, Peng et al., 2005, de Lima et al., 2006].

FSA is only capable of achieving a global characterisation of uniform harmonic elements in
the signal. Since non-stationary data is non-uniform globally, additional harmonic elements are
mathematically required to simulate the data. Further, FSA is based on the linear superposition of
trigonometric functions. Extra harmonic elements (which credit no physical significance) are thus
added to deformed (non-linear, non-stationary) signals when implementing this technique. These
features of FSA result in the signals’ energy being spread over a broad range of frequencies, which
detracts from the grounds of physical interpretation. The HS employs the instantaneous frequency
and energy as opposed to those globally defined which does not require the introduction of spurious
harmonic components. WA, as mentioned in section 2.2.4, is applicable to non-stationary (but not
non-linear) systems; is restricted in time and frequency resolutions depending on the frequency
range (high or low) and further constrained by having to select a basic wavelet before analysis
can take place. According to Huang et al. [1998], the HS determines the intrawave frequency
modulation whereas WA demonstrates an energy spread, lacking in precision, over the primary
energy component in the wave. Demonstration of frequency variation within a period of oscillation is
unique to the EMD-HS technique. The WA technique often results in energy ‘leakage’ into adjacent
modes. Whilst some frequency variation does occur in the HS due to the Gibbs phenomenon® at
abrupt frequency changes and due to the end effects introduced by the finite data length, these are
insignificant in comparison to the leakage exhibited by WA.

Accuracy in determining the occurrence of events in the time domain is crucial for non-stationary
signals. This dictates that the employed method allows for adaptivity and for both frequency
and energy (amplitude) to be functions of time [Huang et al., 1998]. Adaptivity allows for the
method to detect local variations in the data thus emphasising the physical significance of a signal
without merely blindly conforming to mathematical constraints (such conformist activity occurs
when FA is applied to non-linear signals, resulting in the generation of spurious harmonics). Such
an adaptive basis is achievable through a posteriori development. In EMD analysis, the resulting
IMFs constitute the adaptive basis as they are derived from the data.

The Hilbert transform (HT) of an arbitrary time series is given by

vy ()= 1p = ) gy

t—t’

where

P is the Cauchy principle value

X (t) and Y (¢) form a complex conjugate pair

An analytic signal Z (t) (which represents an IMF after the application of the HT) can then be
represented by

5Refer to Glossary of Terms, page xix
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Z(t) = X (t) +iY (t) = a (t) ?®

where
a(t)=[X2(t)+Y2(t)]

0 (t) = arctan (%)

1/2

The instantaneous frequency (w) definition which best fits these conditions [Huang et al., 1998]
is then given by

w=—" (2.2)

Based on the stationary phase assumption (see Huang et al. [1998] and Schwartz et al. [1995]
for further details), equation 2.2 is applicable locally and hence does not require a full period of
oscillation to identify a frequency. The frequency can thus be defined locally at all points. Any
changes in frequency may then be considered as frequency modulation, with each frequency being
designated to a different IMF component.

For a measure of cumulative amplitude or energy at every frequency component for the complete

data set, one may plot the marginal HS, given by

h (w) :/0 H (w,t)dt

In the context of the complete time span of the data, the energy representation provided by the
marginal HS is indicative of the probability of the respective component frequency waves to appear
locally.

Additionally, the instantaneous energy density level is given by

IE (t) = / H? (w,t) dw

which provides an indication of fluctuations of energy within the signal.
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3 Experimental Protocol

This study investigates the effects of various concentrations of ACh on denervated skeletal muscle
fibres. The number of subjects is limited to 45 Long Evans strain of rats which were divided into 4
test groups with denervation periods of 7, 14, 50-55 and 204-208 days. The experimental protocol
will be described in four stages. The first stage involves the denervation procedure, the second
stage details the explantation procedure, stage three describes the chemical stimulation protocol
of the explanted muscles and the fourth stage details the histological fibre staining process for
determination of fast twitch fibres. All procedures adhered to protocols approved by the Animal
Ethics Committee (AEC).

3.1 Denervation procedure

The denervation procedure involved severing of the sciatic nerve in the right hind limb of each rat.
The procedure was performed on each rat under sterile conditions.

Rats were weighed in order to determine the amount of analgesia, Meloxicam, to be admin-
istered. Meloxicam (10mg/kg) was administered 1 hour pre-operatively. An extraction fan was
turned on to evacuate the area of halothane vapour. Halothane was added to the halothane va-
poriser (Blease) in readiness for administration to the rat. A temperature control heating pad was
turned on and used to keep the rat warm. Oxygen, at a flow rate of 5L/min, was mixed with
halothane in a chamber. Once the chamber was flooded with the halothane/oxygen mixture, (4%),
the rat was placed into the halothane chamber.

Once the rat was unconscious, it was removed from the chamber and a nose-cone, through which
halothane and oxygen were administered, was placed over its’ face. The halothane flow rate was
then readjusted to 2L/min and the vaporiser adjusted to 1.5%. The rat was placed on the heating
pad (maintained at 37°C) which was covered with tissue paper to keep the heating pad clean and
provide a layer of thermal protection between the heating pad and the rats’ body. Care was taken
to position the rat and nose-cone such that the rats’ airway was not obstructed.

Fur was then removed from the right hind limb using a pair of scissors. The remaining hair
was shaved with a blade and cleaned with a betadine and alcohol solution using gauze swabs. The
shaved hind limb was positioned such that the posterior aspect was exposed. Betadine and alcohol
solution was reapplied to the shaved hind limb once it was securely positioned. The operators’
gloved hands were sterilised with alcohol and sterile instruments used henceforth.

An incision was made in the posterior aspect of the right hind limb from the hip to the knee.
Two pairs of toothed forceps were utilized to hold the tissue apart whilst a pair of fine scissors was
used to cut through the surrounding fascia and fat. The exposed muscle bellies were separated and
the sciatic nerve located (this stage of the procedure is illustrated in Figure 9).

The nerve was pinched to check for a knee extension reflex and confirm correct nerve identifi-
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Sciatic nerve

Figure 9: Right hind limb during denervation procedure. Stage of procedure: Location of the sciatic
nerve after separation of the muscle bellies.
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cation. The sciatic nerve was exposed as far as possible and traced back as proximally as possible
using a pair of curved microforceps. A 6-0 silk suture was used to ligate the sciatic nerve in the
most proximal position. Ligation prevents regeneration of the sciatic nerve once severed. A section
of the nerve was then removed® (approximately 1cm). This was done such that the nerve was cut
as close to the ligature as possible as well as as distally along the nerve as possible.

Lentrax was injected into the open wound (amounts were not specific as the Lentrax was injected
into a cavity and not intramuscularly). The incision was sutured using a 6-0 silk suture. The wound
was cleaned again using betadine and alcohol. Lentrax (0.1ml/kg) was then injected intramuscularly
into the left hind limb. Ears were clipped as a means of tagging the rat for identification. The
clipped ear was cleaned with betadine and alcohol and Lentrax was applied topically. Oxygen
was turned off at the mains and the vaporiser was turned off. The nose-cone was removed from
the rats face and the rat was kept under observation until it regained consciousness. During this
waiting period it remained on the heating pad to maintain regular body temperature. Once the rat
regained consciousness and started to move about, it was placed back into the cage and returned
to the animal unit.

Rats were monitored daily and Meloxicam (10mg/kg) administered intra-muscularly in the left

hind limb every 24 hours for 3 days (starting on the day of the denervation procedure).

3.2 Muscle explantation procedure

Subsequent to the denervation procedure, rats were left for various time periods of denervation
before the denervated muscles were removed. Specifically, for four groups of rats, these denervation
time periods were 7 days, 14 days, 50-55 days and 204-208 days. At the termination point of these
periods, rats were decapitated using a small animal guillotine. The use of decapitation in place
of commonly used euthenising agents ensured that no paralytic effect was induced on the muscle
fibres.

The muscle explantation procedure for each rat can be described as follows:

Immediately after decapitation the body was placed on an ice pack for the duration of the
explantation procedure. The soleus and gastrocnemius muscles from the right (denervated) hind
limb were removed first and then the soleus and gastrocnemius muscles from the left (innervated)
hind limb were removed to be used as controls for subsequent experimental procedures. In order
to remove these muscles, a skin-deep incision was made around the base of the ankle and from
the ankle to above the knee. This allowed for the skin to be pulled proximally from the ankle to
above the knee hence exposing the underlying muscles. A pair of fine scissors was used to separate
the achilles tendon from the bone at the base of the hind limb. The separated part of the achilles

tendon was clamped with a pair of forceps and the distal portion of the tendon was then severed

6The distal portion of the nerve which remains after severing has been demonstrated to play a pivotal role in the
ultrastructural properties of the muscle fibre in early post-denervation periods in the rat [Gauthier and Dunn, 1973].

31



using a pair of fine scissors. The clamped achilles tendon was lifted away from the bone and a sharp
scalpel blade used to further separate the muscles proximal to this region (from the underling bone,
surrounding muscles, tissue, fascia and fat).

The denervated soleus (DS) muscle of the right hind limb was identified and removed first,
followed by the denervated gastrocnemius (DG). Care was taken to remove muscles whilst still
preserving slips of tendon on each end of the muscle (this later allowed for loops to be tied to the
tendon slips and attached to the testing rig, as described in Section 3.3). The innervated soleus
(IS) and innervated gastrocnemius (IG) were subsequently removed from the left hind limb in much
the same way. Innervated soleus and gastrocnemius muscles were used as controls for their specific
denervated counterparts of the same rat.

All four excised muscles were placed in a Krebs-Ringer buffer solution and kept on ice. Upon
completion of the explantation procedure, the muscles were stored in Kreb’s Ringer buffer solution
at -15°C until tested.

Muscle fibre samples from the innervated and denervated solei and gastrocnemii were obtained
from one rat in each denervation group and frozen using liquid nitrogen, to be used later for

histological staining. Frozen samples were stored in a freezer at -80°C.

3.3 Chemical stimulation experimental setup and protocol

Chemical stimulation of the explanted muscles involved the delivery of Acetylcholine chloride
(AChCI) to the muscles. AChCI] (Sigma-Aldrich) was obtained in powder form and two stock
solutions of 1mM and 0.56M were prepared every two weeks due to chemical stability of the solu-
tion in this form. Highly hygroscopic properties of the powder form dictated that preparation of
the stock solution be performed in a glovebox containing an inert gas (for which nitrogen was used).
The stock solution as well as the powder form of AChCl was stored out of sunlight. Additionally,
the powder form was stored with nitrogen sealed in the container and the stock solution was stored
between 4-8°C between tests.

The concentration of the stock solution of AChCl was dictated by the concentrations required
for stimulation. Six concentrations of ACh were used to stimulate muscular contraction. These con-
centrations and hence the corresponding volumes to be used from the stock solution were calculated

by means of the dilution principle, given by

(Cstart) (‘/start) = (Cfinal) (Vfinal) (31)

where

Cjiart 18 the AChCI concentration at the start of injection

Vistart 1s the volume if the injected quantity

C'tinal is the final AChCI concentration of the solution in the tissue bath
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Table 2: Volumes of AChCI stock solution required for corresponding AChCI concentrations

Stock solution AChCI Concentration [mass/volume] AChCI stock solution volume [ul]
1mM 4 [ug/ml] 1.39
96 [ug/ml] 33.3
550 [pg/ml] 190.6
0.56M 1.6 [g/ml] 100
3.2 [g/ml] 200
6.3 [g/ml] 400

Vtinal is the volume of the solution in the tissue bath plus that of the injected quantity

A detailed explanation of the use of equation 3.1 can be found in Appendix C. The results,
indicating the doses of stock solution required to obtain the desired concentrations are indicated in
Table 2.

Since these experiments were conducted in vitro, every attempt was made to simulate in vivo
skeletal muscle in as near a physiological condition as possible. Table 3 provides a list of the
apparatus used during the chemical stimulation procedure and a brief description of the uses of
each item. A brief description of the horizontal tissue bath design is provided in section 3.3.1.
Detailed design drawings can be found in Appendix B.

The experimental set-up involving the equipment listed in Table 3 is displayed in Figure 10.

3.3.1 Tissue bath design

The horizontal tissue bath was designed to allow for mimicry of the natural physiological muscle
environment. The bath was fashioned from a half-pipe of acrylic. The material was practical as
it could be easily shaped on a lathe, as opposed to the frequently used glass, and also possesses
better insulation properties than glass. Walls of the bath were 8mm thick, allowing for further heat
insulation. Heating of the bath solution was achieved by circulation of preheated water through two
glass pipes which spanned the length of the bath. The pipes were positioned in parallel to each other
in a horizontal plane at 12mm apart. Hot water (the temperature of which was controlled by the
heating circulator) circulated through them, which in turn heated the bath solution by convection
and ensured that the muscle, which was placed between the heating pipes, was maintained at a
constant temperature of 37°C. A 2mm diameter hole was positioned at the base of one wall of the
tissue bath and served as an entry point for bubbling of carbogen gas into the bath solution to
ensure pH control. O-rings ensured that no leakage between the endcaps and the piped body of
the tissue bath occurred. All pipe and tube connectors were made of brass alloys.
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Table 3: Description of apparatus used for chemical stimulation procedure

Apparatus symbol

Name of Apparatus

Purpose of apparatus

A
B
C

Force transducer
Amplifier

Powerlab (data
acquisition recording unit
hardware, USB
connection, Chart and
Scope software)

Computer

Horizontal tissue bath

Heating circulator

Automated pipette (x3)

Suction pump

Carbogen tank

Kreb’s Ringer buffer
solution (Sigma-Aldrich)

Fan and temperature
probe

Slide and lock mechanism

Detection of muscular contractions
Amplified signals obtained by force transducer

Collectively enables data acquisition, amplified
by B

Allowed for visual display of livetime recording;
Stored collected data

Chamber used to simulate in vivo conditions of
rat skeletal muscle

Heated and circulated water through water
channels built into the tissue bath. Maintained
water temperature such that tissue bath
temperature remained at 37°C

Delivered large doses of Acetylcholine chloride to
muscle at constant rate

Used for flushing bath solution between tests

Bubbled carbogen into tissue bath to simulate
effects of cellular respiration

Medium containing salts to simulate in vivo
physiological conditions of the muscle

Measured temperature in region of bath and
maintained at 37°C by means of feedback
mechanism and adjustable temperature settings.
This assured that the signal did not drift out of
range and that any drift introduced was not due
to temperature change affecting the sensitive
strain gauges.

Means of pretensioning the muscle in the tissue
bath
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3.3.2 Stimulation procedure

The chemical stimulation procedure performed on each muscle in turn involved the following steps:

The horizontal tissue bath (E) was filled with Kreb’s Ringer buffer solution (J). The heating
circulator (F) was turned on and allowed to preheat the tissue bath and subsequently maintain a
temperature of 37°C (akin to that of a rats’ natural body temperature). The temperature probe
was placed next to the tissue bath and the temperature controlled fan (K) was turned on. The
muscle was removed from the fridge and placed in a dish containing Kreb’s Ringer buffer solution
at room temperature.

A 6-0 silk suture was used to tie a loop on either end of the muscle. The sutures were attached
to the slips of tendon which had been kept intact during the explantation procedure. Carbogen (I)
(95% oxygen, 5% carbon dioxide) was bubbled through the tissue bath to aid in preserving muscle
viability and maintaining pH of the Kreb’s Ringer buffer solution.

The muscle was placed in the horizontal tissue bath (E) by attaching one loop to a hook fixed in
the tissue bath and the other loop to the force transducer (A) and allowed to thaw further at 37°C
for 10 minutes. The force transducer consisted of strain gauges which allowed for the mechanical
force to be expressed in terms of a voltage change. Changes in force were thus pre-calibrated to
changes in voltage which allowed for the muscle to be tensioned to a pre-determined force of 1g.
The muscle was pretensioned by means of a slide and lock mechanism attached to the base of the
force transducer (refer to L in Figure 10).

A low pass filter with a cut off frequency of 25Hz was applied. Once the muscle was pre-
tensioned, recording of voltage changes (akin to changes in contraction force) commenced for 3
minutes without any chemical stimulation to serve as a baseline of noise contribution for each test.

AChCI was aspirated into an automated pipette.” After 3 minutes, AChCl was delivered to
the muscle by means of an automated pipette, set at the maximum delivery rate. Pipette tips
were placed directly above the muscle (submerged in Kreb’s Ringer bath solution). During initial
test stages, a small circulator was used to circulate the Kreb’s Ringer buffer solution within the
bath. Later, the circulator was removed just before AChCl administration to prevent the AChCI
from circulating away from the muscle before reaching the endplates. Each test was allowed to run
for 19 minutes (following the 3 minute baseline noise contribution recording). Muscles from the
short term groups (7 days and 14 days) were directly stimulated electrically subsequent to AChCl
administration. This provided a means of determining (and checking for) slow contracture phases,
as described in section 2.1.6 and implemented by Brown [1937]. The chemical-electrical stimulation
cycle was repeated if deemed necessary, depending on the results obtained. The horizontal tissue

bath (E) was flushed 3 times with double distilled water after each stimulation test to prevent any

"The amount of AChCI stock solution aspirated into the automated pipette (and hence the quantity administered
to the muscle) was determined by the dilution principle and dependent upon the desired concentration for each test,
as given in Table 2.
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Table 4: Incubating solution compositions for myofibrillar ATP staining

Veronal Buffer (pH 9.4) ATP solution (pH 9.4)
0.1M Sodium Barbitone 0.1M Sodium Barbitone
0.18M Calcium Chloride 0.18M Calcium Chloride
Distilled Water Distilled Water

pH adjusted with 0.1M NaOH ATP (disodium salt)

pH adjusted with 0.1M HC1 pH adjusted with NaOH

AChCI from remaining in the bath and affecting subsequent tests.

3.4 Histological fibre staining

Muscle samples from each denervation group were frozen in liquid nitrogen and stored at -80°C for
later myofibrillar ATPase staining. Only fast twitch fibres were stained for from each denervation
group to determine fibre composition during denervation stages and comparisons made by staining
of control innervated muscle fibres.

The ATP staining procedure (similar to that used by Gauthier and Dunn [1973]) involved a
pre-incubation stage and a substrate (ATP) incubating stage. A Veronal pre-incubation buffer (pH
9.4) was used to accentuate fast twitch (Type II) muscle fibres. Table 4 provides the composition
of the pre-incubation buffer as well as that of the substrate incubating solution.

The staining procedure is outlined in the Table 5. .

APTES slides were used for mounting cryosectioned muscle samples which were transverse
sectioned to a thickness of 10pm. The inside temperature of the cryostat machine was set to -21°C.
Muscle samples were removed from storage at -80°C and positioned on the chuck, stabilised by use
of Tissue tech (one muscle sample per chuck). The muscles were placed at the desired orientation
to allow for transverse sections to be cut. Muscle samples were left in the cryostat machine with the
glass lid closed for a few minutes in order to acclimatise. Samples were then cryosectioned to 10pm
thicknesses (the first few samples were discarded to ensure the correct thickness was obtained).
Slides contained between 6 and 12 samples each, depending on the cross-sectional diameter of the
muscle sample (for instance, denervated muscle samples had atrophied considerably over the various
time periods and the smaller the diameter of the muscle sample, the more sections a slide was able to
accommodate). Once samples were sectioned, the sections were lifted off the metal bevel (inside the
cryostat machine) by means of the APTES slides and immediately labelled according to order and
orientation. Care was taken in noting if any of the sections had been transposed during sectioning

and any such occurrences were noted lest they should impact the comparison of the final images.
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Table 5: Staining procedure for fast twitch muscle fibres

Duration Staining procedure for fast twitch fibre sections Notes
Use 10pm sections of tissue on APTES slides

15 mins Place in Veronal Buffer

4 mins Place in incubation buffer (pH 9.4)

10 mins Place in ATP solution

Few seconds

Wash in CaCl,

4 mins Incubate in CoCly (2%)

As needed Wash well in 0.01M Sodium Barbitone

As needed Rinse in distilled water

Few seconds Develop colour in dilute ammonium sulphide (1%) Use under fume
hood

1 min Rinse in tap water

As needed Dehydrate through alcohol solutions

As needed Clear in xylol

As needed Mount with Entellan

Slides containing sections were stored at -20°C until the staining procedure was performed®.
Stained sections were stored in a refrigerator at -4°C until photographed under a light microscope

by use of a digital camera. Storage in this manner did not exceed 2 hours.

8Slides were stored in this manner for no longer than 48hours before staining.
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4 Results and Discussion

This section details the results obtained from stimulation by ACh of the explanted muscles. Fur-
ther results include explanted muscle dimensions and mass. Results from the histological ATPase
staining are also presented. Wherever possible, ANOVA (single factor) was used to attest to sta-
tistical viability. However, given the that the sample sizes were limited by ethical constraints, full
statistical analysis could not be conducted for data from all groups. This is a noted limitation
and potential trends are thus discussed as noted, and verified by literature where possible; hence
use of the words ’trend(s)’ and ’pattern(s)’ do not necessarily imply statistical significance. Later
recommendations of larger sample sizes are made in section 7. An in depth discussion of the data

is provided as the results are presented.

4.1 Muscle mass and dimensions

Muscle dimensions and mass were recorded in order to normalise the recorded contractile force as
described in section 4.2.2. This was necessary as whole muscles were used as opposed to single
muscle fibres. Further comparisons were drawn between change in mass and dimension as per
length of denervation period.

Table 6 provides the explanted muscle mass for both solei and gastrocnemii at the different
denervation periods as well as the percentage mass loss (plotted in Figure 11) and significance
thereof, for denervated solei and gastrocnemii at all denervation periods investigated.

Table 6 shows that on average, the muscle masses decreased after denervation (seen when
comparing DS to IS and DG to IG at all denervation periods). This is an expected outcome, often
noted in literature and is due to muscle atrophy which occurs post-denervation.

Both the DS and DG demonstrate an increase in percentage mass loss with an increase in
denervation period. The DS exhibited a higher percentage mass loss over time than the DG. At 7
days post-denervation, the smallest loss occurred in comparison to the difference between muscle
types at all later denervation periods. It is noted that at 7 days post-denervation the gastrocnemii
displayed a high sensitivity to chemical stimulation. This will be discussed in greater detail with
other quantitative data (force response to chemical stimulation, time to peak force, response to
electrical stimulation etc. in later section 4.2. Another observation which can be made from the
information presented in Figure 11, is the far greater percentage mass loss of the 14 day DS in
comparison to the 14 day DG. This time period is considered by literary sources [Axelsson and
Thesleff, 1959, Hartzell and Fambrough, 1972, Fambrough, 1974] to be the most sensitive post-
denervation period of slow twitch muscles and is supported by the results obtained from this
investigation, as will be demonstration later in the discussion. It is thus relevant to note that the
graph ’extremes’ (or most noticeable differences) appear at the highest periods of sensitivity for

DG (6-7 days) and the DS (14 days). An increase in the change in percentage mass loss between
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Table 6: Mass of explanted solei and gastrocnemii muscles and percentage mass loss of denervated
muscles at various stages of denervation.

IS DS IG DG
Denervation Ave Ave %mass  Significance Ave Ave %mass  Significance
period muscle muscle loss (ANOVA: muscle  muscle loss (ANOVA:
[days] mass mass Single mass mass Single
[g] [g] Factor) [g] [g] Factor)

7 0.218 0.174 18.85 p—0.024, 1.805 1.542 14.48 p—0.0078,
n=10, n=10,
df=19 df=19

14 0.214 0.101 50.42  p=0.0000368, 1.683 1.236 22.73 p=0.025,
n=_§, n=8, df=15
df=159

50-55 0.337 0.137 59.06 p=0.00002, 1.555 0.745 45.11 p=0.0089,
n=9, df=17 n=9, df=17

204-208 0.352 0.104 70.72 p=0.00004, 2.243 0.825 60.06 p=0.00024,
n=6, df=11 n=6, df=11

solei and gastrocnemii from 7 to 14 days denervation was noted, followed by a decrease in the like

from 14 days onwards. All percentage mass losses were significant, with all p-values < 0.05.

4.2 Chemical stimulation

The raw data obtained from the experimental muscle contraction recordings was output to LabChart
7 software. The parameters of the output were voltage (mV) and time (sec). Datasets were
exported as MATLAB extension files. All data was processed in MATLAB R2010a and Microsoft
Office Excel 2007. A database of all tests and pertinent information was generated in Microsoft
Office Excel 2007 using Visual Basic (VBA) to code algorithms which standardised dataset names
allowing for data filters to be applied according to defined parameters (such as AChCl concentration,
denervation period and muscle type) and imported figures generated in MATLAB R2010a. In order
to standardise these figures, an algorithm was written in MATLAB R2010a to downsample, shift,
convolve, mark and plot all datasets on the same scales for easier comparison. Algorithm details
are presented in Appendix D.

Variables investigated included maximum contraction force and time taken to reach maximum
contraction.

The parameters defining the basis for comparison between datasets included concentration of

AChCI used for stimulation, time periods of denervation and innervated (control) versus denervated
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Figure 11: Percentage mass loss of denervated solei and gastrocnemii muscles in comparison to
their innervated contralaterals for all investigated periods of denervation (5% error bar).

muscles.
The methods of analysis included direct force readings from the trace after normalisation and
further in depth analysis with implementation of EMD, HSA and MHS, the results of which will

each be explained in turn in the subsections to follow.

4.2.1 Change in force-time relationship with increasing concentration for denervated

and innervated muscles at short and long term denervation periods

This section presents the F-t traces for denervated muscles and their controls for increasing concen-
trations and for all denervation periods investigated. Only 'pattern’ changes will be noted in this
section since values are required to be normalised for a direct comparison (as is conducted in section
4.2.2). Any values displayed on the figures are absolute values which have not been normalised.
Red lines on the F-t graphs represent the time of injection of ACh.

7 days post-denervation, DG showed gradual increases in force for all concentrations except at
the lowest concentration of 4ug/ml which appears to be too weak a concentration to cause any force
variation or slow contracture post ACh administration for DG muscles. The IG however, displayed
a small gradual increase in force at this low concentration in comparison to the DG, although
not much force variation was noted. The IG displayed a clear increase in force variation with an
increase in concentration but only exhibited large visible slow contracture effects at the highest
administered concentration of 6.3g/ml, (Figure 14f) which shows a steep gradient of change in force

over the full recording time, with no observed modes of tetanus reached. The difference between
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the DG and IG responses could be attributed to the fibre type changes which have been reported to
occur post-denervation and which have also been observed in this study (see section 4.3), such that
DG display an increase in the percentage of slow to fast twitch fibres, hence the observed increase
in slow contracture development post-denervation. At 14 days post-denervation, the DG are more
sensitive to low concentrations than at 7 days, displaying a gradual increase in force from the lowest
administered concentration of 4ug/ml, probably due to further receptor proliferation. Further, an
increase in concentration results in the same response from the 14 day DG in comparison to the
7 day DG, but larger concentrations have less of an effect on the slow contracture appearance in
the 14 day denervated muscles, as is consistent with literature [David and Pitman, 1982]. David
and Pitman [1982] reported rapid desensitisation and depression of muscle response to increased
concentrations (doses) of ACh. Larger doses are more likely to saturate all the receptors in the
muscle and, in the case of gastrocnemii, result in repetitive fast twitch contraction of fibre bundles
(recall that gastrocnemii are predominantly composed of fast twitch fibres) which predominates
any slow contracture response from the fewer slow twitch fibres present. The IG muscles from
this denervation period reacted in much the same way as those of the 7 day denervation period,
although an increase in force variation for all concentrations at 14 days post-denervation was noted.
This could be due to an increased sensitivity of IG as a result of increased IG use as a means of
physiological compensation after the denervation of the muscles in the contralateral limb. 50-55
day and 204-208 day DG both showed very little force variation post-denervation and no gradual
increase in force except for a small rise noted in DG, denervated for 204-208 days and stimulated at
4pg/ml (Figure 18a). IG for these periods also displayed very little force variation in response to
ACh administration, although a higher occurrence of slow contractures was noted. This is expected
since the traces were obtained from whole muscles, hence excluding the effects of muscle atrophy
from the direct F-t traces (note that these effects are taken into account for all later quantitative
analysis presented). These slow contractures were observed at 4ug/ml for IG from the 50-55 day
denervation period and for all concentrations administered to IG from the 204-208 day denervation
group. In general, a reduced response, both in force variation as well as slow contracture, were
noted for longer term denervation periods (50-55 days and 204-208 days) in comparison to the short
term denervation periods of 7 and 14 days.

At 7 days post-denervation, the IS displayed gradual increases in force and small amounts of
force variation in comparison to their denervated contralaterals which displayed large force variation
and only produced slow contractures at higher concentrations. In fact, the DS response was similar
to that of IG from the 7 day denervation period, perhaps further illustrating the shift in fibre
type composition. Moreover, the large force variation could be attributed to an increase in the
number of fast twitch fibres which appear in solei post-denervation [Bakou et al., 1996]. At 14 days
post-denervation, gradual increases in force were noted to occur at lower concentrations than those

noted for the 7 day denervation period. This can be attributed to increased sensitivity due to the
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Figure 12: F-t record of IG noise run

proliferation of nAChRs. Whilst larger concentrations at 14 days post-denervation still resulted in
slow contracture response, the force increase was more gradual than that noted at 7 days. This may
be due to the fibre type changes, namely an increase in the ratio of type II fibres to type I fibres
known to occur post-denervation and supported by the histological ATPase staining in section 4.3.
IS from the 14 days post-denervation group displayed more gradual increases in force than those
from the 7 day post-denervation group. Rosenthal [1977] observed an increase in the number of
type II fibres of an IS upon denervation of its ipsilateral limb muscles. This was likely due to a
physiological attempt at maintaining mobility and functionality as close to normalcy as possible.
It is thus not beyond consideration that such change may occur in the contralateral IS, and would
explain the more gradual increase in force for an IS from 14 day denervation period compared to
that of a 7 day denervation period, although further investigation would be required to confirm
this. No gradual increases in force were noted for solei denervated for periods of 50-55 days and
204-208 days. IS from the 50-55 day denervation period displayed gradual increase in force, as did
those from the 204-208 day denervation period (at greater rates than the former), as illustrated in
Figures 23 and 24.

In order to determine clear evidence of muscular contraction linked to the delivery of AChCI,
longer noise runs were conducted on a muscle from each muscle group for each denervation period.
Figure 12 displays one such noise run (in which no chemical or electrical stimulation was applied)
involving an IG, the force of which was measured over a period of 1200sec. Whilst some fluctuation
is seen to occur, it does so around a mean value. Any fluctuation seen in the 3 minute interval
before stimulation is thus considered to behave in much the same manner. Noise runs for other
muscles produced much the same results, hence indicating that the recordings of muscles stimulated
by ACh represent a response to ACh rather than simply measurement noise.
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Figure 13: Force-time traces of denervated and innervated gastrocnemii at a 7 day denervation
period for (13a) DG stimulated with 4ug/ml of ACh (138b) IG stimulated with 4pg/mi of ACh
(13c) DG stimulated with 96ug/ml of ACh (13d) IG stimulated with 96pg/ml (13e) DG stimulated
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Figure 14: Force-time traces of denervated and innervated gastrocnemii at a 7 day denervation
period for (14a) DG stimulated with 1.6g/ml of ACh (14b) IG stimulated with 1.6g/ml of ACh
(14c) DG stimulated with 3.2g/ml of ACh (14d) IG stimulated with 3.2g/ml of ACh (14e) DG
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Figure 15: Force-time traces of denervated and innervated gastrocnemii at a 14 day denervation
period for (15a) DG stimulated with 4pg/ml of ACh (15b) IG stimulated with 4ug/ml of ACh (15¢)
DG stimulated with 96ug/ml of ACh (15d) IG stimulated with 96pg/mi (15¢) DG stimulated with
550ug/ml (15f) IG stimulated with 55049/ml of ACh.
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Figure 16: Force-time traces of denervated and innervated gastrocnemii at a 14 day denervation
period for (16a) DG stimulated with 1.6g/ml of ACh (16b) IG stimulated with 1.6g/ml of ACh
(16c) DG stimulated with 3.2g/ml of ACh (16d) IG stimulated with 3.2g/ml of ACh (16e) DG
stimulated with 6.3g/ml of ACh (16f) IG stimulated with 6.3g/ml of ACh.
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Figure 17: Force-time traces of denervated and innervated gastrocnemii at a 50-55 day denervation
period for (17a) DG stimulated with 4pg/ml of ACh (17b) IG stimulated with 4ug/ml of ACh (17¢)
DG stimulated with 96ug/ml of ACh (17d) IG stimulated with 96pg/ml (17e) DG stimulated with
550ug/ml (17f) IG stimulated with 55049/ml of ACh.
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Figure 18: Force-time traces of denervated and innervated gastrocnemii at a 204-208 day denerva-
tion period for (18a) DG stimulated with 4p9/ml of ACh (18b) IG stimulated with 4ug/ml of ACh
(18c) DG stimulated with 96ug/ml of ACh (18d) IG stimulated with 96ug/m! (18¢) DG stimulated
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Figure 19: Force-time traces of denervated and innervated solei at a 7 day denervation period
for (19a) DS stimulated with 4ug/ml of ACh (19b) IS stimulated with 4ug/ml of ACh (19¢) DS
stimulated with 96ug/ml of ACh (19d) IS stimulated with 96ug/ml (19e) DS stimulated with
550ug/ml (19f) IS stimulated with 550ug/ml of ACh.
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Figure 20: Force-time traces of denervated and innervated solei at a 7 day denervation period
for (20a) DS stimulated with 1.6g/ml of ACh (20b) IS stimulated with 1.6g/ml of ACh (20c) DS
stimulated with 3.2g/ml of ACh (20d) IS stimulated with 3.2g/ml of ACh (20e) DS stimulated with
6.3g/ml of ACh (20f) IS stimulated with 6.3g/ml of ACh.
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Figure 21: Force-time traces of denervated and innervated solei at a 14 day denervation period
for (21a) DS stimulated with 4ug/ml of ACh (21b) IS stimulated with 4ug/ml of ACh (21c) DS
stimulated with 96pg/ml of ACh (21d) IS stimulated with 96ug/ml (21e) DS stimulated with
550ug/ml (21f) IS stimulated with 550ug/ml of ACh.
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Figure 22: Force-time traces of denervated and innervated solei at a 14 day denervation period
for (22a) DS stimulated with 1.6g/ml of ACh (22b) IS stimulated with 1.6g/ml of ACh (22¢) DS
stimulated with 3.2g/ml of ACh (22d) IS stimulated with 3.2g/ml of ACh (22e) DS stimulated with

6.3g/ml of ACh (22f) IS stimulated with 6.3g/ml of ACh.
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(f) IS 550ug/ml 50-55 day denervation

Figure 23: Force-time traces of denervated and innervated solei at a 50-55 day denervation period
for (23a) DS stimulated with 4ug/ml of ACh (23b) IS stimulated with 4ug/ml of ACh (23c) DS
stimulated with 96ug/ml of ACh (23d) IS stimulated with 96ug/ml (23e) DS stimulated with
550ug/ml (23f) IS stimulated with 550ug/mi of ACh.
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Figure 24: Force-time traces of denervated and innervated solei at a 204-208 day denervation period
for (24a) DS stimulated with 4ug/ml of ACh (24b) IS stimulated with 4ug/ml of ACh (24c) DS
stimulated with 96pg/ml of ACh (24d) IS stimulated with 96ug/ml (24e) DS stimulated with
550ug/ml (24f) IS stimulated with 550ug/ml of ACh.

Max =1271.377

1400

Max| = 1321.C

1400

Max-= 1307.9'

1400



4.2.2 Maximum force of contraction generated by denervated muscles and their con-

tralateral controls

This subsection presents the maximum forces of contraction obtained from the experimental results
and discusses them as functions of the four periods of denervation as well as the range of adminis-
tered ACh concentrations. Maximum forces of contraction as determined directly from the recorded
traces, were normalised by cross sectional area (CSA) as described by Brooks and Faulkner [1988].
This was deemed necessary for comparative purposes since experiments were conducted on whole
muscles with significant mass and dimension differences. Briefly, the muscle CSA was determined

by equation 4.1 as

m
A= — 4.1
Csd=1 (4.1)

where

m [g] is the whole muscle mass

L [em] is the length of the muscle

p = 1.06g/cm? is the density of mammalian skeletal muscle [Mendez and Keys, 1960, Brooks
and Faulkner, 1988, Martin et al., 2009]

The recorded muscle force was then divided by the CSA to obtain the normalised force F,q,.

The maximum generated F,,, will be discussed as functions of each stipulated parameter em-

ployed in this study (denervation period and concentration) for each muscle (DS, IS, DG and IG).

Maximum F,., generated by each muscle type as a function of denervation period,

presented for each concentration of ACh

Figure 25 displays the results of the maximum F,, for all four muscle types (DS, IS, DG
and IG) across all denervation periods and concentrations. Doses falling into the low concentra-
tion range (4pg/ml, 96pg/ml and 550ug/ml) were administered to muscles from the longer term
denervation periods of 50-55 days and 204-208 days and doses from both low as well as high con-
centration (1.6g/ml, 3.2g/ml and 6.3g/ml) ranges were administered to muscles from the shorter
term denervation periods of 7 days and 14 days®.

From Figure 25, it is evident that the denervated muscles (DS and DG) exhibit a higher sensitiv-
ity'® than their respective innervated contralaterals (IS and IG) for most denervation periods and
concentrations. Exceptions occurred only for the gastrocnemii muscles at the extremes of the two
highest concentrations of 3.2g/ml and 6.3g/ml, for the two lowest denervation periods, 7 days and
14 days. As previously noted, large doses of ACh have been shown to depress the muscle response.

90mnly the short term 7 and 14 day denervation period groups were administered high ACh concentration doses.
This was due to time and ethics constraints such that a limited number of animals was able to be procured and
denervated beyond periods of 14 days.

10Refer to Glossary of Terms on page XX.
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The depressed response noted in this study for muscles at the strongest administered concentra-
tions, is supportive of denervated muscles pre-empting the innervated muscle response. In other
words, the depressed response is hypothesized to occur at lower concentrations for denervated than
for innervated muscles. Larger denervation periods should be investigated at these concentrations
to determine the extent of receptor proliferation and fibre typing. This response was only seen in
the DG, indicating that fibre type is an important factor in the underlying physiological rationale
responsible for this phenomenon. The difference is more pronounced for the 7 day denervation pe-
riod than for the 14 day denervation period, complying with literature which cites high sensitivity
of gastrocnemii to ACh for this denervation period. In order of decreasing sensitivity, the muscles
were ranked as follows: DS, IS, DG, IG. As discussed in section 2.1.4, the IS is known to consist
primarily of slow twitch (red, type I) fibres, with the remaining approximate 10-20% being fast
twitch (white, type II) fibres and the IG is known to consist mainly of fast twitch fibres. Gauthier
and Dunn [1973] reported the preferential alteration of white fibres post-denervation and a resultant
increase in the ratio of red and intermediate to white fibres in the mixed semitendinosis muscle of
the rat. The slow twitch soleus muscle has been reported to exhibit an increase in the number of
fast twitch fibres post-denervation [Bakou et al., 1996]. From this information and a consideration
of the results presented here, it can be deduced that the DS still contained the highest ratio of slow
to fast twitch fibres, with the ratio decreasing with decreasing sensitivity (or F.s,). Since the DS
consistently produced the highest forces for all denervation periods, it is hypothesized that a cut off
point exists in fibre type changes, such that muscles do not soley consist of one fibre type even after
the longest denervation period. This is supported by the histological ATPase fibre type staining
results presented in section 4.3. In terms of slow contractures, Hess and Pilar [1963] and Bach-y
Rita and Ito [1966] were in agreement that these occurred in slow twitch fibres. Brown [1937]
had earlier considered the slow contracture effects to occur in all muscle fibres, but noted a pari
passu relationship between the increase in membrane sensitivity and that of the slow contracture in
denervated muscles. Thus the order of force sensitivity observed in this study indicates that slow
twitch fibres produce stronger contractures than fast twitch fibres.

In the low concentration range of 4-550g/ml, the 14 day denervation period was consistently the
highest period of sensitivity for all solei. This is evident in the red histogram bars in Figures 25(a)-
(c). The high sensitivity of the denervated muscles after 14 days of denervation is consistent with
literature [Gauthier and Dunn, 1973]. Recall from section 2.1.4 that Hartzell and Fambrough [1972],
in their study on the denervated rat diaphragm, observed the occurrence of the highest number of
nAChR’s at 14 days post-denervation. This supports and explains the increased force output of the
denervated muscle as observed in this study at 14 days post-denervation. The number of nAChR’s
for different denervation periods as reported by Hartzell and Fambrough [1972] is plotted in Figure
26.

No such trend of a high sensitivity denervation period was observed (Figures 25(d)-(f)) in the
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Figure 26: Number of nAChR’s/um? in denervated rat diaphragm presented for three denervation
periods as reported by Hartzell and Fambrough [1972].

high concentration range of 1.6-6.3g/ml. It was however noted, that the DS and IS from the 7 day
denervation period group produced the highest forces at the strongest concentration of 6.3g/ml. The
short denervation period suggests predominance in slow twitch fibre types and increased receptor
proliferation (not yet peaked, since the largest numbers only occur 14 days post-denervation). Thus
a large number of slow twitch fibres with increased ACh sensitivity due to receptor proliferation
reacts favourably to large concentrations by producing large forces, supporting the hypothesis that
large concentrations under combined conditions of fewer slow twitch fibres and nAChR’s result in
a depressed response to ACh. A pertinent question is thus presented in which factor (fibre type or
receptor number) plays the biggest role in ACh response.

The percentage difference in the maximum F,z, between innervated and denervated solei at
each denervation period for all concentrations is depicted in Figure 27. The highest percentage
difference in force was seen to occur at a 14 day denervation period (indicated by the red series in
Figure 27) except at the two highest concentrations of 3.2g/ml and 6.3g/ml. The highest maximum
F.s, percentage difference at 14 days post-denervation was followed by denervation periods of 204-
208 days, 50-55 days and 7 days in order of decreasing percentage difference. This again supports
the occurrence of major physiological change at 14 days post-denervation, after which the largest
differences were seen to follow a trend of an increase in percentage maximum F,, difference with
an increase in denervation periods.

Within the low concentration range, a trend is observed such that an increase in concentra-
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Figure 27: Percentage difference in maximum forces of contraction between innervated and dener-
vated solei over full concentration range and all denervation periods.

tion is accompanied by a decrease in percentage difference. An exception occurs at the 50-55 day
denervation period in which a low percentage difference is recorded at a concentration of 4ug/ml,
followed by an increase in this difference at the concentration of 96ug/ml. Upon considering the
forces generated for this denervation period at all tested concentrations, small forces were observed
to accompany small percentage differences in maximum F,, and similarly, large percentage differ-
ences in maximum Fy 4, were accompanied by comparatively large generated forces. To illustrate
specifically, the maximum F.,, generated at 4ug/ml were 0.26g (DS) and 0.21g (IS). At 96ug/ml,
the forces were larger at 0.75g (DS) and 0.32g (IS), as was the percentage difference. At 550ug/ml,
the forces decreased (from those at 961.9/ml) to 0.23g (DS) and 0.13g (IS) along with a decrease in
percentage difference in Fz,. The demonstration of large forces being produced by low concentra-
tions begs the question of comparitive nAChR sensitivity: do either old or new receptors exhibit
higher sensitivity than the other, or perhaps even a higher binding affinity to ACh?

Within the high concentration range, an increase in administered ACh concentration was ac-
companied by an increase in the maximum F,, percentage difference. This is in contrast to the
opposite trend observed in the low concentration range (with the exception of the 50-55 day dener-
vation period trend). As mentioned in the discussion on sensitivity, the two highest concentrations
administered (3.2g/ml and 6.3g/ml) rendered a higher percentage difference between the 7 day DS
and their innervated counterparts than the 14 day DS and their innervated contralaterals. This
suggests that a concentration threshold was reached in which all the receptors of the 7 day DS were
saturated, thus producing considerably higher forces than those of the 14 day DS.
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Figure 28: Percentage difference in maximum forces of contraction between innervated and dener-
vated gastrocnemii over full concentration range and all denervation periods.

Thus, in the low concentration range, large percentage differences are accompanied by compar-
atively large forces and greater numbers of nAChR’s/um?; and in the high concentration range,
large percentage differences are accompanied by large forces, but the high concentrations presum-
ably saturate the receptors and become the maximum F,,, deciding factor along with fibre type.

The percentage difference in the maximum Fi,, between IG and DG at each denervation period
for all concentrations is depicted in Figure 28. These plotted series did not display trends as clear
as those observed for the slow twitch solei (depicted in Figure 27).

A consideration of the low concentration range exhibits a decrease in the percentage difference
with an accompanying increase in concentration for 7 and 14 day DG, with a higher percentage
difference between the 7 day DG and their innervated contralaterals than the same 14 day compar-
ison. This may be indicative of the timeline of a number of physiological changes. Either, nAChR
proliferation occurs sooner in fast twitch muscles such as the gastrocnemius or the change in ratio of
fibre types (type I to type II fibres) plays a significant role in the contractile ability of the muscle, or
both. To the best knowledge of the author, no studies between fast and slow twitch muscles which
directly compare the times of receptor proliferation and the resulting numbers of nAChR’s/um?
at different stages of denervation have been conducted. Separate studies however, have considered
various muscles (and hence different fibre types) at different stages of denervation [Gauthier and
Dunn, 1973, Brown, 1937, Cornachione et al., 2011, Kilarski and Sjostrom, 1990]. Brown [1937]
conducted experiments on mammalian gastrocnemii denervated for periods between 4 and 27 days.

Specific attention was drawn to the high sensitivity of the mammalian gastrocnemii muscles 6 days
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post-denervation which supports the observations made in this study. No mention was made of fur-
ther increase in sensitivity. Rosenthal [1977] and Gauthier and Dunn [1973] reported a preferential
alteration of fast twitch fibres, supporting the author’s suggestion of sooner changes in gastrocnemii
relating to fibre typing affecting the muscles’ contractile response post-denervation.

In tests conducted on DS muscles for periods of 3, 14 and 28 days, muscles were noted to display
significant physiological changes 14 and 28 days post-denervation [Hyatt et al., 2006], which again
supports the observations made in this study in which 14 day DS have shown superior sensitivity to
other denervation periods. The results of the experiments conducted by Hartzell and Fambrough
[1972] as depicted in Figure 26, on the mixed fibre type composition of rat diaphragm muscle, enable
a comparison based on muscle fibre type composition, fibre type changes and receptor proliferation
to be made. The innervated rat diaphragm is composed of 59.8% fast twitch fibres [Jeckel-Neto
et al., 1993], the soleus is composed of 10-20% fast twitch fibres [Hyatt et al., 2006] and the
gastrocnemius is composed of 80% fast twitch fibres [Cornachione et al., 2011]. High sensitivities
at 14 day denervation periods are evident in both solei as well as diaphragmatic muscle, which
have a significantly higher slow to fast twitch fibre ratio than the gastrocnemii. 7 days post-
denervation, the fast twitch fibres had not yet undergone full physiological changes (hence fast
twitch fibres, known to be more dependent on the nerve supply [Bajusz, 1964], are still present at 7
days post-denervation) but by 14 days, Gauthier and Dunn [1973] reported that fast twitch fibres
resembled slow twitch (red, type I) fibres, although with significantly less mitochondria. In their
experiments on fast twitch fibres of the EDL muscles of Long Evans rats (the same strain used
in this study), Ortenblad and Stephenson [2003] demonstrated that an inhibition of mitochondrial
ability to produce ATP resulted in a reduction in the excitability of the fibres. This may provide
a further explanation for the lower sensitivity of gastrocnemii muscles at 14 days post-denervation
compared to 7 days post-denervation.

Despite these differences in sensitivity between the 7 and 14 day denervation periods of the
gastrocnemii, the percentage differences in Fi g, still remain fairly close in contrasting comparison
to the solei under the same conditions in the low concentration range. Here the solei showed a
substantial difference between the 7 and 14 day denervation periods, with the 14 day denervation
period consistently exhibiting a higher percentage difference than the 7 day denervation period, as
well as being higher than the 14 day DG percentage difference.

For the 50-55 day denervation period, the percentage difference in maximum F_,, for the gas-
trocnemii follows the same trend as that of the solei in the low (4-550ug/ml) concentration range.
This is evident in the green traces in Figures 27 and 28. Similar observations to those made with the
solei with regard to the size of F_z, generated in relation to the percentage difference in maximum
F.sq can be made with the gastrocnemii. That is, low percentage differences were accompanied
by low forces and the high percentage difference at 96ug/ml was accompanied by relatively large

forces. The 204-208 day denervation period displayed this same trend, although the percentage

62



difference of maximum F_s, as a function of concentration produced a different pattern to that
observed for the solei under the same conditions (refer to the purple traces in Figures 27 and 28
for visual clarity).

A consideration of the high concentration range for percentage differences in F,,, for gastrocne-
mii, illustrates a similarity in the 7 and 14 day series as they follow the same trend (refer to the red
and blue series in Figure 28). Whilst the solei displayed a clear increase in percentage difference
in force as a function of increasing concentration, no such trend was apparent for the gastrocnemii.
The biggest discrepancy between the 7 and 14 day denervation periods occurred at the highest
concentration of 6.3g/ml, where the 7 day denervation period displayed a higher percentage force
difference than that of the 14 day denervation period (not the case with the other two concentra-
tions in the high concentration range). In this concentration range, small percentage differences in
force between the DG and IG were again accompanied by small forces (F.sq)-

Maximum F.,, generated by each muscle type as a function of concentration of ACh,

presented for each denervation period

Figures 29 and 30 illustrate the effects of an increase in concentration on the maximum Fg,
produced for each muscle at different stages of denervation.

A consideration of the 7 day denervation period indicates that the DS, IS and IG (Figures 29a
and 29b respectively) all exhibited an increase in contractile force with an increase in the full range
of (low and high) concentrations (4ug/ml - 6.3g/ml) and thus all displayed a peak force at the
highest concentration of 6.3g/ml. The graphs display the same trends between the innervated and
denervated muscles as well as between solei and gastrocnemii with change in concentration for this
denervation period.

For a denervation period of 14 days, the DS peak force occurred at the lowest concentration
of 4ug/ml (see Figure 29¢). Within the low concentration range the DS displayed a decrease in
peak force with an increase in concentration. Within the high concentration range (1.6-6.3g/ml)
however, the forces generated by the DS increased with an increase in concentration, but the
maximum force in this range was noted to be less than half that of the maximum generated in the
low concentration range. The stable trend of the forces generated by the IS in the low concentration
range demonstrated a very slight decrease with an increase in concentration in comparison to the
dramatic decrease displayed by the DS in this concentration range. In the high concentration range,
the IS exhibited a steeper decreasing trend with an increase in concentration, in contrast to the DS
increase in force with an increase in concentration.

For a denervation period of 50-55 days, the peak force which the DS generated across the low
concentration range occurred at 96ug/ml. The IS followed the same force trend as the DS (see
Figure 30a) over this concentration range, but the forces generated were lower than those of the

DS, as was the case for all denervation periods explored. The IS force generated at 4ug/ml was
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low, peaked at 96pg/ml and was followed by a steady decrease with an increase in concentration
thereafter. The same holds true for the DS, but the gradient of decrease in force with increase
in concentration was steeper than that of the IS. The peaks at lower concentrations suggest that
different ideal concentrations for different periods of denervation may exist which will generate
maximum forces.

For a denervation period of 204-208 days, the DS peak force occurred at the lowest concentration
of 4p1g/ml. The forces generated under these conditions were shown to decrease with an increase
in concentration, as was the case with the 14 day denervation period (see the blue series in Figures
30c and 29c respectively). However, the forces generated at 204-208 days were smaller than those
generated at 14 days and exhibited smaller decreases with increasing concentrations. The forces
generated by the IS 204-208 days post-denervation in the low concentration range displayed an
increase in force with a corresponding increase in concentration, as was observed with the 7 day
denervation period.

For a denervation period of 7 days the IG followed the same force generation trend as the IS
at this period of denervation (see Figures 29a and 29b), both of which displayed an increase in
concentration across all ranges. The forces generated by the IG were however, lower than those
generated by the IS. The IG peak force occurred at the highest concentration of 6.3g/ml. The
DG did not follow the same force generation trend as either the DS or the IG at this denervation
period. Instead, the DG peaked at 96ug/ml, its low concentration range trend following the same
pattern of force generation as the DS denervated for a 50-55 day period (refer to Figure 30a).
The DG produced a second (lower) force peak at the lowest concentration of 1.6g/ml in the high
concentration range (Figure 29b).

For a denervation period of 14 days, the DG generated a peak force at 4ug/ml within the 4-
550ug/ml concentration range, similar to the case of the DS under the same conditions. This is
evident in the blue series in Figures 29c¢ and 29d. Furthermore, it can be seen from these figures that
the DG decreased in much the same manner as the DS denervated for this period and within the low
concentration range. Still within the 14 day denervation period, an increase in the force generated
with an increase in the concentration (within the 4-550pg/ml range) was observed with the IG.
This trend is comparable to that of the IS at a denervation period of 204-208 days, illustrated in
Figure 30c. The IG was further noted to generate a higher force than the DG at 550ug/ml at 14
days post-denervation. The DG generated a second peak in the high concentration range at the
lowest concentration of 1.6g/ml. This ’two peak’ observation was similarly made for the DG at a
denervation period of 7 days (Figure 29b), although the second peak in this 14 day instance was
considerably higher and similar to the first peak, whereas the second force peak noted at 7 days
was significantly lower than the first. The first 7 day denervation peak and both peaks noted in
the 14 day denervation period were all within the same range (just below 0.35g). The IG and DG
followed the same force trend in the high concentration range 14 days post-denervation but the IG
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generated larger forces than those generated by the DG.

For a denervation period of 50-55 days, the DG peak force was generated at 96ug/ml. The DG
followed the same trend as the DS under the same conditions (compare the blue series in Figures
30a and 30b). Both force trends peaked at a concentration of 96ug/ml. The IG and DG followed
the same force generation trend for this denervation period, with the IG generating lower forces
than the DG, as was the case with the DS and IS at this denervation period.

For a denervation period of 204-208 days, the DG followed the same trend as the DS under
the same conditions (refer to Figures 30c and 30d). Both the DG and DS in this case peaked at
lowest concentrations of 44g/ml. Similarly, the IG under these conditions followed the same force
generation trend as the IS (compare the red series in Figures 30c and 30d), although the force
generated by the IG when 550ug/ml was administered, was higher than that generated by the DG
for the same concentration. This same occurrence was observed between the IG and DG for the
same concentration at 14 days post-denervation (refer to Figure 29d). Upon consideration of the
high concentration range, it may be noted that the IG, unlike the IS (in comparison to its denervated
contralateral) generated higher maximum F,,, than than the DG (204-208 day denervation period).
This was also true for 550ug/ml (the highest concentration in the low concentration range) for
denervation periods of 14 and 204-208 days.

Brown [1950] reported that large concentrations of ACh at the NMJ were demonstrated to
cause a neuromuscular block such that local continuous depolarisations were able to cause local
contractions, but blocked the conduction along the muscle fibres. This effect appears to be more
apparent in solei denervated for periods beyond 7 days and for all periods of denervation for the
gastrocnemii (further supporting that changes occur more quickly in fast twitch muscle and that
denervation has more of an effect on fast twitch fibres than slow twitch fibres) within the low
concentration range. DS display an increase in force output with an increase in concentration
in the high concentration range, again pointing to the suggestion that a threshold concentration
exists such that the conduction blocking effect of large doses of ACh may be overcome, thus enabling
the development of slow contracture. This is evident in short term denervation periods of 7 and
14 days, but would benefit from trend confirmation by further testing with longer denervation
periods. Denervated gastrocnemii do not display any trends with increase in concentration for the
7 day denervation period, but appeared to follow the effects reported by Brown [1950] in the low

concentration range for all other periods of denervation (as with the DS).
4.2.3 Relationship between concentration, denervation period and time to maximum
force of contraction

It is necessary to note at this point that time courses of contraction in this study were observed
to be longer than those reported in literature. This may be due to a difference in a number of

experimental features between the experimental set-up employed in this study and those reported
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in literature. For example, whilst Hess and Pilar [1963] conducted ez vivo experiments on skeletal
muscles suspended in an oxygenated Krebs solution contained within a tissue bath, their experi-
ments also differed from the present study in a number of ways. The animals which were used (cats)
were anaesthetised with sodium pentobarbital (proven to have an acute and direct effect on skeletal
muscle contractility [Taylor et al., 1984]), where the effect is more pronounced in slow twitch fibre
reactions (slow twitch fibres were tested by Hess and Pilar [1963]). Additionally, a larger tissue bath
was used in the present study. Whilst care was taken to ensure that ACh was always administered
at the same distance away from the muscle of each test for consistency, use of a larger tissue bath
may have resulted in a longer diffusing time for ACh to reach the nAChR’s. It is postulated that
one or more of these differences may have impacted the time course of contraction.

As expected, the solei and gastrocnemii produced their maximum forces at different times post
ACh administration. The (predominantly fast twitch) innervated gastrocnemii reached maximum
contractile forces faster than the (predominantly slow twitch) solei. Figure 31 depicts the differ-
ences between time to maximum force of contraction for denervated muscles and their innervated
contralaterals for all concentrations used (plotted on a log scale on the horizontal axis) as well as
for the various denervation periods.

Figure 31a illustrates that gastrocnemii from every denervation period implemented in this
study (dotted series) took longer to reach maximum forces of contraction than their innervated
contralaterals. Further, gastrocnemii from the 7 and 14 day denervation periods followed the same
trends with increasing concentrations, which both follow the same trend as the IG from the 7 day
denervation period group, albeit at slower times. The IG from the 14 day denervation period group
differs from this same trend only slightly (in its response to the low concentration of 96ug/ml).
The IG from the 50-55 day and 204-208 day denervation period groups follow the same trend
of decreasing time to maximum output force with increasing concentration. Their denervated
counterparts too, together are similar in their response, but differ from the innervated muscles of
these periods, as shown in Figure 31a. Inflection points are observed at 96ug/ml for both these
muscles, as seen for the IG from the 7 day denervation period. Thus, all the denervated muscle
responses appear to be mimicking the response trend of the IG from the 7 day denervation period
group, although at a lag.

In terms of maximum contraction force, the response of DS in comparison to IS followed the
opposite trend to that of the gastrocnemii. That is, the DS muscles from every denervation period
produced their maximum contractile output faster than all their innervated contralaterals. Simi-
larities in grouping were also noted. This involved the 7 and 14 day DS muscles following the same
trend (similar to that of the IS). Recall the same grouping from the gastrocnemii observations, al-
though displaying different trends to the solei. Moreover, the long term denervation periods (50-55
days and 204-208 days), again followed the same patterns of time to maximum contraction with

respect to increase in concentration, and were again similar to that produced by the IS of the 7 day
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denervation group (with similar response grouping noted from gastrocnemii muscles). Inflection
points were again noted at a concentration of 96ug/ml. In general, the muscle and trend producing
the fastest time to contraction was the DS, at a 7 day denervation period. The slowest was the
204-208 day IS.

Figures 31a and 31b illustrate that the responses of the slow twitch solei and that of the fast
twitch gastrocnemii and their denervated counterparts, at varying stages of denervation, appear to
produce “mirror image” reactions of one another.

Figures 32 and 33 provide a direct visual correlation of time to maximum contraction with
maximum forces of contraction for various time periods. Each image is presented for denervated
muscles and their innervated contralaterals for a different concentration.

Figure 32a illustrates the maximum force-time-denervation period relation for a concentration
of 4ug/ml. As previously demonstrated, the DS produced higher forces than the IS. Additional
information from this figure shows that denervation periods of 7, 14 and 204-208 days exhibit shorter
times to contraction than the IS. At 50-55 days the time to maximum contraction of the DS showed
no significant difference to that of the IS. The largest generated force at this concentration for these
muscles was produced by the DS at 14 days of denervation, which also displayed the longest time to
maximum contraction. An increase in concentration to 96ug/mi further demonstrated this effect.
Moreover, the maximum contraction time of the DS at 14 days of denervation was even closer to
that of its respective IS, but again the former produced a higher force. The times to maximum
contraction of the remaining denervation periods (7, 50-55 and 204-208 days) for the DS were less
than the IS for this increased concentration. For stimulation by 550ug/ml, the times to peak force
for the DS showed no significant difference to that of the IS, despite contracting at larger forces.
The times were slightly greater at 14 days post-denervation for the DS than the IS (1272s and 1172s
respectively) and slightly less at 7 days post-denervation for the DS compared to the IS (1082s and
1322s respectively).

Figure 33 illustrates the time to peak force for increasing concentration within the high concen-
tration range (1.6g/ml-6.3g/ml). The DS times to contraction were consistently shorter than those
of the IS except at the highest concentration of 6.3g/ml at 14 days of denervation (the highest
sensitivity period of the DS) where the DS took a longer time to reach its’ peak force than the IS.
The DS forces were again consistently higher than the forces produced by the IS muscles (as was
observed in the low concentration range). Increasing time to peak force occurred simultaneously
with decreasing peak force of contraction for the DS.

Thus in general, an increase in concentration within the low concentration range resulted in
the DS contracting at times closer to those of the IS. The denervation periods themselves however,
showed no clear correlation with time. Only the 7 day and 204-208 day DS displayed an increase
in time to contraction with an increase in concentration (see Figure 31b, series 7 DS and 204-208
DS). The 14 day and 50-55 day denervation periods do not follow this trend.
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(b) Gastrocnemii

Figure 34: Difference in time to contraction (s) between (34a) DS and IS and (34b) DG and IG at
increasing concentrations for all denervation periods.
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Figure 34 provides the difference in time to peak force between denervated and innervated
muscles for all concentrations and all denervation periods. The positive region of the graph indicates
that the time to peak force of the innervated muscles was greater than those of the denervated
muscles and the negative region of the graph indicates that the time to peak force of the denervated
muscles was greater than that of the innervated muscles. For solei at 7 days post-denervation the
difference in time to peak force decreases with increasing concentration within the low concentration
range and the IS demonstrated longer times to contraction. Within the high concentration range
the opposite is true (green series Figure 34a), i.e. an increase in difference in times to contraction
between DS and IS occurred with an increase in concentration, although the IS still exhibited longer
times than the DS. At 14 days post-denervation, the lowest concentration of 4pg/ml produces
longer times to the peak force for the IS than the DS, but an increase in concentration within
the low range resulted in the DS taking longer times to reach peak forces than their innervated
contralaterals, additionally displaying an increase in the time difference between them. Within
the high concentration range, still considering the 14 day post-denervation period, the differences
in times to peak tension between DS and IS muscles were noted to be higher than for the low
concentration range. Longer times were noted for IS for the higher 1.6g/ml and 3.2g/ml whereas
the highest concentration of 6.3g/ml results in a shorter time to contraction for the IS (indicated
by the negative range). The low concentration of 4ug/ml in the 50-55 day denervation period
displayed a shorter time to contraction for the IS than the DS. Larger concentrations of 96.g/ml
and 55019/ ml resulted in shorter times to peak tension in the DS compared to the IS. The difference
decreased with an increase in concentration from 96ug/ml to 550ug/ml. The longest denervation
period of 204-208 days displayed an increase in difference in time to peak tension between DS
and IS muscles with an increase in concentration. Administration of the low concentrations of
4p,g/ml and 96pg/ml resulted in longer times to contraction for the IS than the DS. The highest
concentration of 550ug/ml resulted in a significantly smaller difference in times to peak tension,
as well as causing a shorter time to peak tension for the IS than the DS. These results all indicate
that different concentration thresholds exist at which the DS will be more likely to respond faster
than the IS for different time periods of denervation. The DS reached peak tension faster for all
concentrations in the 7 day denervation period. The 14 day denervation period showed higher
dependency on concentration in terms of contraction times, size and DS-IS bias. The 50-55 day
denervation periods demonstrated the smallest dependency on concentration increase, with little
difference between times to contraction for DS and IS muscles and the lowest concentration causing
the fastest DS reaction time. The 204-208 days denervation period produced a shorter contraction
time for the DS at the highest concentration (used for this denervation period) of 550ug/ml.

Figure 32b illustrates the time to peak tension of DG and IG muscles at a concentration of
4p1g/ml. Whilst the DG consistently displayed higher forces than the IG for all denervation periods
at this concentration, the DG exhibited shorter times to contraction for the long term denervation
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periods of 50-55 days and 204-208 days. An increase in concentration to 96ug/ml resulted in the
DG taking longer times to reach peak tension for all denervation periods. In order of increasing
difference between DG and IG, the denervation periods rank as 7 days, 204-208 days, 14 days
and 50-55 days. Further increase in concentration still resulted in the DG taking longer to reach
peak tension than the IG, but a reduction in the time difference (between DG and IG) was noted.
Administration of higher concentrations continued to result in longer times to peak tension for
the DG in comparison to the IG. The times eventually reach a point of coincidence at the second
highest concentration used (3.2g/ml) (Figure 33d). At the lower concentration of 1.6g/ml, the times
to peak tension and peak forces increased with time periods of denervation (Figure 33b) whereas
at the higher concentrations (3.2g/ml and 6.3g/ml) the opposite was true as these parameters
displayed a decrease with an increase in denervation period (Figure 33d and 33f). These two higher
concentrations also displayed higher forces for the IG than for the DG.

By way of reference to Figure 34, a number of differences can be clearly noted between the DS
and DG responses. The DG were much less responsive to the administration of high concentrations
of ACh than the DS, both in the relative difference in time to peak tension between innervated
and denervated muscles, as well as in the magnitude of these differences. Further, the DG mostly
displayed longer times to contraction than their innervated counterparts (note the negative region
of Figure 34b), which is in contrast to the DS and IS observation. The 7 day denervation period
displayed the biggest difference in time to peak tension with the lowest administered concentration of
ACh, 4ug/ml. All the times to peak tension were shorter for the IG than the DG for this denervation
period, except at the highest concentration of 6.3g/ml. The high concentration range displayed a
decrease in difference in times to peak tension between DG and IG for this period of denervation.
The same observation in pattern can be made for these muscles at 14 days post-denervation, except
that the largest difference in time to peak tension occurred at a higher concentration of 96ug/ml
(compared to 4pg/ml from the 7 day denervation period group) and longer times to peak tension
occurred for the IG than the DG at 3.2g/ml. The long term denervation groups (50-55 days and
204-208 days) displayed similar trends to each other. That is, the lowest concentration of 4pg/ml
resulted in longer times to contraction for the the IG and the larger concentrations of 96ug/ml
and 550ug/ml resulted in longer times to contraction for the DG muscles. The largest differences
in time to peak tension between DG and IG occurred at the concentration of 96ug/ml for both

denervation periods, which was also noted for the 14 day denervation period.

4.2.4 Effect of ACh administration, as determined by electrical stimulation checks

Electrical stimulation was used after chemical (ACh) stimulation in order to determine the effects
of various concentrations of ACh on the contractile properties of the various muscles (and hence
fibre types). The procedure involved an initial chemical stimulation by ACh (recorded for 19

minutes), followed by electrical stimulation of five successive 10ms pulses (resultant 20Hz) by two
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steel electrodes. If large contractions were observed as a result of electrical stimulation, a large
dose of ACh was administered to the muscle and its’ response recorded. A repeat electrical test
was then conducted. The frequency of response of the muscles to ACh occurred in a low frequency
range; hence for comparative purposes only the low frequency components of the electrical signal
are investigated here (note however that higher frequency components may exist in the muscles’
response to electrical stimulation, but are beyond the scope of this thesis). The results of the
combined chemical and electrical stimulation protocol are presented in this section for denervation
periods of 7 and 14 days in terms of varying concentrations of ACh applied to muscles and their
effects as illustrated by F-t traces, HS, WA and MHS. The reader is referred to sections 2.2.4 and
2.2.5 for the underlying theory of these data analysis methods.

Spectral plots of ACh-stimulated muscles are plotted for the first half of the full test run as
the length of that portion of the signal was sufficient for visualisation of spectral components.
Muscles stimulated by ACh were noted to produce slow contractures, which occur gradually over
time as fibres are recruited. For this reason, longer time periods than spectra of electrical plots are
necessary (electrical stimulation causes rapid whole muscle contractions). Longer time periods used
for the spectral plots may result in some loss of resolution; therefore figure 35 has been included as
an example demonstrating the immediate effects of ACh stimulation at various time periods.

The HS of a noise run, that is, an isometric recording of the Force-time (F-t) output of a muscle
(in this case a 14 day DS) which has been neither chemically nor electrically stimulated, is presented
in Figure 36. From this figure it is evident that two frequencies exist within the signal at 4Hz and
4.5Hz (potentially due to fibrillation of various fibres comprising the muscle), as well as some low
frequency components which are inherent in the signal. Denervated rat solei are known to fibrillate
post denervation for up to 3 weeks [Robinson et al., 1991]. Once stimulated by ACh, the fibres will
react by contracting in bundles at different frequencies, thus in a sense ’overriding’ the fibrillation
effects depending on the degree of reaction to stimulation. Only the noise run thus contains these

components.

Alternate chemical and electrical stimulation of muscles denervated for a 7 day period
This section primarily presents and discusses muscles denervated for a 7 day period, first comparing
denervated muscle responses to their innervated contralaterals, followed by the effect of increasing
concentration on muscle response.

Refer to Figure 37. Stimulation of the DG with 4ug/ml ACh, displayed an increase in force
variation (peak-to-peak fluctuation) with time post ACh administration (the point of administration
is indicated by a red line at 180s in the F-t trace Figure 37a). The MHS (Figure 37e) illustrates
that the signals’ largest energy contribution lies within the 0.31-0.44Hz frequency range (peak at
+-0.37Hz). Electrical stimulation post-denervation (Figure 37b) resulted in a small contractile

response from the muscle (top figure in (b)), not large enough to produce a highly localised region
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in frequency, energy and time in the HS (Figure 37d). The lower figure in (b) is indicative of the
onset of 5 successive electrical stimuli and the top figure in (b) demonstrates the muscle reaction to
the electrical stimuli. The MHS of the electrical stimulation check illustrated a significant energy
component in the 0.44-0.5Hz range (Figure 37f), as well as the low frequency ranges (0.13-0.18Hz
and 0.18-0.25Hz), possibly indicating slow fibre recruitment (at the low end of frequency spectrum)
and fast contraction (at the high end of frequency spectrum).

Refer to Figure 38. Post injection the DS displayed the same increase in force variation with
time as the DG stimulated at 4ug/ml (compare Figures 37a and 38a), but a greater variation in
force than that of DG was observed. High energy contributions of both signals exist between 0.31-
0.44Hz (peak at +-0.37Hz), but the DG exhibited slightly more energy than the DS (illustrated
in Figures 37e and 38¢). Electrical stimulation post ACh administration showed high frequency-
time-energy locality within the spectrum, correspondimg to the MHS (Figure 38f) which indicated
a large energy contribution from 0.44-0.5Hz range. This appears to be indicative of a contractile
reaction of the muscle to electrical stimulation, as demonstrated by the wavelet cluster analysis in
Figure 37b.

Refer to Figure 39 in which the results of an IS, stimulated with 4pg/ml of ACh, is depicted.
The F-t record (Figure 39a) displays an increase in force variation (peak-to-peak fluctuation) as
well as a small gradual or slow rise in force over time. The MHS (Figure 39¢) of this chemical
stimulation, indicates a large amount of energy within 0.37-0.5Hz range (peak at 0.44Hz). Clear
locality was visible in the HS of the electrical stimulation test post ACh administration. The MHS
of the muscles’ electrical response illustrates a large energy, low frequency contribution as well as
notable contribution of energy in the frequency range of 0.37-0.44Hz (Note that there is no energy
contribution from the 0.44-0.5Hz frequency range).

The DS displayed a higher degree of force variation than the IS when both stimulated at 4ug/ml.
The DS produced contractions of smaller force upon chemical stimulation in comparison to the IS
(compare Figures 38a and 39a). This is indicative of a larger response of the DS to ACh. The HS
corresponding to the DS showed a more localised response to electrical stimulation than that of
the IS. A comparison of the MHS of the chemical stimulation tests (Figures 38e and 39e), indicates
that the DS exerted more energy in a lower and wider frequency range in relation to the IS, but the
absolute energy of the IS was slightly larger. This is likely due to the larger number of fibres within
the IS. Both muscles displayed large energy low frequency contributions, but the DS exhibited more
energy in the higher frequency range of 0.44-0.5Hz in its respective electrical stimulation MHS.

Figure 40 displays the response of a DG to 96ug/ml of ACh. Post injection, an increase in peak-
to-peak force variation as well as gradual increase in force over time (indicative of a slow contracture)
was noted. The MHS of the muscles’ response to chemical stimulation (Figure 40e) indicates a
large energy contribution between 0.25-0.37Hz (peak at 0.31Hz). Electrical stimulation post ACh

administration showed clear indications of locality in the HS (Figure 40d), and a very small energy
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Figure 37: Results of 7 day DG stimulated at 4ug/ml. (37a) F-t record of 4p9/ml ACh stimula-
tion (37b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (37c) HS of 4ug/mi ACh stimulation (37d) HS of electrical
stimulation post ACh administration (37e) MHS of 4p1g/ml ACh stimulation (37f) MHS of electrical
stimulation post ACh administration.
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Figure 38: Results of 7 day DS stimulated at 4ug/ml. (38a) F-t record of 4ug/ml ACh stimula-
tion (38b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
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Figure 39: Results of IS from 7 day denervation group, stimulated at 4pg/ml. (39a) F-t record
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contribution within 0.44-0.5Hz range (shown in the MHS, Figure 40f). Clear contractions occurred
upon electrical stimulation, as may be seen in Figure 40b.

The response of a DS to 96ug/ml of ACh is depicted in Figure 41. The DS again displayed an
increase in peak-to-peak force variation post injection. No gradual increase in force was evident
(indicative of little or no slow contracture). The MHS displays the largest energy contribution in
the 0.18-0.31Hz range (peak at 0.25Hz). Clear locality was seen in the HS of the post-ACh electrical
stimulation. A large energy contribution in the frequency range between 0.37-0.44Hz was noted
from the MHS of the muscles’ response to electrical stimulation (Figure 41f). This was noted to
be similar to that observed for the IS at a low concentration stimulation of 4ug/ml for the same
denervation period).

The reaction of an IS to 96u1g/ml was such that a small amount of force variation occurred post
ACh administration in comparison to the pre injection range. A later, gradual increase in force from
about 400s on the F-t graph (Figure 42a) (220s post injection) was observed. The MHS (Figure
42e) shows an energy contribution within a 0.25-0.37Hz frequency range. This contribution was
small in comparison to the low frequency contribution already present within the signal. Electrical
stimulation displayed no locality in the HS, supported by the weak signal illustrated by the F-t trace
in Figure 42b, whilst the MHS illustrates an increased energy contribution between 0.44-0.5Hz.

The DS displayed a higher force variation post injection than the IS (see the F-t traces, Figures
41a and 42a). More energy was ’scattered’ throughout the frequency range over time in the IS than
in the DS (see HS in Figures 41c and 42¢). This seems to be the trend in tests which exhibited
slow contractures (increased force over time) and small frequency variations in comparison to the
pre injection range. The energy observed from the IS was concentrated within a higher frequency
range than that of DS at the same concentration of 96pug/ml (compare the MHS in Figures 41e
and 42e). The DS energy contribution in the lower frequency range was more comparable to that
of the IS stimulated at a low concentration of 4ug/ml). Again, greater locality was demonstrated
in the HS of the DS than that of the IS.

A DG stimulated at 550pg/ml displayed an increase in force variation post injection (see Figure
43a). The MHS shows very large and significant energy contribution from 0.31-0.44Hz (peak at
0.37Hz). (This was noted for the DG and DS muscles stimulated at a concentration of 4ug/ml
as well). The HS of the muscles’ reaction to electrical stimulation showed some locality in its
energy-frequency-time distribution corresponding to the stimulation time. The MHS displayed a
small energy contribution from 0.44-0.5Hz, with most of the energy contribution being from the
low frequency range.

The response of the IG to ACh at a concentration of 550ug/ml was similar to that of the DG
for the same concentration, that is an increased force variation post injection. No gradual rise in
force was noted. A relatively large energy contribution was noted between 0.13-0.25Hz (peak at
0.18Hz, a smaller range than that of the DG) (see MHS Figure 44e). The highest energy peak
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Figure 40: Results of 7 day DG stimulated at 96ug/ml. (40a) F-t record of 9649/ml ACh stimu-
lation (40b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (40c) HS of 96pg/mi ACh stimulation (40d) HS of electri-
cal stimulation post ACh administration (40e) MHS of 96ug/ml ACh stimulation (40f) MHS of
electrical stimulation post ACh administration.
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Figure 41: Results of 7 day DS stimulated at 96ug/ml. (41a) F-t record of 96ug/mi ACh stimu-
lation (41b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (41c) HS of 96pug/mi ACh stimulation (41d) HS of electri-
cal stimulation post ACh administration (41e) MHS of 96ug/mi ACh stimulation (41f) MHS of
electrical stimulation post ACh administration.
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Figure 42: Results of IS from 7 day denervation group, stimulated at 96ug/ml. (42b) F-t record
of 96pg/ml ACh stimulation (42b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (42c) HS of 96ug/ml ACh stimulation
(42d) HS of electrical stimulation post ACh administration (42e) MHS of 96pg/ml ACh stimulation
(42f) MHS of electrical stimulation post ACh administration.




from this range was greater than that of the low frequency energy contribution. The electrical
stimulation reaction showed no locality in the signal (similar to that of the DG). The MHS of the
electrical response illustrated a large, low frequency energy contribution and a slight contribution
from 0.44-0.5Hz, similar to the DG. The overall absolute energy was small, in the range of 10~°.

A DS stimulated at 550ug/ml exhibited increased force variation as well as gradual increase in
force over time (see F-t graph in Figure 45a) post injection. High energy contributions were all
within the low frequency range, with no additional frequency range contribution. Note however,
that the low frequency energy contribution to the signal was comparatively large, in the range of
1073, suggesting the additional energy contribution due to ACh administration occurred within the
same low frequency range already inherent in the signal. Some locality was visible in the HS of the
muscles’ response to electrical stimulation. A slight increase in energy distribution was observed in
the 0.37-0.44Hz range (see MHS in Figure 45f).

The IS reaction to 550ug/ml ACh was a gradual increase in force post injection, as well as
increased force fluctuation. This is similar to the trend observed in the F-t trace of the DS, but the
IS force increases at a steeper gradient (i.e. the force developed more quickly and reaches higher
values) than the DS. Very large forces were reached by the IS but no tetanus of any mode was
evident in the F-t signal. All the significant energy contribution occurred in the 0.06-0.13Hz range,
again, noting a substantial absolute energy in the range of 1073, thus additional energy due to
ACh administration fell in the same range as the inherent system energy (within the low frequency
range). This is again the same as that observed in the DS. The HS of the muscles’ response to
electrical stimulation also demonstrated high locality in energy, frequency and time (see Figure 46d),
as in the DS. The spectrum is indicative of potential slow fibre recruitment (in the low frequency
range), with the highest energy component occurring between 12-15sec, coinciding with stimulation
time. The MHS of the muscles’ response to electrical stimulation (Figure 46f), shows a very large
energy contribution in the 0.37-0.5Hz range (the large energy contribution is expected; special note
is taken of the increased range from 0.37Hz rather than the more often observed 0.44Hz).

An IS stimulated by 1.6g/ml of ACh displayed an increased force variation post injection. A
slight gradual increase in force was only observed after 700s (visible on the F-t recording, Figure
47a). The MHS illustrates a large energy contribution occurring in a 0.37-0.5Hz range (peak at
0.44Hz). This energy contribution is much higher than low the frequency energy contribution (see
Figure 47¢). Electrical stimulation of the muscle showed a small amount of visible locality in the
HS. The MHS shows a slight increase in energy contribution in the 0.44-0.5Hz range.

An IS stimulated at a high concentration of 3.2g/ml demonstrated an increase in force variation,
as well as a gradual increase in force until unfused tetanus was reached at a low force, fluctuating
around 5g. The MHS displayed an energy contribution of 0.25-0.37Hz which was lower than the
low frequency contribution, but still considered substantial (in the range of 10~%). The HS of

the electrical stimulation reaction demonstrated increased energy in the low frequency component,
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Figure 43: Results of 7 day DG stimulated at 550ug/ml. (43a) F-t record of 550ug/mi ACh
stimulation (43b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for
electrical stimulation post ACh administration (43c) HS of 550pg/ml ACh stimulation (43d) HS
of electrical stimulation post ACh administration (43¢) MHS of 550ug/m! ACh stimulation (43f)
MHS of electrical stimulation post ACh administration.
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Figure 44: Results of IG from 7 day denervation group, stimulated at 550ug/ml. (44a) F-t record
of 550ug/ml ACh stimulation (44b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (44c) HS of 550ug/ml ACh stimulation
(44d) HS of electrical stimulation post ACh administration (44e) MHS of 550pg/m! ACh stimulation
(44f) MHS of electrical stimulation post ACh administration.
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Figure 45: Results of 7 day DS stimulated at 550ug/ml.

(45a) F-t record of 550ug/ml ACh

stimulation (45b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for
electrical stimulation post ACh administration (45¢) HS of 550pg/mi ACh stimulation (45d) HS
of electrical stimulation post ACh administration (45¢) MHS of 550ug/m! ACh stimulation (45f)
MHS of electrical stimulation post ACh administration.
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Figure 46: Results of IS from 7 day denervation group, stimulated at 550ug/ml. (46a) F-t record
of 550ug/ml ACh stimulation (46b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (46¢) HS of 550ug/ml ACh stimulation
(46d) HS of electrical stimulation post ACh administration (46e) MHS of 550pg/m! ACh stimulation
(46f) MHS of electrical stimulation post ACh administration.
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Figure 47: Results of IS from 7 day denervation group, stimulated at 1.6g/ml. (47a) F-t record
of 1.6g/ml ACh stimulation (47b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (47c) HS of 1.6g/ml ACh stimulation
(47d) HS of electrical stimulation post ACh administration (47e) MHS of 1.6g/ml ACh stimulation
(47f) MHS of electrical stimulation post ACh administration.




and in the high frequency component between 7-12sec. The MHS supports this with high energy
low frequency component contribution. An increased energy contribution is further noted to span
0.31-0.44Hz (see Figure 48e).

A DS stimulated with the same concentration of 3.2g/ml displayed an increased force variation
but differed from the IS in that no notable gradual F-t increase was observed, nor was any tetanus
observed. The MHS depicted a large energy contribution between 0.31-0.44Hz (but not as large as
the low frequency energy contribution), which is a higher frequency range than the IS high energy
contribution. The HS generated from the electrical stimulation test demonstrated some locality
and a slight energy contribution was noted in the 0.44-0.5Hz range. The results of the stimulation
of the DS muscle are depicted in Figure 49.

Figure 50 illustrates the response of an IG to 3.2g/ml of ACh. An eventual gradual increase in
force from about 700s onwards in F-t trace was observed (see Figure 50a). The force was seen to
drop off after a peak was reached. The MHS displays the large energy contribution in a 0.31-0.44Hz
frequency range (with a peak at 0.37Hz). This energy contribution was larger than that of the lower
frequency range. Electrical stimulation resulted in a display of high locality in the HS, showing two
stimulation regions in Figure 50d (corresponding to time locations of stimulation). The MHS of the
muscles’ response to electrical reaction illustrates a very large low frequency energy contribution
(relative to itself; since the absolute energy is small, in the range of 107°). An increased energy
contribution was noted in the 0.44-0.5Hz range.

A DG stimulated with the highest ACh concentration of 6.3g/ml (see Figure 51), displayed a
gradual increase in force over time and appeared to reach unfused tetanus, fluctuating around 10g.
The MHS displayed the majority of energy contribution as being from within the low frequency
range of 0.06-0.13Hz but the absolute energy was observed to be high (1073 range). Electrical
stimulation showed no clear locality, although clear components were noted throughout the signal,
presumably a continuation of the effects of previous ACh administration. The MHS showed a large,
low frequency, energy contribution (relatively, but the absolute energy was only in the 10~° range).
No energy contributions from higher frequency ranges were observed, although small contractions
in the electrical F-t trace were visible.

A DS, tested at the highest used concentration of 6.3g/ml ACh showed a gradual increase in
force with time. A large amount of scatter visible in the HS plot, indicated that the energy was
not confined to small frequency bands. The MHS showed a large energy contribution from the low
frequency range. A further increased contribution was observed between 0.25-0.37Hz. The MHS
from the electrical stimulation test showed a very small energy contribution (relative to the low
frequency contribution) from a higher 0.37-0.5Hz frequency range. The results are illustrated in
Figure 52.

An IS stimulated at 6.3g/ml (Figure 53) demonstrated an initial increase in force variation,

followed by a drop in force just after 700s on the F-t trace. The MHS showed a large low frequency
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Figure 48: Results of IS from 7 day denervation group, stimulated at 3.2g/ml. (48a) F-t record of
3.2g/ml ACh stimulation (48b) HS of 3.2g/ml ACh stimulation (48c) HS of electrical stimulation
post ACh administration (48d) MHS of 3.2g/ml ACh stimulation (48e) MHS of electrical stimulation
post ACh administration.
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Figure 49: Results of 7 day DS stimulated at 3.2g/ml. (49a) F-t record of 3.2g/ml ACh stimula-
tion (49b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (49c) HS of 3.2g/ml ACh stimulation (49d) HS of electrical
stimulation post ACh administration (49¢) MHS of 3.2g/ml ACh stimulation (49f) MHS of electrical

stimulation post ACh administration.
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Figure 50: Results of IG from 7 day denervation group, stimulated at 3.2g/ml. (50a) F-t record
of 3.2g/ml ACh stimulation (50b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (50c) HS of 3.2g/ml ACh stimulation
(50d) HS of electrical stimulation post ACh administration (50e) MHS of 3.2g/ml ACh stimulation
(50f) MHS of electrical stimulation post ACh administration.
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Figure 51: Results of 7 day DG stimulated at 6.3g/ml. (51a) F-t record of 6.3g/ml ACh stimula-
tion (51b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (51c) HS of 6.3g/ml ACh stimulation (51d) HS of electrical
stimulation post ACh administration (51e) MHS of 6.3g/ml ACh stimulation (51f) MHS of electrical

stimulation post ACh administration.




energy contribution in a 0.13-0.25Hz frequency range (in addition to the low frequency contribu-
tion between 0.06-0.13Hz). The HS supports this, demonstrating well confined energy (very little
frequency ’scatter’ occurred). Electrical stimulation produced small contractions post ACh admin-
istration. The HS of the electrical test demonstrates no clear locality, although clear components
are visible throughout the signal, again presumably a continuation of the effects of previous ACh

administration.

Alternate chemical and electrical stimulation of muscles denervated for a 14 day period

The F-t trace of the initial chemical stimulation of a 14 day DG by 4ug/ml (see Figure 54a)
displayed a steady increase in force post injection, which stabilised at around 750s on the graph
(corresponding to 9m30s after injection), fluctuating about a 10g force. This steady fluctuation
around a force value was considered unfused tetanus, as described in section 2.1.3 and illustrated
in Figure 5. (The HS of the chemical stimulation test displays a small increase in energy in the
low frequency range post injection, with frequency ’scatter’ occurring in a 0-1Hz range). The
MHS pertaining to this chemical stimulation test displayed a large energy component within a
0.37-0.5Hz frequency range (peaking at 0.44Hz). Electrical stimulation after the application of
411g/ml of ACh, resulted in a very weak response from the muscle, barely discernable from the high
frequency fluctuations present in the signal. These could be due to continued action of the ACh on
the muscle. The MHS of the electrical stimulation test demonstrated that energy was only present
in low frequency components. This is consistent with literature reporting that the muscle can not
be further electrically stimulated by a significant amount if it has already been exposed to a high
concentration (or dose) of ACh [Brown, 1937].

Stimulation of a 14 day DS by 4ug/ml of ACh, resulted in a steady increase in force with time,
which reached unfused tetanus by 800s, fluctuating around 14g. The HS displays an increase in
energy post injection, concentrated in the low frequency range. The MHS displayed a larger than
usual amount of energy in the full frequency range, with increases occurring at the extremes of very
low frequencies and a high frequency range of 0.44-0.5Hz, the latter contributing the most energy.
Further electrical stimulation resulted in a clearer response than that of the DG under the same
conditions. This is further depicted more clearly in the F-t trace of Figure 55b. The HS depicting the
energy-frequency-time distribution of the electrical stimulation is displayed in Figure 55d, with clear
locality and some intrawave frequency modulation occurring in regions corresponding to stimulation
(compare to F-t trace of electrical test, Figure 55b). Further chemical stimulation was applied, the
HS of which is illustrated in Figure 56d. The low frequency components show a substantial increase
in energy after injection (at 30s). The signal was comprised of more localised energy components
(i.e., displaying less scatter) The MHS illustrates an increased energy contribution in the 0.18-
0.31Hz range and a higher than usual energy contribution between 0.31-0.44Hz. Further electrical

stimulation resulted in a (still clear) contractile response, indicative of a high muscle sensitivity.
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Figure 52: Results of 7 day DS stimulated at 6.3g/ml. (52a) F-t record of 6.3g/ml ACh stimula-
tion (52b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (52c) HS of 6.3g/ml ACh stimulation (52d) MHS of 6.3g/ml
ACh stimulation (52e) MHS of electrical stimulation post ACh administration.
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Figure 53: Results of IS from 7 day denervation group, stimulated at 6.3g/ml. (53a) F-t record
of 6.3g/ml ACh stimulation (53b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (53c) HS of 6.3g/ml ACh stimulation
(53d) HS of electrical stimulation post ACh administration (53¢) MHS of 6.3g/ml ACh stimulation
(53f) MHS of electrical stimulation post ACh administration.
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Figure 54: Results of 14 day DG stimulated at 4ug/ml. (54a) F-t record of 4ug/ml ACh stimu-
lation (54b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (54c) HS of 4ug/mi ACh stimulation (54d) HS of electrical
stimulation post ACh administration (54e) MHS of 4p1g/ml ACh stimulation (54f) MHS of electrical
stimulation post ACh administration.




An IS (control) from a 14 day denervated rat, stimulated with 4ug/ml of ACh, only displayed a
significant increase in force 320s post injection (post 500s on the F-t graph in Figure 57a). Unfused
tetanus was reached by 800s but the muscle displayed signs of fatigue after 1100s. Localised energy
was observed and confined to low frequency components, as illustrated in its HS (Figure 57¢c). The
MHS demonstrated high energy contributions in a 0.18-0.31Hz frequency range. Post injection
activity was observed in the HS to occur in a slightly higher frequency range than pre injection
activity, this is supported by the observations made from the MHS. Electrical stimulation displayed
no clearly discernable contractions, despite some larger than usual energy contributions from the
low frequency range (presumably due to continued ACh effects) and a slight increase in energy in
the 0.44-0.5Hz range.

The DS and IS stimulated at the same concentration differed in a number of observations. The
IS exhibited a delay in rate of rise of force not observed in the DS. Both reached a state of unfused
tetanus, but the IS displayed later signs of fatigue, indicated by a decrease in force. Electrical
stimulation failed to produce contractile activity in the IS, whereas a clear response was visible
in the DS, even after additional ACh stimulation. This further attested to increased sensitivity
of denervated muscles in comparison to their innervated contralaterals. The frequency ranges of
energy contribution differed between muscles, the DS displaying full frequency range sensitivity and
low and high frequency extreme energy contribution, and the IS maintaining a localised contribution
between 0.18-0.31Hz.

Administration of 96ug/ml of ACh to a 14 day DG resulted in large force variation (peak-to-
peak fluctuation), a gradual increase in force over time, unfused tetanus and eventual muscle fatigue
(see Figure 58a). The HS shows activity very localised in frequency, with more ’scatter’ across a
larger frequency range post ACh administration. The MHS illustrates a considerably high energy
contribution in the 0.25-0.37Hz range (note the large frequency range in comparison to ranges
of other tests) with a peak at 0.31Hz. This energy contribution is higher than that of the low
frequency energy contribution. Electrical stimulation resulted in small, but discernable twitches, a
clearer response than that achieved by electrical stimulation after chemical stimulation by 4pg/ml
of ACh. No clear localised activity is visible in the HS corresponding to the electrical test, but
continued effects of previous ACh administration are evident throughout the signal.

Figure 59 and 60 illustrate the response of an IG to multiple stimulation. The F-t trace in
Figure 60a does not display much change in force post injection of 96ug/ml. Large force fluctuation
was observed up until 600s, after which the force variations were smaller. Moreover, no gradual
increase was visible. The HS of this test is illustrated in Figure 59¢, which demonstrates very little
frequency scatter, the energy being confined to low frequency components. This is confirmed by the
MHS which indicates high concentrations of energy in frequency ranges of 0.06-0.18Hz and 0.25-
0.37Hz. Electrical stimulation produced a weak contractile response, weaker than that observed

for the DG under the same conditions, with the MHS showing all the energy confined to the low
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Figure 55: Results of 14 day DS stimulated at 4ug/ml. (55a) F-t record of 4ug/mil ACh stimu-
lation (55b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (55¢) HS of 4ug/ml ACh stimulation (55f) HS of electrical
stimulation post ACh administration (55e¢) MHS of 4pg/ml ACh stimulation (55f) MHS of electrical
stimulation post ACh administration.
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Figure 56: Results of further chemical and electrical stimulation of 14 day DS, initially stimulated
at 4p19/ml (see Figure 55). (56a) F-t record of stimulation by large dose of ACh (56d) F-t record
(top) and amplitude (A)-t indication of stimulation (bottom) for electrical stimulation post ACh
administration (56¢) HS of large dose ACh stimulation (56d) HS of electrical stimulation post ACh
administration (56e) MHS of large dose ACh stimulation (56f) MHS of electrical stimulation post
ACh administration.
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Figure 57: Results of IS from 14 day denervation group, stimulated at 4ug/ml. (57a) F-t record
of 4ug/ml ACh stimulation (57b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (57¢) HS of 4p19/ml ACh stimulation
(57d) HS of electrical stimulation post ACh administration (57e) MHS of 4ug/ml ACh stimulation
(57f) MHS of electrical stimulation post ACh administration.




frequency range. Further chemical stimulation produced an increase in the low energy components
of the signal post injection in the HS, although no change was observed in the F-t trace (shown
in Figure 60a). The MHS displays energy mostly concentrated in the low frequency range, with
small contributions from the 0.25-0.37Hz range. Further electrical stimulation resulted in small
contractions of low energy (hence no localisation on the HS) and no notable energy contributions
observed from the MHS outside of the usual low frequency energy contribution.

The DG and IG were similar in their response in that they both exhibited large force fluctuations
post ACh administration (although this lasted only a short time in the IG). The DG displayed more
energy scatter across frequencies than the IG which displayed a more localised energy distribution
in frequencies. As mentioned, the electrical response evoked in the IG was smaller than that of the
DG.

A 14 day DS tested at 96pug/ml (Figure 61) displayed a steady yet gradual increase in force
which does not appear to reach a tetanic state of any mode. No large fluctuations in force were
observed. The HS demonstrates a large amount of energy ’scatter’ throughout a large frequency
range over time. The MHS is supportive of this observation, showing energy contributions in the
signal to exist over all frequencies, the majority of the energy being in the low frequency range.
Electrical stimulation resulted in visible contractile activity, with higher energy components visible
in the HS at the corresponding stimulation time. The MHS shows the main energy contribution of
the signal to be from the 0.06-0.25Hz frequency range.

An IS stimulated with 96ug/ml of ACh resulted in a very small and gradual rise in force over
time (see Figure 62a). This increase is a lot more gradual than that observed in the DS and reaches
a state of unfused tetanus, at less than 5g. No large force fluctuations occurred, as in the case of the
DS. A slight increase in energy occurred at the injection point, as illustrated in the HS in Figure
62c. The energy was a lot more scattered in frequency in the HS of the DS (stimulated at the
same concentration) than that of the HS for the IS, whose energy was more localised in frequency.
Electrical stimulation of this muscle after the initial chemical stimulation resulted in a localised
region of energy-frequency-time, as illustrated in Figure 62d,similar to that of the DS. Further
chemical stimulation resulted in a scattered energy-frequency-time plot (Figure 63b), whose MHS
indicates an increased energy contribution in the 0.25-0.37Hz frequency range. Further electrical
stimulation no longer showed a region of high locality, maintaining the “scattered” HS plot, with
the MHS supporting this observation by indicating that most of the signals’ energy occurred in the
low 0.06-0.25Hz range.

Refer to Figure 64. Stimulation of a DS with 550ug/ml of ACh resulted in a gradual increase
in force, but only low forces were obtained (less than 5g) upon reaching unfused tetanus. The HS
shows an increase in energy after injection (visible from 180-300s) at the lowest frequency. The HS
displays a large amount of energy scatter across the frequencies present in the signal throughout

the time period of the test. The MHS shows the frequency components contributing the most
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Figure 58: Results of 14 day DG stimulated at 96ug/mil. (58a) F-t record of 96ug/ml ACh
stimulation (58b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for
electrical stimulation post ACh administration (58c) HS of 96ug/ml ACh stimulation (58d) HS of
electrical stimulation post ACh administration (58e) MHS of 96ug/ml ACh stimulation (58f) MHS
of electrical stimulation post ACh administration.
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Figure 59: Results of IG from 14 day denervation group, stimulated at 96ug/ml. (59a) F-t record
of 96pg/ml ACh stimulation (59b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (59¢) HS of 96ug/ml ACh stimulation
(59d) HS of electrical stimulation post ACh administration (59e) MHS of 964g/ml ACh stimulation
(59f) MHS of electrical stimulation post ACh administration.
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Figure 60: Results of further chemical and electrical stimulation of IG from 14 day denervation
period group, initially stimulated at 96ug/ml (see Figure 59). (60a) F-t record of stimulation by
large dose of ACh (60b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom)
for electrical stimulation post ACh administration (60c) HS of large dose ACh stimulation (60d) HS
of electrical stimulation post ACh administration (60e) MHS of large dose ACh stimulation (60f)
MHS of electrical stimulation post ACh administration.
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Figure 61: Results of 14 day DS stimulated at 96ug/ml. (61a) F-t record of 96ug/ml ACh stimu-
lation (61b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (61c) HS of 96pug/mi ACh stimulation (61d) HS of electri-
cal stimulation post ACh administration (61e) MHS of 96ug/mi ACh stimulation (61f) MHS of
electrical stimulation post ACh administration.
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Figure 62: Results of IS from 14 day denervation group, stimulated at 96ug/ml. (62a) F-t record
of 96pg/ml ACh stimulation (62b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (62c) HS of 96ug/ml ACh stimulation
(62d) HS of electrical stimulation post ACh administration (62e) MHS of 96g/ml! ACh stimulation
(62f) MHS of electrical stimulation post ACh administration.
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Figure 63: Results of further chemical and electrical stimulation of 14 day IS, initially stimulated
at 96ug/ml (see Figure 62). (63a) F-t record of stimulation by large dose of ACh (63b) HS of large
dose ACh stimulation (63c) HS of electrical stimulation post ACh administration (63d) MHS of
large dose ACh stimulation (63e) MHS of electrical stimulation post ACh administration.
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energy in the signal. Low energy was contributed from all frequencies, higher energy components
occurred between 0.06-0.18Hz and 0.31-0.44Hz. Electrical stimulation post contraction resulted in
large contractions, visible in the HS as a localised, high energy signal (the energy was localised in
frequency and in time).

The F-t trace of an IS stimulated by 550ug/ml exhibited a steady increase post injection, with
unfused tetanus reached after 720s of exposure to ACh, fluctuating around 10g. The trend is thus
similar to that of the DS. The muscle appears to exhibit signs of fatigue towards the end of the
test whereas no signs of fatigue were noted in the DS. The MHS indicates that the main energy
components of the signal occurred within the low frequency range as well as between 0.13-0.25Hz.
The DS frequency range of energy contribution was higher at 0.31-0.44Hz. The electrical stimulation
post ACh administration displayed high energy components and reduced ’scatter’ in the HS during
the period of stimulation. The MHS of the electrical signal shows only a significant contribution of
energy from the low frequency range, with a small energy increase in the 0.37-0.44Hz. In addition,
another, low energy component, exists within the signal (seen in the HS), its activity fluctuating
within a 0.5-2.2Hz range. The lowest energy components contain the highest energy in the signal.

An IG from a 14 day post-denervation group did not reach tetanus when stimulated with
550ug/ml of ACh. An increase in force occurred after about 300s post injection, followed by a
decrease which reestablished stability around 5g from around 800s. The HS of this test indicates
that activity fell within a 0-0.5Hz range with a small energy increase “spike” upon injection at
180s. The MHS of the chemical test shows the main energy component was contributed from the
0.06-0.18Hz frequency range, with a peak at 0.13Hz. The HS of an electrical test conducted after
the chemical stimulation is displayed in Figure 66d. No clear localisation corresponding to the
period of stimulation was observed. Clear low energy components may be indicative of muscle
fibre recruitment. The MHS indicates that the highest contribution of energy occurs between 0.06-
0.25Hz. Further chemical stimulation caused an increase in the activity frequency band (mostly
between 0-2Hz) with the most energy wielding components being the lowest frequency components.
An energy increase was visible post ACh administration, although a large amount of energy scatter
across frequency bands is visible. The MHS displays high energy contributions from a 0.13-0.25Hz
range. The HS of a second electrical test is void of locality with activity ranging in a frequency
band of 0-3Hz. The MHS shows high energy contributions from 0.06-0.25Hz.

The F-t trace of a 14 day DG stimulated by 550pug/ml of ACh, displayed a gradual increase
in force over time, with no notable fluctuations within the signal and stabilised (reached unfused
tetanus) at 1200s on the F-t graph (Figure 68a). The gradual increase in force was similar to
that of the IG, although no drop in force occurred as with the IG. The highest energy (seen in
the HS) lies between 400-500s, which can be seen from the F-t trace to represent a stepped up
increase in force (less gradual than the overall force increase). The main energy contributing

frequencies in the signal were 0.06-0.18Hz and 0.18-0.25Hz. The HS of a subsequent electrical
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Figure 64: Results of 14 day DS stimulated at 550ug/ml. (64a) F-t record of 550ug/mi ACh
stimulation (64b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for
electrical stimulation post ACh administration (64c) HS of 550pg/ml ACh stimulation (64d) HS
of electrical stimulation post ACh administration (64e) MHS of 550ug/m! ACh stimulation (64f)
MHS of electrical stimulation post ACh administration.
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Figure 65: Results of IS from 14 day denervation group, stimulated at 550ug/ml. (65a) F-t record
of 550ug/ml ACh stimulation (65b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (65¢) HS of 550ug/ml ACh stimulation
(65d) HS of electrical stimulation post ACh administration (65¢) MHS of 550pg/m! ACh stimulation
(65f) MHS of electrical stimulation post ACh administration.




test showed clear frequency components within the signal which additionally displayed intrawave
frequency modulation. No locality for contractile activity was evident. The MHS displayed low
frequency energy contributions (0.06-0.25Hz). Further administration of ACh, this time of a large
concentration, displayed an increase in energy for some 50s post injection in the low frequency range
(refer to HS Figure 69c) and then decreased in energy again thereafter. The MHS indicated most
of the signal energy occurred in a 0.31-0.44Hz range. High energy and less frequency ’scatter’ were
evident upon further electrical stimulation. Clear components visible in the HS displayed increases
in energy over time.

Stimulation of a 14 day DG with 1.6g/ml of ACh (Figure 70) resulted in an increase in force over
time, with no clear display of unfused tetanus. The HS indicated that the signals energy was slightly
scattered within a frequency range of 0-1Hz, with the MHS indicating a large energy component
within the 0.13-0.25Hz range (peaking at 0.18Hz). The HS of the electrical check displayed no high
energy components at the time of stimulation, although clear intrawave frequency modulation and
low energy components are evident during this period. This was supported by the MHS of the
electrical stimulation test which indicated that most of the signals energy was contributed by a
0.06-0.25Hz (i.e. low) frequency range.

Stimulation of an IG with 1.6g/ml of ACh (Figure 71) caused the F-t signal to display larger
fluctuations in force (albeit at low forces). No slow increase in force over time was observed as
in the case of the DG. The HS displayed little spread in spectral energy (more energy is confined
to fewer frequency bands) compared to the more scattered energy representation of the DG. The
MHS supported this, displaying a large amount of cumulative energy in the 0.25-0.37Hz frequency
range. The HS of the electrical stimulation test did not provide any clear indication of contraction
(although an increase in energy in the low frequency band is noted during the stimulation period),
neither were any indications visible in the force trace of the electrical stimulation signal. The MHS
displayed a large high energy low frequency component, corresponding to the observation made
from the HS.

The F-t trace of a DS stimulated at 1.6g/ml displayed multiple fluctuating peaks within the
signal post injection, not seen in other, lower concentration tests. An increase in energy was ob-
served in the HS post injection in the low frequency range. A pertinent observation was made
from the MHS, in which a large energy component existed within the 0.25-0.37Hz frequency range,
higher than the previously noted frequency ranges of cumulative energy contribution in lower con-
centration tests for the same denervation period. This indicates the presence of higher frequencies
of contraction upon the administration of higher concentrations of ACh. This energy contribution
frequency range was noted for gastrocnemii and for IS at high ACh concentrations following pre-
vious electrical stimulation. Administration of high concentrations of ACh thus indicates greater
activity or contribution of fast twitch fibres. The HS of the muscles’ response to electrical stimula-

tion post ACh simulation is given in Figure 72d and illustrates low energy, low frequency, intrawave
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Figure 66: Results of IG from 14 day denervation group, stimulated at 550ug/ml. (67a) F-t record
of 550ug/ml ACh stimulation (66b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (66¢) HS of 550ug/ml ACh stimulation
(66d) HS of electrical stimulation post ACh administration (66e) MHS of 550pg/m! ACh stimulation
(66f) MHS of electrical stimulation post ACh administration.
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Figure 67: Results of further chemical and electrical stimulation of an IG from a 14 day denervation
group, initially stimulated at 550ug/ml (see Figure 66). (67a) F-t record of stimulation by large
dose of ACh (67b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for
electrical stimulation post ACh administration (67c¢) HS of large dose ACh stimulation (67d) HS
of electrical stimulation post ACh administration (67¢) MHS of large dose ACh stimulation (67f)
MHS of electrical stimulation post ACh administration.
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Figure 68: Results of 14 day DG stimulated at 550ug/ml. (68a) F-t record of 550ug/ml ACh
stimulation (68b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for
electrical stimulation post ACh administration (68c) HS of 550pg9/mi ACh stimulation (68d) HS
of electrical stimulation post ACh administration (68¢) MHS of 550ug/m! ACh stimulation (68f)
MHS of electrical stimulation post ACh administration.
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Figure 69: Results of further chemical and electrical stimulation of 14 day DG, initially stimulated
at 550pg/ml (see Figure 68). (69a) F-t record of stimulation by large dose of ACh (69b) F-t record
(top) and amplitude (A)-t indication of stimulation (bottom) for electrical stimulation post ACh
administration (69c) HS of large dose ACh stimulation (69d) HS of electrical stimulation post ACh
administration (69¢) MHS of large dose ACh stimulation (69f) MHS of electrical stimulation post
ACh administration.
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Figure 70: Results of 14 day DG stimulated at 1.6g/ml. (70a) F-t record of 1.6g/ml ACh stimu-
lation (70b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (70c) HS of 1.6g/ml ACh stimulation (70d) HS of electrical
stimulation post ACh administration (70e) MHS of 1.6g/ml ACh stimulation (70f) MHS of electrical

stimulation post ACh administration.
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Figure 71: Results of IG from 14 day denervation group, stimulated at 1.6g/ml. (71a) F-t record
of 1.6g/ml ACh stimulation (71b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (71c) HS of 1.6g/ml ACh stimulation
(71d) HS of electrical stimulation post ACh administration (71e) MHS of 1.6g/ml ACh stimulation
(71f) MHS of electrical stimulation post ACh administration.




frequency modulation between 8-11sec (corresponding to the stimulation period). This shows a
clear muscular response which is not immediately evident in the corresponding F-t trace.

An IS, stimulated at 1.6g/ml (Figure 73), demonstrated greater fluctuation of force per unit time
post ACh administration, which is indicative of a higher frequency existing within the signal. This
was supported by the MHS of this test which displayed high energy components within a frequency
range of 0.31-0.44Hz, higher than the frequency range of the IG and DS under the same conditions.
The electrical stimulation check indicated higher energy components (as with the locality in the
DS) between 10-13 seconds, although it still displayed energy “spread” in all frequency ranges over
time.

A DS stimulated at 3.2g/ml (Figure 74) displayed an increase in frequency which was apparent
after injection, and supported by the MHS which indicated the largest amount of cumulative energy
was within a 0.37-0.5Hz range. The HS of the muscles’ response to electrical stimulation indicated
a clear region of increased energy corresponding to the period of electrical stimulation. Further
chemical stimulation indicated that the main energy components of the signal existed within a 0.31-
0.44Hz range (Figure 75e). The electrical stimulation appeared to have reduced the signal energy
(and hence muscle energy) as well as causing a reduction in the frequency band in which the energy
components were present. This resulted in the muscle contracting at lower frequency and outputting
less energy. Further electrical stimulation indicated no changes in energy or frequency with time
in the HS plot. The cumulative energy within a 0.44-0.5Hz range in the MHS is indicative of a
response of the muscle to electrical stimulation, although large amounts of ’scatter’ in the HS and
low energy contribution point to a small response of the muscle to the further electrical stimulation.

The IS stimulated at 3.2g/ml (Figure 76a) displayed a higher frequency of force fluctuation (as
with the DS) but little increase in force. The signals’ energy components were mainly present in
a 0.37-0.5Hz range (also the same as that of the DS), higher than the range of the IS stimulated
at a lower concentration of 1.6g/ml. The HS of the electrical stimulation check illustrates high
energy components during the stimulation period, as well as a reduction in frequency ’scatter’. The
MHS displayed a concentration of energy in the 0.44-0.5Hz range, supporting the observation of
contractile activity in response to electrical stimulation (which was clearly visible in the force trace;
clearer than that of the DS). The range of frequency in which energy is mainly distributed may be
indicative of a gradual recruitment of fibres (corresponding to the low end of the frequency range)
with a peak occurring at the maximum force of contraction (corresponding to the high end of the
frequency range).

A DG stimulated at 6.3g/ml was seen to follow the same trend as other high concentration range
tests on the DG, that is, a notable increase in force variation post stimulation, fluctuating around
a low force. The MHS showed a cumulative energy contribution in the 0.37-0.5Hz range (peak
at +-0.44Hz). The HS showed hardly any scatter (hence little energy spread across frequencies,
but more than in some other tests). The HS of the electrical stimulation result displayed a higher
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Figure 72: Results of 14 day DS stimulated at 1.6g/ml. (72a) F-t record of 1.6g/ml ACh stimu-
lation (72b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (72c) HS of 1.6g/ml ACh stimulation (72d) HS of electrical
stimulation post ACh administration (72e¢) MHS of 1.6g/ml ACh stimulation (72f) MHS of electrical
stimulation post ACh administration.
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Figure 73: Results of IS from 14 day denervation group, stimulated at 1.6g/ml. (73a) F-t record
of 1.6g/ml ACh stimulation (73b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (73c) HS of 1.6g/ml ACh stimulation
(73d) HS of electrical stimulation post ACh administration (73e) MHS of 1.6g/ml ACh stimulation
(73f) MHS of electrical stimulation post ACh administration.
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Figure 74: Results of 14 day DS stimulated at 3.2g/ml. (74a) F-t record of 3.2g/ml ACh stimu-
lation (74b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (74c) HS of 3.2g/ml ACh stimulation (74d) HS of electrical
stimulation post ACh administration (74e) MHS of 3.2g/ml ACh stimulation (74f) MHS of electrical
stimulation post ACh administration.
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Figure 75: Results of further chemical and electrical stimulation of 14 day DS, initially stimulated
at 3.2g/ml (see Figure 74). (75a) F-t record of stimulation by large dose of ACh (75b) F-t record
(top) and amplitude (A)-t indication of stimulation (bottom) for electrical stimulation post ACh
administration (75¢) HS of large dose ACh stimulation (75d) HS of electrical stimulation post ACh
administration (75¢) MHS of large dose ACh stimulation (75f) MHS of electrical stimulation post
ACh administration.
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Figure 76: Results of IS from 14 day denervation group, stimulated at 3.2g/ml. (76a) F-t record
of 3.2g/ml ACh stimulation (76b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (76c) HS of 3.2g/ml ACh stimulation
(76d) HS of electrical stimulation post ACh administration (76e) MHS of 3.2g/ml ACh stimulation
(76f) MHS of electrical stimulation post ACh administration.




energy, more localised frequency contribution. The MHS showed a small contribution of energy
from the 0.44-0.5Hz range, indicating a small/weak response to electrical stimulation post ACh
administration. Figure 77 illustrates the results of these tests.

Chemical stimulation at 6.3g/ml of the IG demonstrated the same trend as that of the DS for
the same denervation period and concentration. A notable difference between the two is that the IG
displayed an increase in force almost immediately post ACh administration (in comparison to the
DS in which a delay in force increase was noted). Further, the muscle (IG) appears to reach unfused
tetanus at around 700s on the F-t graph (Figure 78a). No clear gradual increase in force or tetanus
was apparent in the DG stimulated at the same concentration. No large frequency scatter was noted,
as was the case with the DS. High energy contributions in the signal occurred between 0.18-0.31Hz
(peak at about 0.25Hz), as indicated by the MHS. (An increase in gradual force generation seemed
to occur pari passu with a lower frequency range of energy contribution). Note however, that the
energy contribution in the 0.18-0.31Hz frequency range was large (higher than that of the initial
lowest frequency contributions). The HS of the electrical check test indicates frequency localised,
high energy activity corresponding to the stimulation period of 4-7sec. No energy spreading was
visible, but high energy components were noted to appear in the low frequency range. A small
energy contribution from the 0.44-0.5Hz range was noted from the MHS.

The DS differs from the lower concentrations in the high concentration range in that it displays
an additional increase in force post administration. This force increase was only noted to occur
about 620s after injection of 6.3g/ml of ACh (800s on graph, Figure 79a) and does not appear to
reach tetanus of any mode. The MHS displayed a relatively high energy distribution between the
low frequency components of 0.13-0.25Hz (peak at +-0.18Hz). This energy distribution occurred
in a lower frequency range than the lower chemical stimulation concentrations of the same muscle
type for the same denervation period (but the energy contribution is comparatively substantial).
The HS of the electrical test displayed no locality, nor did the MHS display any significant energy
contribution in the 0.44-0.5Hz frequency range of the signal. This may be indicative of either
undetectable (and hence negligible) reaction, or no reaction of the muscle to electrical stimulation.
A consideration of the force trace of the electrical stimulation test confirms this hypothesis, as a
barely discernable response to electrical stimulation was noted (see Figure 79b).

The IS stimulated by 6.3g/ml displayed an increase in fluctuation (around the same pretensioned
force value). This was supported by the MHS displaying an energy contribution lying within the
0.06-0.18Hz frequency range (which is the same as baseline noise range) but the contribution was
notably higher and peaked at 0.13Hz. This may be indicative of a combined energy contribution
from both inherent noise contribution as well as the muscles’ generated energy contribution. The HS
of the electrical test showed neither clear locality in frequency, nor any higher energy contributions.
The MHS of the electrical test displayed an increased energy contribution in 0.44-0.5Hz range as
well as a larger contribution from the 0.13-0.25Hz frequency range. Further chemical stimulation
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Figure 77: Results of 14 day DG stimulated at 6.3g/ml. (77a) F-t record of 6.3g/ml ACh stimu-
lation (77b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (77c¢) HS of 6.3g/ml ACh stimulation (77d) HS of electrical
stimulation post ACh administration (77¢) MHS of 6.3g/ml ACh stimulation (77f) MHS of electrical

stimulation post ACh administration.




1268.45 ;

<10} B a\
15 . . . . . . i
0 200 400 00 500 1000 1200 1400
Time {sec) : L
(a) (b)
0 0
& &
2 2
5 -4 5 4
] &
4 4
8 8
= =
2 g
g, -10 g, -10
£ £
-12 -12
: -14 2 -14
-16 -16
1 1
-18 - -18
: B R
ok i e e . ik e I ; ¥
0 00 200 300 400 500 600 20 0 1 2 3 4 5 7 20
time time
(c) injection at 180 sec (d) stimulation as in (b)
*x10 x 10
12
1+
2 0.8k
Total
Energy Total g
Energy
1 04f
0.2t
005 01 015 02 025 03 035 04 045 05 005 01 015 02 025 03 035 04 0456 05
Frequency Frequency
131
(e) ()

Figure 78: Results of IG from 14 day denervation group, stimulated at 6.3g/ml. (78a) F-t record
of 6.3g/ml ACh stimulation (78b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (78c) HS of 6.3g/ml ACh stimulation
(78d) HS of electrical stimulation post ACh administration (78¢) MHS of 6.3g/ml ACh stimulation
(78f) MHS of electrical stimulation post ACh administration.




resulted in a large increase in force with time (see F-t graph in Figure 81), with possible occurrence
of unfused tetanus after 1020sec (1200s on graph) post injection. The MHS of this test illustrated
a large energy contribution in the 0.25-0.37Hz range.

In general, frequency bands of energy contribution were higher for innervated solei than den-
ervated solei at 7 days post-denervation for concentrations up to 550ug/ml and vice versa for the
high concentration range up to 6.3g/ml, with the most notable difference in energy contribution ob-
served between IS and DS at 6.3g/ml. The opposite trend was observed for 14 days post-denervation
where the range was greater for DS in the low concentration range (except at 96ug/ml, but this
was accounted for by energy spread through the full range of frequencies) and less than or equal
to that of the IS in the high concentration range. The frequency bands of energy contribution for
the DG were always greater for DG than IG, for both denervation periods and all concentrations.
Additionally, low frequency energy contributions were always present, representing preferential al-
tered fibre recruitment (in this case slow twitch), followed by recruitment of original fibres (in this

case fast twitch fibres).

4.3 Histology

The results of the ATPase staining for fast twitch muscle fibres are presented. Muscles from each
denervation period were stained and are compared here to their innervated controls. One example
of each group is depicted in Table 7 which are representative of the overall features characteristic
of each denervation period.

132



Sif T T T . T T -
5
a0k d
15} .
”
dme(= 13188
10 fy
=
8 5f 5 h
= 8 ] ]
2
o™ 1
= Min =822 218 ; -2 5844
Ao} - y
15¢ . i ; ; i i 7
a 200 400 a00 £00 1000 1200 1400
Time (sec) 8 : " 1e m
(a) (b)
0 0
8 12
. -2
5 -4 10 -4
5 5
4 8
8 8
= =
- 2
g, 10 E 10
2 2
= 12 = 12
2 14 4 14
-16 -16
1 2
18 18
ol 4 P T S e . 0 B S S Sy P ¢
0 100 200 300 400 500 800 2 0 5 10 15 20 2
time time
(c) injection at 180 sec (d) stimulation as in (b)
x10
1.8 T T T T T T 1.4
161 19
141
1
121
0.8
Total
Total [ Energy
Energy 0.6
0.8
04
0.6F
04F 0.2
02 0 . . . ; ; : n
005 01 015 02 025 03 035 04 045 05 005 01 015 02 025 03 035 04 045 05
Frequency Frequency
133
(e) (f)

Figure 79: Results of 14 day DS stimulated at 6.3g/ml. (79a) F-t record of 6.3g/ml ACh stimu-
lation (79b) F-t record (top) and amplitude (A)-t indication of stimulation (bottom) for electrical
stimulation post ACh administration (79¢) HS of 6.3g/ml ACh stimulation (79d) HS of electrical
stimulation post ACh administration (79¢) MHS of 6.3g/ml ACh stimulation (79f) MHS of electrical
stimulation post ACh administration.
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Figure 80: Results of IS from 14 day denervation group, stimulated at 6.3g/ml. (80a) F-t record
of 6.3g/ml ACh stimulation (80b) F-t record (top) and amplitude (A)-t indication of stimulation
(bottom) for electrical stimulation post ACh administration (80c) HS of 6.3g/ml ACh stimulation
(80d) HS of electrical stimulation post ACh administration (80e) MHS of 6.3g/ml ACh stimulation
(80f) MHS of electrical stimulation post ACh administration.
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Figure 81: Results of further chemical stimulation of IS from a 14 day denervation period group,
initially stimulated at 6.3g/ml (see Figure 80). (81a) F-t record of stimulation by large dose of ACh
(81b) HS of large dose ACh stimulation (81c) MHS of large dose ACh stimulation.
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Table 7: Histological sections of fast twitch fibres as demonstrated by ATPase staining for various
denervation periods, all shown at 40x magnification

Denervation Gastrocnemii Solei

period

0 days (in-

nervated)

0 days (in-
nervated)

14 days
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Denervation Gastrocnemii Solei

period

22 days

204 days

The labels in Table 7 are indicative of the following:
A and C - slow twitch fibres present in the IG

B - fast twitch fibres present in the IS

D - slow twitch fibres from a 14 day DG

E - fast twitch fibres from a 14 day DG

F - fast twitch fibres from a 14 day DS

G - freezing artefact (not to be mistaken for fast twitch fibres)
H - fast twitch fibres from a 22 day DG

I - slow twitch fibres from a 22 day DG

J - freezing artefact

K - slow twitch fibres present in a 204 day DG

ATPase staining for fast twitch fibres in both gastrocnemii as well as solei produced results
consistent with literature [Bakou et al., 1996]. The denervated gastrocnemii muscles demonstrated
an increase in slow twitch fibres with an increase in denervation period and the denervated soleus
demonstrated an increase in the number of fast twitch fibres 14 days post-denervation. For reasons

previously explained, sample sizes were small and solei are only presented for select denervation
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periods to demonstrate that the observed changes comply with literature, although further histo-
logical ATPase fibre staining would be ideal for the denervation periods not included here. The
fibre type changes as observed here are supportive of the muscle responses (as previously discussed
as functions of tension, sensitivity and time to peak tension).
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5 Overview of Results/Summary

This section presents a brief overview of the results presented and discussed in section 4 and serves

as a comprehensive summary before conclusions are drawn in section 6.

A consideration of F-t traces of all muscles as functions of denervation periods and concentra-
tion, demonstrated that 7 day DG showed greater slow contracture responses than IG. The IG
and 7 day DS displayed the same pattern in slow contracture response as 7 day DG with an in-
crease in concentration, but these patterns initiated at higher concentrations than 7 day DG. This
phenomenon was termed a ‘concentration lag’ (as defined in the Glossary of Terms, page xix).

Larger slow contractures were noted in 14 day DG than 7 day DG in response to low concen-
trations (4-550ug/ml) of ACh. This observation was not made when these groups were tested with
high (1.6-6.3g/ml) concentrations of ACh. IG displayed increased force variation for all concentra-
tions of ACh used in this study at 14 days post-denervation compared to 7 days post-denervation.
In general, a reduced response in both force variation as well as in the development of slow con-
tracture, was observed for the two long term denervation periods of 50-55 days and 204-208 days
in comparison to the short term denervation periods of 7 and 14 days for gastrocnemii.

DS displayed greater force variation than IS at 7 days probably due to an increase in the number
of fast twitch fibres (compared to its pre denervation state). Such fibre type changes were observed
post-denervation by histological ATPase staining. At 14 days post-denervation, slow contractures
occurred at lower concentrations but the increase in force was observed to be more gradual and has
been attributed to fibre type changes, (increased type II fibres), demonstrated to have occurred by
histological ATPase staining. No slow contractures were noted for DS from long term denervation

periods of 50-55 days and 204-208 days, compared to IS which did display slow contractures.

A consideration of peak forces produced by all tested muscles illustrated that denervated muscles
were more sensitive to developing peak forces than their innervated counterparts for all investigated
periods of denervation as well as for all concentrations. Greater peak forces were outputted by inner-
vated muscles compared to their denervated contralaterals only as an exception to this observation;
and occurred at a combination of high concentrations (1.6-6.3g/ml) and short denervation peri-
ods (7 and 14 days) for the gastrocnemii. This was supported by literature reporting a depressed
response from muscles at high dosages of ACh.

The highest percentage differences in peak force occurred at 14 days post-denervation for solei
(supportive of the high sensitivity to ACh for this period) and increased with increasing periods of
denervation (7, 50-55 and 204-208 days) thereafter.

The data indicate that physiological changes either occur, or peak later (i.e. develop at a slower
rate and with higher sensitivity to ACh) for the DS than the DG muscles. This was explained by
timing in receptor proliferation (noted in literature to occur sooner in gastrocnemii than solei post-

denervation), fibre type changes occurring sooner in gastrocnemii than solei (reported by literature
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to initiate from 3 days for gastrocnemii and 1 week post-denervation for solei [Bakou et al., 1996,
Dhoot and Perry, 1982]) as well as later sensitivity in gastrocnemii for later denervation periods due
to an impeded mitochondrial ability to manufacture ATP. The DS displayed the highest sensitivity
(generated the largest forces) at 14 days post-denervation, consistent with literature on nAChR
proliferation of mammalian slow twitch skeletal fibres [Hartzell and Fambrough, 1972].

In order of decreasing sensitivity to ACh, muscles ranked as follows: DS, IS, DG, IG. In terms of
this ranking, a consideration of the fibre types and receptor proliferation suggest that the greatest
output force response is obtained from muscles with a combination of slow and fast twitch fibres
(although predominantly slow) and most likely a large number of receptors, as occurs in DS. Whilst
DG exhibit changes from fast to slow twitch fibres, the possible lack of ATP production may render
receptor proliferation inconsequential, thus reducing fibre type influence. The lowest peak forces
were produced by IG muscles, containing the least amount of slow twitch fibres and no receptor
proliferation since they were not denervated.

An increase in concentration within the low concentration range (4-550ug/ml) was observed
with a simultaneous decrease in output force for both solei and gastrocnemii for denervation periods
longer than 7 days. This may be due to potential neuromuscular blocking effects similar to those
reported by Brown [1950]. The DS however, appeared to demonstrate a threshold concentration
such that stimulation with concentrations beyond it were able to cause the reappearance of slow
contractures and a consequent increase in force with further increase in concentration. Further
testing would be required to establish whether this trend exists for muscles denervated for periods
longer than 7 days. Gastrocnemii showed no signs of such a concentration threshold. It may well
be that such a trend would be visible in muscles denervated for periods shorter than 7 days, given
the time differences in physiological changes between solei and gastrocnemii (with gastrocnemii

reacting more quickly to denervation than solei).

An observance of the time to peak force responses of all muscles tested as functions of concentra-
tion and denervation period demonstrated that IG reached peak forces faster than IS. This would
be expected since IG are comprised primarily of fast twitch fibres and IS are comprised primarily
of slow twitch fibres. DG were slower to reach peak force than IG for all denervation periods. This
was also expected since DG have been reported, and were observed in this study, by histological
ATPase staining, to develop an increased number of slow twitch fibres. All DG follow the same
time to peak force response trend as IG from a 7 day denervation period group, but they did so at
a time lag. DS followed the opposite trend to DG in terms of time to peak force response. That is,
the DS reached peak forces sooner than their innervated contralaterals. This too, is supported by
literature as well as by histological ATPase staining conducted in this study, showing an increase
in the number of fast twitch fibres in DS post-denervation. DS thus contained more type II fibres
than IS, as well as a larger number of nAChR’s due to receptor proliferation post-denervation and

were thus more likely to display comparatively faster responses.
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There were however, similarities in time to peak force responses of DG and DS which were
noted by denervation period grouping, where the respective responses (although different for solei
and gastrocnemii), were similar for 7 and 14 day groups and followed the trends of their respective
innervated contralaterals from the 7 day denervation period. Long term denervation periods of
50-55 days and 204-208 days too, each followed the same trend. The highest forces for the DS
occurred at (the most sensitive) 14 day post-denervation period, for which the longest time to peak
force was recorded.

The time to peak force measurements demonstrated the possibility that different concentration
thresholds exist for different denervation periods at which DS would be more likely to respond faster
than IS. The highest concentration dependency was demonstrated at 14 days post-denervation
(also the period of highest force generation). Since DG were observed to take longer to reach peak
tension than IG, optimisation of shorter time differences are important. Such small time differences
occurred between DG and IG with administration of high concentrations (1.6-6.3g/ml) of ACh for
short denervation periods (7 and 14 days). It would thus be appropriate to note the effects of high
concentrations on the time to peak tension of longer term denervated muscles in potential future
studies. Further, DG contracted faster than IG at the lowest concentration (4p1g/ml) for long term
denervation periods and at the highest concentration for short term denervation periods.

Fibre type is an important consideration of muscle response to ACh doses. The alteration of
fibre type post-denervation, affects the muscle response to ACh, such that either slow contracture
responses or fast twitch responses can be obtained. The greatest (in terms of force) fast twitch
responses were obtained for gastrocnemii (predominantly comprised of type II fibres) at high con-
centrations of ACh which allowed for saturation of the fast twitch fibre receptors. Similarly, slow
contracture responses were obtained for solei (predominantly comprised of type I fibres) at high

concentrations of ACh which allowed for saturation of the slow twitch fibre receptors.

Alternate chemical and electrical stimulation provided further observations supportive of those
previously discussed in terms of post-denervation fibre type changes and sensitivity to ACh (ob-
served by the relative degree of change in peak force with increase in concentration). Contractile
responses with high energy outputs within a relatively low frequency range were considered to be
indicative of slow contracture responses, and such observations were supported by muscle fibre type
composition. Energy outputs within higher frequency ranges were considered to be contributions
from fast twitch fibres and or from local high energy contractions of fibre bundles. Large energy
contributions from frequency bands illustrated in the MHS were represented by little or no scatter
in the corresponding HS plots.

In general, visible contractions due to electrical stimulation (as observed by local increases in
force at the time of stimulation, or ’spikes’ in the F-t traces) were larger and hence more evident in
denervated muscles in comparison to their innervated contralaterals. This could well be a further

result of the increased sensitivity of denervated muscles. Moreover, the proliferated receptors are
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unlikely to have been saturated by low concentrations, thus eliminating the known effect of high
concentrations of ACh blocking depolarisation and action potential conduction along the fibre,
allowing for further electrical stimulation.

After stimulation at very high concentrations of ACh, contractions due to electrical stimula-
tion were more visible (larger and produced higher energy outputs) in the IS than the DS. The
energy output from the DS generally occurred across the full range of frequencies with additional
localisations, compared to the energy components of the IS which were more localised in frequency.
Frequency ’scatter’ was more evident for denervated muscles in comparison to their innervated
counterparts, indicating large energy contributions from wider frequency ranges. This could be
indicative of localised contractions of fibre bundles occurring at different rates (hence not as well
localised in frequency) as their innervated controls.

Muscles tested chemically with large doses of ACh after electrical stimulation demonstrated a
reduced energy response and a shift in frequency bands of energy contribution. For denervated
muscles, this meant that if the energy was spread throughout the frequency range before, they were
more localised in frequency in their response to large doses of ACh administration post electrical
stimulation. This suggests that fewer local contractions of fibre bundles were likely to occur and
smaller contractures evolved. IG contributed energy from the same frequency range, but outputted
a reduced energy response. IS displayed an increased energy contribution from the full frequency
range but an overall reduction in energy and a shift to lower frequency band energy contribution,

reported in literature as an inhibition of conduction ability due to a block produced by large doses
of ACh [Brown, 1950].

Tables 8, 9, 10 and 11 provide summaries of the main findings. The following key applies:
DS: denervated solei

IS: innervated solei

DG: denervated gastrocnemii

IG: innervated gastrocnemii

1: increase

1. decrease

[c]: concentration

[low]: low concentration range (4-550ug/ml)
[high]: high concentration range (1.6-6.3g/ml)
- : not applicable
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Table 8: Summary of experimental results pertaining to peak force and time to peak force for soleus

muscles
DP Peak Force (contractures) Time to peak force
[low ACh]  |high ACh] Response [low ACh]  [high ACh] Response
7 DS<IS DS<IS DS same trend as
IS
14 slow contractures DS<IS DS<IS DS same trend as
initiated at lower IS; 14 days same
concentrations trend as 7 days;
DS longest time to
peak tension
Tc]dIS DS displayed
threshold
concentration
beyond which
1[c]1DS
50-55 DS=0, <IS - DS<IS - DS same trend as
IS
Tc]4IS - DS displayed -
threshold
concentration
beyond which
Hel1DS
204-208 DS=0, <IS - DS<IS - DS same trend as

IS; 204-208 days
same trend as
50-55 days

e]d1S

DS displayed
threshold
concentration
beyond which

Hel1DS
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Table 9: Summary of experimental results pertaining to peak force, time to peak force and force

variation for gastrocnemii muscles

Force variation (contractions)

DP Peak Force (contractures) Time to peak force
[low ACh] [high [low [high Response [low ACh] [high
ACh] ACh] ACh] ACh]
7 DG7>1G7 1G<IS, IG<IS, Exception:
IG<DG IG<DG DG<IG at
6.3g/ml
DG same
trend as IG
14 DG14>DG7 DG14<DAG<IS, 1G<IS, Exception: 1G14>1G7
IG<DG IG<DG DG<IG at
6.3g/ml
DG same
trend as IG;
14 days same
trend as 7
days
HellIG, DG
50-55 IG(50-55+204- - 1G<IS, - Exception: IG(50-55+204- -
208)<IG(7+14) IG<DG DG<IG at 208)<IG(7+14)
4ug/ml
DG(50-55+204- DG(50-
208)<DG(7+14) 55+204-
208)<DG(7+14)
DG same
trend as IG
T[C]J’IGa DG - -
204-208 IG(50-55+4-204- - I1G<IS, - Exception: IG(50-55+204- -
208) <IG(7+14) IG<DG DG<IG at 208)<IG(7+14)
4ug/ml
DG(50-55+204- DG(50-
208)<DG(7+14) 55+204-
208)<DG(7+14)
T[C]\LIGa DG - -
DG same
trend as IG;

204-208 days
same trend as
50-55 days
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Table 10: Summary of results pertaining to alternate chemical and electrical stimulation for solei

and gastrocnemii denervated for 7 days

Test Gradual increase in F-t Large Visible elec Large relative energy Clear
p.i. freq. stim con- HSA (chem) elec
Variation tractions HS
p.i (f-t)
dg4,7d N Y N Y N
ds4,7d N Y Y Y Y
is4,7d Y (slight) Y (slight) Y >1/2 Y
dg96,7d Y (large) Y Y >1/2 Y
ds96,7d N Y Y ~1/2 Y
is96,7d Y Y (slight) N N <1/2 N
dg550,7d Y (slight) Y Y Y Y
igh50,7d N Y Y Y Y
ds550,7d Y Y Y Y (w/in low energy range Y
but 1073)
is550,7d Y (large) Y (slight) Y Y (w/in low energy range Y
but 103)
is1.6,7d Y (slight) Y (after Y Y Y
time)
is3.2,7d Y (slight) Y (slight) na N <1/2 Y
ds3.2,7d Y (initially but decreases Y Y >1/2 Y
after)
ig3.2,7d Y (after time) N Y Y Y
dg6.3,7d Y N Y Y (w/in low energy range Y
but 1073)
ds6.3,7d Y (large) Y (slight) Y (tiny) Y (w/in low energy range na
but 1073 + 2ranges)
is6.3,7d Y (initially but decreases N Y (tiny) Y N

after)
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Table 11: Summary of results pertaining to alternate chemical and electrical stimulation for solei

and gastrocnemii denervated for 14 days

Test Gradual Large Visible elec Large Clear High ACh  Visible Further
increase freq. stim con- relative elec grad further large relative
in F-t p.i.  Variation tractions energy HSA HS increase elec energy HSA
p.i. (f-t) (chem) (f-t) stim (chem)
dg4,14d Y Y (slight) N >1/2 N
ds4,14d Y Y Y Y Y Y Y >1/2
is4,14d Y (after Y (slight) N >1/2 Y
time)
dg96,14d Y Y Y Y N
ig96,14d N Y Y Y N N N
(initially)
ds96,14d Y N Y N N
is96,14d Y (slight) Y (slight) Y >1/2 N N na <1/2
ds550,14d Y Y (slight) Y N Y
i$550,14d Y Y (slight) Y ~1/2 Y
igh50,14d Y Y (slight) N na N Y Y >1/2
(initially (initially (tiny)
but but
decreases decreases
after) after)
dg550,14d Y N N N N N Y <1/2
dgl.614d Y N N ~1/2 Y
igl.6,14d Y (slight) Y N Y N
ds1.6,14d N Y N >1/2 N
is1.6,14d Y (after Y (slight) Y Y Y
time)
ds3.2,14d Y (slight) Y Y Y Y N N <1/2
i$3.2,14d Y (slight) Y Y ~1/2 Y
dg6.3,14d Y (slight) N Y ~1/2 Y
ig6.3,14d Y Y Y Y Y
ds6.3,14d Y (after Y Y (tiny) >1/2 N
time)
is6.3,14d N Y N Y (w/in low N Y (large) na Y
energy range
but 107%)
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6 Conclusions

This section draws conclusions following from the results, discussion and overview presented in
sections 4 and 5 and highlights the essential deductions relating to the three-fold objectives. The
conclusions presented are novel contributions deduced from this study, except where conformation
with the literature is explicitly stated.

The investigation involved examining two fundamental parameters (time taken to peak force and
maximum force of contraction) under a variation of three conditions (ACh concentration, muscle
type and denervation period), the combination of which has not been reported in literature. Forces
were examined both in terms of slow contracture or gradual force increase as well as local force
variation observed over the full time period of contraction. Data was further analysed by the novel
application and combined approach of EMD, HSA and MHS. This allowed for a more thorough
and detailed representation of information in terms of energy distribution resulting from muscle

stimulation by ACh application. Resultant analysis allowed for the following observations.

6.1 Deductions based on analysis of F-t traces

- Changes in fibre composition post-denervation, for both fast twitch and slow twitch muscles,
occurred in a manner consistent with reports in the literature. It can thus be asserted that dener-
vated fast twitch muscles experience an increase in slow twitch fibres post-denervation and similarly
denervated slow twitch muscles experience an increase in fast twitch fibres post-denervation.

- Slow twitch muscles denervated for long time periods appear to lose all potential for slow
contracture (i.e. even if slow twitch fibres still exist in the muscle, they are not sensitive enough
for low concentrations of ACh to initiate contraction).

Slow contractures were still visible in long term denervated muscles which were originally pre-
dominantly fast twitch. Additionally, the fast twitch fibre response of originally predominantly fast
twitch muscles was still visible (noted by force variation) after long denervation periods (50-55 days
and 204-208 days) (note that fast twitch fibres are known to be more sensitive in their contractile
response than slow twitch fibres [Gaster et al., 2001, Ploug et al., 1984]).

This observation leads to a number of deductions: (1) either all the fibres of originally slow
twitch muscles change to fast twitch fibres, or to a combination of fast and slow twitch fibres in
which the post-denervation slow twitch fibres are less sensitive (or likely unable to produce ATP)
than the original slow twitch fibres (literature supports the latter [Patterson et al., 2006] by noted
differences in phenotypes) and (2) originally slow twitch fibres either deteriorate at a faster rate or
are less sensitive than slow twitch fibres which appear post-denervation in originally predominantly
fast twitch muscles. The deduction made in ’(2)’ is supported by Tomanek and Lund [1973] who
reported that slow twitch fibres of predominantly fast twitch muscles were less affected than those

of slow twitch muscles when compared at the same post-denervation periods, suggesting varying
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degrees of neural dependence despite similar histochemical configuration.

- Although beyond the scope of this study, the results indicate that it would be worthwhile to
investigate if a preferential change in fast twitch fibre type occurs post-denervation (such that a
certain fast twitch fibre type is more likely to convert to a slow twitch fibre).

- Low ACh concentrations produce large contractures (slow/gradual contractions) in slow twitch
fibres. Higher concentrations are needed to produce the same effects in the presence of predomi-
nantly fast twitch fibre muscles.

- The slow contracture response (and thus greater presentation of force summation) is more
prominent in originally fast twitch muscles at 7 days post-denervation compared to the slow con-
tracture response of originally slow twitch muscles of the same denervation period. The slow
contracture response of originally predominantly slow twitch muscles is most prominent at 14 days
post-denervation compared to other denervation periods as well as to originally predominantly fast
twitch muscles of the same denervation period. This is not attributed to receptor proliferation,
but rather due to phenotype differences between slow twitch fibres developed post-denervation in
originally fast twitch fibres and those from originally slow twitch muscles. Fibre type changes oc-
curred sooner in fast twitch muscles than slow twitch muscles once denervated, as supported by
histological evidence.

- Innervated fast twitch muscles appear to display an increase in force variation for short periods
of denervation (7 and 14 days), which is taken to indicate an increase in fast twitch fibre activity.
This may be due to the increased movement and effort required from the innervated limb to support
the animal due to the impaired function of the denervated contralateral.

- For fast twitch muscles: Longer term denervation periods (50-55 days and 204-208 days)
displayed a decrease in slow contracture as well as force variation in comparison to short term
denervation periods. This demonstrates a reduced response to stimulation with an increase in

denervation period, as is consistant with literature.

6.2 Deduction based on analysis of peak force recordings

- High concentrations of ACh cause high peak force fast twitch responses in fast twitch muscles and
high peak force contractures in slow twitch muscles, as is to be expected based on theory.

- In general, denervated muscles produced greater peak forces than their innervated contralat-
erals. This was true for all periods of denervation and all concentrations reported in this study.
The only exceptions to occur were related to the concentration of ACh, such that innervated fast
twitch muscles produced greater peak forces than short term denervated muscles (7 and 14 days)
when stimulated with high concentrations of ACh. Receptor proliferation is considered the primary
underlying cause for this observation. It is suggested that the concentration threshold which results

in a depressed response is lower for denervated muscles than for their innervated contralaterals due
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to the increased sensitivity by way of receptor proliferation after short periods of denervation. It
is further suggested that this effect is more prominant in originally fast twitch muscles since, once
denervated, fast twitch fibres tend to alter in preference to slow twitch fibres [Gauthier and Dunn,
1973, Tomanek and Lund, 1973]. It is postulated that this effect was not observed for longer den-
ervation periods due to a reduction in receptor proliferation which occurs after the initial increase
post-denervation. As a result, fibre type becomes a predominant factor in the contractile response
of long term denervated muscle. The significantly larger ratio of slow to fast twitch fibres after long
denervation periods in comparison to the innervated contralaterals (fast twitch muscles), surpasses
the fast twitch fibre peak force capacity even at high concentrations. The gradual force increase
due to contraction of slow twitch fibres is taken to govern the value of the peak force.

- The largest percentage difference in peak force between denervated and innervated slow twitch
muscles was observed at 14 days post-denervation, thus further confirming the receptor proliferation
peak and conforming to literature.

- In order of decreasing sensitivity, muscles were ranked as follows: denervated slow twitch,
innervated slow twitch, denervated fast twitch, innervated fast twitch. This indicates a rank by
original predominant fibre type (slow twitch more responsive than fast twitch) and a sub-split by
denervation such that denervated muscles are more responsive than their innervated contralaterals,
as is supported by literature. It is worth mentioning that the peak response measured was a
combined contribution of both slow contracture as well as localised (in time) contractions. Over
the testing time of 19 minutes, the slow contracture force is thus the primary contributor to the
measured output, explaining why slow twitch fibres were found to outrank fast twitch fibres in
their force output. Had only contractions been considered, fast twitch muscles would outrank slow
twitch fibres in their measurable contractile ability. Moreover, fibre type influence is reduced due to
inhibition of ATP production and the consequent reduction in the effect of proliferated receptors.

- An increase in concentration within the low concentration range of 4-550ug/ml resulted in a
simultaneous decrease in output force for all muscles denervated for periods longer than 7 days,
suggesting a potential neuromuscular block, as supported by literature. Results suggest that a
threshold condition in denervation period in slow twitch muscles exists, such that a subsequent
increase in concentration results in an increase in force beyond the suggested threshold denervation
period. It is suggested that this is likely due to timing of, and changes in, receptor proliferation.
Further testing would be required to confirm this.

Additional testing at shorter denervation periods for a wide concentration range (as used in
this study) would allow for further clarification of the threshold denervation period. It could
be hypothesised that such an observation (of a threshold denervation period) can be made with
denervated fast twitch muscles as well, for shorter time periods of denervation (less than 7 days,

based on observation and theory).
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6.3 Deductions based on analysis of time to peak force responses

- Innervated fast twitch muscles were found to respond faster than innervated slow twitch muscles,
which is to be expected and complies with theory and literature.

- Denervated fast twitch muscles were slower to reach peak force than innervated fast twitch
muscles for all denervation periods considered. This is likely due to a reduction in the fast to slow
twitch fibre ratio.

- All denervated fast twitch muscles followed the same time response trend as innervated fast
twitch muscles from a 7 day denervation period group. This time frame suggests a point of dener-
vation “stability” beyond the peak of receptor proliferation.

- Denervated slow twitch muscles reached peak tension sooner than their innervated contralat-
erals. This is likely due to a combination of increased sensitivity and an increase in fast to slow
twitch fibre ratio (as supported by histological ATPase staining and existing theory).

- Denervated muscles followed the same trend in time to contraction for varying concentrations
of ACh as their innervated contralaterals for both fast and slow twitch muscles (although different
between twitch types). Further grouping was noted according to denervation period, where short
term denervation groups (7 and 14 days) displayed the same trend and simarlarly long term den-
ervation groups (50-55 and 204-208 days) displayed the same trend. This indicates that both fast
and slow twitch muscles can be grouped into denervation period categories such that the properties
change accordingly with an increase in denervation period. This information can be implemented
in later applications of ACh administration where time to contraction can be estimated by the
investigator when stimulating muscles of known denervation period and muscle type with a given
concentration or concentration range.

- For slow twitch muscles, different concentration dependencies exist for different denervation
periods such that denervated muscles tend to react faster than their innervated contralaterals. The
highest concentration dependency appears to occur at the height of the receptor proliferation phase
(observed at 14 days).

- Small differences in time to contraction occur between innervated and denervated fast twitch
muscles denervated for short periods when stimulated with high concentrations of ACh. Further
testing is required to determine high concentration effects on long term denervated fast twitch
muscles.

- For long term denervation periods and low concentrations, denervated fast twitch muscles
were found to contract sooner than their innervated contralaterals. The same was found true in

the converse situation of short term denervation periods and high concentrations.
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6.4 Deductions based on alternate chemical and electrical stimulation

and novel application of signal analysis methods

This thesis made use of EMD and HSA as a novel approach in determining differences in muscle
contraction dynamics under various parameters (muscle type, denervation period and concentration
strength). Application of ACh to denervated muscles in vivo produced raw force-time data which
is considered non-stationary and non-linear, thus appropriating the use of these techniques. To
the best of my knowledge, no literature has hitherto approached the analysis of muscle contraction
dynamics as described in the context of this thesis. Results were analysed in terms of energy
distributions in varying frequency ranges of fibre contractions. This approach allowed for a more in

depth determination of fibre activity whilst maintaining the perspective of whole muscle contraction.

Based on this approach, the following deductions could be made:

- Direct electrical stimulation of the muscle was used post ACh administration in order to deter-
mine the effects of ACh on muscle contractility and measure the response against a known stimulus
(electrical). The general result indicated that denervated muscles produced a larger contractions
than their innervated contralaterals, suggesting receptor proliferation to account for supersenstivity
of denervated muscle.

- The effect of electrical stimulation was more prominant in innervated slow twitch muscles
than their denervated contralaterals when stimulated at high concentrations of ACh. This may be
due to the saturation of innervated muscle receptors and the known ’priming’ effect of electrical
stimulation prior to chemical stimulation [Bach-y Rita and Ito, 1966] for contraction, although
further experimentation would be required to confirm this hypothesis.

- Large energy contributions from a wider frequency range were noted for denervated mus-
cles compared to their innervated contralaterals. It is suggested that this is due to fibre bundles
contracting at different frequencies due to varying fibre type composition of the muscle (where
denervated muscle composition is more varied due to physiological post-denervation changes).

- A reduced energy response and change in frequency bands of energy contribution was noted in
denervated muscles tested with large doses of ACh post-electrical stimulation. This may indicate a
specific fibre type reaction, inferring that some fibre type receptors become saturated in preference
to others and/or that fast twitch fibres present in the denervated muscles were easily fatigued - a
known property of fast twitch fibres and a likelihood when considering the reduced ability for ATP
production in denervated fibres.

- The reduced energy output whilst remaining in the same frequency range from innervated fast
twitch muscles stimulated by high doses of ACh post-electrical stimulation, indicates that a number
of the fast twitch fibres may have been fatigued.

- The reduced energy output and contractions occurring within a lower frequency range produced

by innervated slow twitch muscles stimulated by high doses of ACh post-electrical stimulation,
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further indicates slow fibre predominance, fatigue of any existing fast twitch fibres and potential

block of conduction ability.

6.5 Overall conclusion

Based on these deductions, it can be surmised that application of ACh in a manner consistent with
the methods reported here would be less efficient than the use of electrical stimulation. Times
taken to reach peak force were significantly longer than those caused by electrical stimulation as
reported in literature. Nevertheless, the breadth of the parameters investigated (large denervation
period ranges, large concentration ranges and various muscle types) provide a comparitive basis and
valuable documentation of the varying responses of innervated and denervated muscles of various
types (type I and II) to application of ACh. These findings can be applied to possible further
studies involving i.a. ACh administration, leading up to the eventual administration of ACh by
potential implementation of implantable microfluidic devices. In addition, the novel application of
the analytical approach presented herein to stochastic F-t signals, allowed for the energy-frequency-

time distribution to be depicted in a previously uncharted manner.
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7 Recommendations for future studies

This sections provides recommendations for further research pertaining to this topic.

1.

The first improvement relates to administration of ACh in the explanted preparation. In vivo
experiments or alternatively, experiments which involve explantation of the muscle with an
artery, could be conducted. This would allow for the ACh to be administered i.a. as done by
Sanghvi and Smith [1969], presumably resulting in shorter lag and rise times and increased

responses due to improved localisation.

In this study it has been demonstrated that slow twitch soleus fibres convert to fast twitch
fibres post-denervation, it is hypothesized that intermediate stimulation would result in a
reversion of the altered fibres to their original state, dependent on denervation time periods.
Consequently, the preparation could be stimulated at a set rate for a set time period (AChE
will be required to relax muscle in between stimulations). Subsequently perform an ATPase

stain on the tested muscle to determine any change in fibre composition.

To further explore physiological compensation for denervated limbs, conduct histological AT-

Pase stains of innervated contralaterals to note fibre type changes which may occur.

Conduct tests at shorter denervation periods (1-2 days) before receptors have proliferated.
The aim of this would be to test if the physiological changes known to occur after muscle
denervation can be intercepted and the muscle made to contract as though it still maintained
full functionality. This would most likely work best with tests conducted with i.a. injection
where whole muscle contractions will be more visible and easily distinguishable than slow
contractures, hence paving the way for more practical device implantation which could release
ACh at set periods to cause contraction. The overall picture to keep in mind is (a) fast
acting treatment for patients paralysed 1-2 days earlier, (b) rehabilitation for patients in the
intermediate stages of denervation and (c) treatment to combat muscle atrophy for patients

who have been paralysed for long periods of time.

Differences in force trends between low and high concentration ranges of ACh should be further
investigated to establish threshold periods for changes in trends. Further, longer denervation
periods could be tested at higher concentrations, as data pertaining to these parameters were

not recorded in this study.

Larger groups of test subjects should be used to attest to statistical significance. Exceptions

to trends should be further investigated with larger sample sizes.

In order to fully inform device design for furthering the idea of effective stimulation in range

of the natural state, a comprehensive investigation into the change in the number of receptors
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between fast and slow twitch muscles for various denervation periods should be conducted.
This would allow for a better understanding of the force generation with respect to muscle
sensitivity based on nAChR proliferation. More often than not, the literature leans towards
investigations based on mixed fibre types, or predominantly fast twitch muscles, leaving a
gap in the knowledge of slow twitch muscles. In terms of future implementations in practical
applications, these gaps need to be filled for device design to eventually effectively simulate

the natural state of the human body.
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A Ethics Proposal, Approval and Reports

This Appendix comprises all correspondence with the AEC, including proposal submissions, pro-

tocol amendments, protocol approvals and reports.

A.1 Ethics proposal application

, UNIVERSITY OF CAPE TOWN
0,
g
2 Faculry of Health Sciences
= Department of Human Biology
<
3
3 Anzio Road
é Observatory 7925
o South Africa
)

Tek: +27 21406 6235
Fax: +2721 448722

9 March 2010
University of Cape Town
Animal Ethics Committee

Re: Changes to HSFAEC proposal 010/002 entitled "Response of denervated muscle to electrical and
chemical stimulation"

Dear Committee

Please find an attached list of the changes that were made to our proposed research study, based on its initial
[EView.

Many thanks for the useful feedback.

Kind regards

Nicholas A Sachs, PhD
Lecturer

Department of Human Biology
University of Cape Town
e-mail: nicholas.sachs@uct.ac.za
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Page Section Change
number
Title changed to contain name of rat species to be used in the
1 1 study
Asterix (*) included to indicate relevant people who are going
2 7 to complete the AEC accreditation course in April 2010
4 12 Total number of animals changed to 35
Third paragraph changed to begin "Ethically and legally this
4 13 research cannot...”
A pilot study was introduced and the number of animals per
4 14 group reduced.
10mg/kg of meloxicam to be administered every 24 hours for 3
days instead of the original 0.04mg/kg buprenorphine every 12
5 16 hours for 2 days
paragraph 3 changed to start with "Using aseptic technique a
5 16 2cm skin incision..."
under post op care, use of antibiotic changed to intramuscular
5 16 administration of antibiotic
paragraph 5: once the wound has healed the animals reflexes
5 16 will be tested
paragraph 5: 200 mg/kg of sodium pentobarbital instead of
5 16 250mg/kg
caging conditions specified for pre and post-op conditions,
dependent on pilot study indications of communal housing and
7 212 on observation for signs of distress
7 21.3 0.04mg/kg buprenorphine changed to 10mg/kg meloxicam
7 21.5 additional monitoring criteria added
7 21.6 conditions for immediate euthanasia added
added monitoring critera: animals will be weighed every three
8 22 days
10 mg/kg meloxicam replaces buprenorphine every 24 hours
9 26 for 3 days
9 26 200mg/kg sodium pentobarbital instead of 250mg/kg
9 26 added antibiotic lentrax
14 animal monitoring animals to be weighed every 3 days

sheet

Discomfort and stress criteria further modified

Distress criteria further modified
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FHS003: Animal Research Ethics Committee - Application Form
Faculty of Health Sciences - University of Cape Town

For office use only

Nicholas Algrandar

PhD

Lecturer

b. Telgphone number, axtonsion:
¢ Fax numbar:
d. E-mad address:

4. DEPARTMENTAL RESEARCH COMMITTEE REVIEW

UCT Facully of Health Scionces, Anatomy Building, Room 7.17

021 404 7613 (et 7813)

0214427226

MNacholas Sachs@uctac za
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* the AEC accreditation course will bo by the

outsido of th fiald)

Cartain types of injuries and discases (such as spinal cord injury, stroke, and multiple sclerosis) result in

damage 10 the nervous system. if such afiects motor which synapse with

signal them to contracy, it will often kad 10 Depending on the type of injury, the motor neuron

irsalf may still be alive f but d brain. In such cases, the use of

applied eloctrical currents (similar to those provided by a pacemaker), has allowed rmesearchers and
10 anificially these nerves and cause the they o This has

been an effective means of ring simple and function 1o d muscle and has

Mmmmdnmlﬂd‘mﬂﬂwm

moans that happened to the fiber's ib asa of ! itized
it o of this

our undk ding " ’ iid potentially be exploited to improvo electrical mothods.
dnmmmmmmnuwm such as

d muscle fibers is warranied. Once muscle fibors have been denervated,

donervated muscle fibers to occur. g denervation g

995 10 the oCeur Mmhm:dmﬂmhm

the receptors which aid and lack of
wnp!lr hukuﬁvlbrih:hmwﬂ:hhwlhdﬂlmﬁmhwunhmﬁdm
ity aliow for a period of 1 1o

2 weoks for these changes to take place.

The normal method between the motor neuron and the muscle is via neurctransmiter,
spocifically acerylcholine (ACh). An could be to
directly to the muschke fiber's ACh P and

nmmﬂmw&ml

mum:m»mmu-mnnmm.

may
paralysis). nearly enough known about the
Mm-mampmum.mmm

confirm its i of muscle
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due to controlled

to examine the dynamics of muscie jon elicied by jon of llular ACh,
in 5 e
to i igate means of lling muscle relaxation after flular ACh elicited
to histologically examing the ofects of i d ACh on d muscla.
10. HYPOTHESIS
| ¥ 2 hypothasis is baing tested (aplanatory research) pisase stata what i is.
The following hypothoses are being tested:

Denarvation causes muscle fibers 1o become
Extracellularly injected ACh is an effective means of oliciting arificial contraction of denervated
muscle.
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mnm md the in a of the

This muscle p ¥ and could be a major
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have

12. ANIMALS REQUIRED

| Spocies/ Swain | Sex AgoMass Total numbars Source

Rat/ Long Evans Both 6 months' 300-450g | 35 ucr Animal
Research Facility

9. AIMS OF THE STUDY
Plaass bo bried and succinct.
The aims of this study are

to confirm the P of
controlled experiments

1o i @ mechanisms of elecirical senshization of denervated musch fibers
3 Nowermes 2008 R

d muscle fibers through

13. FOCUS ON REPLACEMENT: JUSTIFICATION FOR THE USE OF SENTIENT ANIMALS
Please provide justification Mﬂ;ﬂmdmmlmm in-vitro modol. Which afiernatives to the use of

animals have foe the need 1o usa the
This study requires the use of muscle fibers, which cannot be d The
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th delling of the electrical i ammmmmmwr
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same facility and used by for other
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[ Pioase provida justhication Tor-

(a) the number of animals required.

An initial study using 5 animals will be conducted to de the skills involved with the surgical
mm»mwmhﬂmm&;mmmw%cmmm

15. OVERVIEW OF EXPERIMENTAL DESIGN

In a flow diagram, summariso how e animais will bo aliocatod 1o axponmental and control groups, indicaing the
| schodula for reatment. samping and endpaant.

See amachment.

16. DETAILS OF EXPERIMENTAL PROCEDURES AND STATEMENT OF

the mathod of Indicate in 7 who will perform each

tho tasks.

Eriafty tobe lissua analy rformed in onder 1o achiove the aims of the
Denervation Procedure:

continuously adminisew: of in ordar 1o of
will be admini ‘,mnﬂm»ﬂormmahmuummm.
which will be pre-op Y in arder to provide analgesia

mmmmammmm made along the hindlimb, moving distally from the hip.

The sciatic nerve will be identified visually and through the .

1-cm section of the sciatic nerve will be removed
quadriceps

ligated and fixed 1o the muscles using 60 silk suture. Complete denervation of lower
b will be i using ok | sti jon. The skin will be sutumd closed in a single layer

using 40 silk sutures.

Postoperative Care:

mmﬂmmﬁmﬂwlummm at which time it will be returned to the animal

s o1 daysn o o i anigoia A moraer shets (s thownon o 13

hours order 1o {as shown on 1
\nﬁo dm the experi administration will include a once-off
mur amimauummmummﬂwmmumn
penicillin (112.5mg/'mi) which is eflective for a five day inierval Afer the wound has healed, each animal
will be hald in the air and lowered a1 a rapid raw to wst for the exissence of the toe spread reflex (lack of
the toe spread reflex on the previously denarvated side will confirm paralysis).

Muscie Fibor Harvesting / Euthanasia:

At the end of the animal s group-dependent denarvation poriod (1 woek. 4 weaks, or 8 wooks post surgery),
the reflex tost will bo repeawd to confirm paralysis. The animal will then be placed in a chamber with

halothane (4%) to induce anesthesia Once the animal is unconscious. a mask will be affixed 10 the animal
25 Nowerber 2008 Pagesd 1t Trema

mnm continuously administered for the duranon of the |
P dure in order 1o A skin Incision will be made along the lkength of the hindlimb o
expose the An ;mmmﬂuwummm
dwmwm[m i los on i ‘,, d side. While under

18. STATISTICAL ANALYSIS
Describo briefly how data obtained from this will ba and by whom.

Aheobase values will bo recorded and chronmie values will be d for all ekectrical
-nmm-uuwmmm.mmmouwmhner.

M&us“mmmhmmﬂmﬁm!wumm&ﬁ”ﬁ«hw
g groups using a t-1est and ANOVA by Ghabiba Modak.

mmmmmnu used as a control for all experiments.

10. RECEPTION

Is this study a repeliion of provious work perlormad by yoursell or others?

H yos. axplainwhy it is being repeated.

W no. is it pan of research being conducted

Mo, this study is not & repeat of previous work. It is the mh.mmmmm
is informed by previous of d

our group, but work that has bean done on
muscle (specifically in the eyelid).

20. PUBLICATIONS

Highlight any publcations stemming from your research involving tho uso of animals thus far.

N. A Sachs, E. L Chang, N. Vyas, B. N. Sorensen, and J. D. Weiland, “Electrical stimulation of the

paralyzed orbicularis oculi in rabbit " IEEE Trans. Neur. Sys. Rehab. Eng.. vol. 15, pp. 67-T5, 2007.

N.AMF.L.M . Pradeep and J. D. Weiland, ~Restoration following unilawral
facial paralysis,” in Proc. 12th Ann. mm;ss.mmnmmum ~

N A Sachs E L Chang. and J D. Weiland, | EMG-triggerd electrical of the
25 Noworiber 2000 Fageta 14 FHGo0
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N. A Sachs, E L. Chang, and J. D. of y alicited eyelid movement,” in Proc.
mmmmmanmvmummnzm
M. A Sachs, E L Chang, N Vyas, and J. D, Welland, “Electrical stimulation of the paralyzed it

ocull,” in Proc. 10th Ann. Coni. IFESS, Montreal, Canada, July 510, 2005,

21. ANIMAL CARE AND HOUSING

21.1 Location
Wheara wil nMumMm“mmlM?
Wheara will the sxpariments ba

{For both ol MMIMI the Animal Unit, explain why not)
Animals will be housed in the Depanment of Human Biology's Animal Sawllite Facility.

Exp will be in the w B on the UCT Faculty of Health Sciences, room 413,
21.2 Caging and social requirements
Describe how tha animals will bo caged h for thair

well boing .. comfort. secialisation. behaviournl needs and enrichment of Mg

Animals will be housed in plastic ﬁmwu-mmmw Food and water will be
provided ad kb, Wood shavings will be used as bedding mamrial The animals will be housed in groups of
thme per cage. This requires 10 cages and allows for them to maintain the ir social environment.

Animals will be isolated during the recovery memhatbrwmmum
healing and to avoid cannibalism from other rais belore being caging

howover, the pilot mmmnmﬂdhmhﬂhmwmmhmu
Mmmwmmmwummmwnmumdmmm

21,3 Moasures 10 bo tako! S dby the . =
‘What negatve have on study ammal wol-being (e.g. fear,
mmmmmmxwmmwmmw

a it of the arsmals. that may minmze hese afects.
hdmh?m‘ m and tholr for the tasks.
A single dose of presmpiive gesia will be p via 1 of 10mg'kg of

meloxicam 1 hour prior to surgery.

21.4 Exp fiocts of the procedures on animal well-being

mmuwmmmwmmmmmun

measures takon as indicated n 21.3 (e.g. due to nenve

animals # justifiod).

Animals will g of the right hindlimb. This is an
resuly di pmmmmmummmum

215 Mmmuhmm
not eating) will bo monitored lor as an indication of
mummmtonm by the proceduraireatment.

= Noverwr 2508 Tager o 1d FHS003

The condition of the surgical wound an i jon of 9
. animals will b2 monkored for lethargy, hyperactivity, isolation from the social group
{atter the wound has healed), in isolation, limb injury due to movemant

munnummummm«mmmﬁawmmm
Cannibalism from other rats in communal cages will result in animal separation or, ¥ severe, in euthanasia.

21.6 Euthanasia

Under what conditions will b prior 1o the ond-paoin

16 above?

Animals will be suthanized if they are cbserved to be in distress (see Animal Monitoring Sheet on page 13).

Ammmnnmuum-aﬂumwnnmmmmmm
Sovere solf by will be an for

22. DISTRESS AND DISCOMFORT SEVERITY (Please tick whare appropriate)

Catogory A Experimonts imvolving non-living materials. plants. bacteria,
o non-sentient specios of animals.

Catogory B Exporimants on senbont animal species sxpected to produce

(mild) hzle or o 0.0 blood j or
DrOCedures on anassthotised animals that do not roegain
CONSCIOUSIOSS.

Calegory C Experimonts that involve some dscomion to sentiont

(moderate) ammals, .0 surgical procedure Lnder anaesthesia and
s0me posioporative discomiort.

Category D Experments that mw bt unavoidatie distress. | X

(severe) or discomfon 1o sentiont animals.

ﬂummn-—*——“ is study b e, ik
their comion. health and humand troatment ? Indkcato in 7 who will 80 this mmmwwm
compalence fof the task.

mmum-mmmm

As a manifestation of pain in animals is not abways easi) d th principio is that
wmmhﬁhhﬂm pﬂ'lh mllmdhﬁ lnﬁ“d_\hmﬁ_ A
foe i usa of and pnag

roasaned sclntific justiication will bo roquired,
wmmhhhm

Animals will be monitored daily and weighed every 3 days. F
rhdﬂr‘;wﬂmhmadmmmnwumdnﬂmﬂﬂnmulhm
560 page

will the Kibod at the and of ity 17 ¥ s0, ploasa axplain why, d it is not cbvious from the
axponmental dosign.

" Tovorioer 2008 Tagatdl 14 L=
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mwﬂhmmuwwmm i
will be and

1g. This is they
mmmm-uummm

d during
mummmnmmmmmwu

Person taking legal resp

3.6 drugs lisied above:

Name Dr. Graham Louw

25. METHOD OF KILLING (Please tick camgory, and give detalls in 16

Sigrature

| > |

27, BIOHAZARD STATEMENT

Is this a roquiremaent for this project? f yes. ploase appoand proof of approval

tapecty ) Ispacly who wil amaure et n 16 sbove)
Fatal dose of anassihatic agant X Lathal ingaction whilst undar
apecly agort e dose in 36 biow) ansosthosia

Ixpealy agert and come n 26 beiow!
Othar

hare nd n
m in 26 = required, and kaly in %

26: DRUGS AND SUBSTANCES TO BE ADMINISTERED
m-mw mm-hﬂ. thﬂb::iﬂﬂm and dosago per

No

28. REFERENCES
Givo abrief st of

monitoring of the study animals.

! 10 support the ind
MNote: Provids reforences/sources to 5upport he mannst in which you wil perform the procedures. reatments and

ion in 8, 13 and 14,

body mass for sach
Nota: It is imp that y in? s jogally suthonised 1o prescribe, and diroct the -
of as
Hem Routo'Site Dose Froquency Name and Signatura of
person administering the
substance
4.0% To induce anesthesia | Nicholas Sachs
1.5% surgery | Nicholas Sachs
in order 1o maintain
anesthesia
okg Once one hour prior | Nicholas Sachs
1o surgery, every 24
hours for 3 days
following the first
administration (4 total
dosos)
Sodium Intraparitonaal 200mg'kg Once for euthanasia | Nicholas Sachs
pentobarbital
Lentrax Intramuscular 0.1mikg Once post-operatively | Nicholas Sachs
Antiobiotic:
=1m
Benzathine
penicillin
(1125mg/mi)
5 Nowermber 2008 Pagend 14 [
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28. REFERENCES
MIWHM 15 SUppor ing 13and 14,

Provide refarences/sources to support the manner inwhich you will parform tha procedures, treatments and
mdumm

A. Folz and A. Mallan, “An Icholi of and
of frog muscle fibres,” Jmuntmmnmas-imwh
D.B. Drachman, EF. Staniey, A. Pestronk, J.W. Grilfin and D.L Price, “Neurotrophic regulation of wo
properties of skeletal muscle by impulse-dependent and “ The
Journal of Neuroscience, vol. 2, no. 2 pp. 232-243, 1082
G. Bazakova, L Rabben, L Sefland, G. Fumagalli and T. Loma, “Neural agrin controls Acetyicholine recepror
stability in skelotal musck fibes,” Neurobiology, vol 08, no.17, pp. 9924-0029, 2001,

H.C Hartzell and D.M. F gh, “A Diistrit d density in rat
diaphragm after d i kned with acerylcholi itivity,” The Journal of General Physiology,
vol60, pp. 248-262, 1072

J.C. Jay and K.F. Barald, ~Ds d single my neurite |t i and i loculos,”
Muscle and Nerve, vol 12 pp. 981-992, 1089

mma.&nﬁ.smmmam
o by ping skeletal musche,”
1

J.J. McArdle and EX. Albuquarque, ~A study of the reinnervation of fast and siow mammalian muscies,”
Joumnal of Genaral Physiology, volB1, pp. 1-23, 1073,

MMMMHMM‘Amdehmmwd
bovine adrenomedullary chromaffin cells in culture,” Jounal of Physiclogy. vol 455, pp. 503-527, 1002

L.L Rubin, ~increases in muscle Ca2+ mediate in and P
m anblobn

junctional and extrajunctional
vol. 76, no.7, pp. 3547-3551,

caused by musch . vol 82, pp. 7121-7125, 1685.
R. Miledi and C.R. Stater, ~ of rat
nerve dogeneration, Mdmmrmumm:aws&mmsm
m1mapp.mm1
S. Rotzler and H.R. Bronner, boll i st fehol !

Junction by muscle activity,” mmamwmm pp. 655-661, 1000.
T.A Lﬂtn-mwl.ﬂ. early ahwer
lian muscle,” mmumqua&u&m1m1mzlm

T. Lomo and C.T. Siater. “Control of ity and by muscle activity,” J.
Physiol. vol.275, pp. 301-402, 1078,

T. Lomo and ALH Westgaard, “Further studies on the control of ACh sensitivity by muscle activity in the
rat” J, Physiol, vol. 252, pp. 603-626, 1075,

V. Wizemann, HR. Brenner and B. Sakmann, “Neural factors regulaw
muscular synapses,” The Journal of Call Biology, vol. 114, pp. 125141, 1001,

AChR subunit mRNAs at rat

Animal Weltare

Ethicai roviow ol on sentiant animals is because such animals have moral

standing. Accordingly, there how such be treated. Although thero is

wm%“mhmulh ‘ foar,

distress, pain of doath, thero i now widesproad agreement that animals used in scientfic axperiments:
mnthwud dios that d, frivolous, trvial, or which unnocessanly dupicato

= May not be subjectod to unnocessary hunger, thirst, disoase, parasiism, injury, discomiont, pain fear, or social

mmmu and usad in, sciontific expanments.
muwmmmumm»mmwumbmmm
behaviour. Thase include adequate space, company of

. mwmmrmmmmwuvm.mmumwwm

= Must bo handied and troated in wavs that ether avoid or at loast minimizo distress. pain and suffering.

The Three ‘R's

Proposais for resoarch on sentiont animai subjocts must satisly three principles:

Beplacoment. Sensant MWMMMIMWNMWMMQM
mw:ﬂ'-ﬂm be reduced to of the study
Refinemont; should be refmod in a way thal minmizes the causation of
jpain, discomiort, fear and b 10 th animal

Responsibility

Everyona using animals, whathor

for exparimentation, testng wmmdnmummtwh
wmmhmum-ummm lovels of weltare and protoction from

Responsiblifies of the Principal invastigalor
To read and comply with the Univorsity's “Code of Efhecs and Procedures for the Uiso of Animals in Teaching
Rossareh™.

2% Novemted 2008 Page 11 0f 14 FHE003

o
and

b Tomaintain rocords of all procedures performed on the animals.

¢ To ensure that all ¥ identified with th st t by moans of labols
O CaQES, PONS OF FODMS.

d. To ensura that oll the Iﬂmhwhmh

mmmmmnmmumnmm
from the Animal Ethics Commitiee,
Tomnﬂmwlbemwm.[dmm-ﬂhummu
wniien approval of the Anmal Committoe.

1. To ensure that. in the ovont of a situation arising during the course of the axpenimant
found o bo sultering from sovero pain or distress, a veteninanan will bo consuliod for advice. In the ovant that
the pan o ‘cannat bo wil bo

2% Novemoee 2008 Page 120114 Frsom
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1 s Principal Investigator in this appiication heroby
munnmmuu and responsitiiios culined in Section L and wil
personally undertake to sae that these are tha conduct of this study, should it be approved.

2 | understand Mat | am logaily responsibie for af aspacts of the study,

= i d working under my have tha appropria training and skills
muwmmmum '

4. | undartake not to devialo from the approved protocol without firsy cbtaining approval for such amendmants
mummmmm Commitios.

5 | undertaka fo mport 1o on the cutcoma of the study at s conclusion. and to

mhmmmmdumummum

& Should the study taks longor than 1 year, | underake 1o submil an annual progress report 1o the AEC. Ths
will ba submitted 12 monthly from tha month of the initial approval by the Commitioe.

7. ta i L] sary, this has boan submitiod 1o the Faculy Bio salety Commitize, and
ool of thor wal of the sals 1 this
| have read and accept the dectaration.
/. i
Signature of applicant Print name Dato
Support from Head of Depanment
Now: - Your attention is drawn 1o the responsibaities of dw-mhhm
*Code of Ethics and mmumamu*rmm

,h».'m-- e P and | support this
Y A : ) i
‘Signature of Print name Date
Head ol Depargnent

M0

75 NovwToe 2008 Page taof 14
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A.2 Ethics addenda

] of Copn, " UNIVERSITY OF CAPE TOWN
et 0,

:S\ “" Faculry of Health Sciences
_:? T: Deparunent of Human Biology
& 2,
E‘: H Anzio Road
gc. s Observatory 7925
) 5y South Afiea
%, 2 Tel: +27 21 406 6235
Fax +1721 487226
16 August 2010
Univessity of Cape Town
Animal Ethucs Committee
Re: Changes to HSFAEC proposal 010/002 entitled "Response of denervated muscle to electrical and
chemical stimulation”
Dear Comnuttee

Unforrunately, the group of ammals that we have used (onginally allocated as five rats) was inadequate to refine
our data collection procedures. One of these rats died dunng surgery and of the four remaining, only one gave
useful data. In order to properdy develop our data collection procedure we will require the use of more rats. We
will begin by deawing these from the remaining allocation for the study, but in order to mamntain appropriate
numbers for statstical significance within our study groups we may need to draw additional rats beyond the
original study allocation of 35. This additional cohort will be capped at 10, giving a new total allocation of 45
animals. Please advise if this change is acceptable.

Kind regards

Nicholas A Sachs, PhD
Lecturer

Department of Human Biology
University of Cape Town
e-mail nicholas.sachs@uct.ac.za

“Ous Misuon 13 t be an outstanding teachung and research wmvernity, educatmg for Life and addressing the challenges facing owr society.”
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UNIVERSITY OF CAPE TOWN

2 Faculry of Health Sciences
'.‘i. Deparmment of Human Biclogy
5
3 Anzio Road
& Observatorr 7923
5 South Afgca

o,
b2

Tel: +27 21 406 6235
Fax #2721 487226

30 Avgust 2010

University of Cape Town
Ammal Ethucs Comnuttee

Re: Changes to HSFAEC proposal 010/002 entitled "Response of denervated muscle to electrical and
chemical stimulation"

Dear Comnutree

The ongnal applicanon detalded a muscle explantation procedure which was to be done whilst the rars were
anaesthensed with halothane. We have subsequently found thar the use of halothane affects muscle
contraculity. The muscle response 1o sumulation decreased substanually rowards the end of the explantanon
procedure (ie the longer the rats remained on halothane, the greater the effect on the muscle contractility), We
therefore propose that decapitation be used mstead.

The muscle fibre harvestung procedure will thus be as follows:

Ar the end of the animal’s group-dependent denervation peniod, the reflex test will be repeated to confirm
paralysis. The animal vill then be decapitated. A skin incision wall be made at the base of the leg along the
length of the hindlimb to expose the underlying muscles. The denervated muscles will be removed and the
procedure repeated on the innervated hindlimb.

Please adwise if this change 15 acceptable.

Kind regards

Nicholas A Sachs, PhD
Lecturer

Department of Human Biology
University of Cape Town
e-mail: micholas sachs(@uct.ac za

“Crar Mission ix to be an outstanding teaching and research universty, educating for life and addressing the challenges facing our society,”
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A.3 Ethics reports and accreditation course certificate

Two reports based on the addenda were submitted to the AEC, one presenting the differences in
results between rats which were euthanised with halothane and those which were decapitated and
one which detailed animal numbers at various periods throughout the duration of the study. (In
addition to these reports, annual reports were submitted but are not included in the appendices
as they would serve only as repetitive summaries of what has been presented in the body of the

dissertation).

174



GLT

AEC REPORT

TABLE OF CONTENTS
UNIVERSITY OF CAPE TOWN Pago
DEPARTMENT OF BIOMEDICAL ENGINEERING AEC REPORT
OO, LA TMIN BT ASTA
UNIVERSITY OF CAPE TOWN
DEPARTMENT OF BIOMEDICAL ENGINEERING
TABLE OF CONTENTS
LIST OF FIGURES

Report on the effects of halothane versus
1 INTRODUCTION.

decapitation on skeletal muscle contractility

. . & 1.1 Subject of report
of Long Evans rats when stimulated in vitro

1.2 Background to report
1.3 Objectives of reporn

Prepamd for. 1.4  Scope and limitations of report
Atma Eprcs Commities 15 Pian of development
U versty ol Caoe Town 2 METHODOLOGY.
21 Muscies explanted under halothane anaesthesia
Prepared by: 22 Muscies explanted atter decapitation
Sarname Modsx G 3 COMPARISON OF THE EFFECTS OF HALOTHANE AND

DECAPITATION ON SKELATAL MUSCLE CONTRACTION OVER TIME ..........
34 Sumuiation by means of ACh

111  Decaptason and Halothane effects on conracton times
312 Decapuason and Haothane affects on force generaton

32 Electrical stimulation
January 2011 321  Results kom decapdabon axpenments

4 CONCLUSION

s REFERENCES.




9.1

LIST OF FIGURES

Fgure 1: Time 10 CONTACHON 2nd HMe 10 takeN 0 MAAch peak wnsion for Innervawd soleus
muscle iom () Oecaphaed model and (b model. Time | i
Ordinaw : Concenration [ugmi].

Figure 2 Direct comparison Desween Oecaphation and halothane models for () tme 10
conracion and (B vme wken 0 mach peak wenslon. Abscissa: Time [minues) Ordinam:
Concentranon [ug mi.

Figure 3: influence on PT of exposum time 10 halothane on denervased Qasurocnemius
muscle, stmulaed with 4j0'mi ACR

Figure 4: Ditlesences In PT Detween halothane and decaphadon 5t models at 3 wswd
CONCENTAtons. Ae SUls oM INNBVated SORUS MUsCe's.

Figure 5 g of soleys

1  INTRODUCTION

This ropont details the effects of halothane versus decapitation as a means of euthanasa of
Long Evans rats with the purpose of subsequent use of skoletal muscle fibres lor in viro
stmulation. The skoletal muscie fbres am stimulated both chemically (by means ol the
neurotransmitier Acetyicholine (ACh)) as well as electrically.

11 Subject of report
Two methods of euth will be di d with direct kcation 10 thewr elfects on
skolotal muscie contrachon dynamics.

1.2 Background to repon
An oniginal application was submitted for two studies which detailed the in wiro electrical
and ch il ol d dand i d (a5 a control) skelotal muscie fibres.
whch were 1o be explanied from Long Evans rats. Ths application stipulsted the use of
halothane as a means ol thetic during the explantati dure. Muscle fibres were
expiantod and testod on whilst the rat was under hetic. This was a validatod method
in loratre &nd was thus deomed acceptable &t the time of the appication. It subsequently
b ovident that halothane had a substantial effoct on the skelotal muscie contractility.
Lissrature cited shornor timo poriods of halothane usage. As this was compromising the
shudy, @ was decded that an amendment 1o the orginal protocol would be submitted for
ethical approval where docapiation would be used as a means of euthanasia nstead ol
thane. This app was approved and a report of the results (25 requested by the
AEC) = as folows.

1.3  Objectives of report
Tha cbjectves of the report are therelore fo:
= Outine the efiects of halothane on skeletal muscle contractity over tme
« D the ditier b haiothans and decapiation on skaletal
muscle contractiity
14  Scope and limitations of report

This mport will focus on the skeletal muscle eaplantation procedure ol the first five
decapitated rats, as req d by the AEC upon approval ol the amendment lor
Sscaria
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1.5  Plan of development

Ths repon relates to the eflects of halothane over tme on skeletal muscle contractilty. The
effects of jon arne d. The plan for the most viable option for

the results of this study s then provided.

2 METHODOLOGY

Both innervated and denorvated muscle fibres were tested. Fast and slow type fibres were
used, from the soleus and g; L i pocIvely

The ini for b d docapianon losts was g in the loliowing way:

21 Muscles explanted under halothane anaesthesia

Muscles were oxpianted from ®o rats whilst under anacsthesia. One muscie al a imo was
explanted into a special chamber containing Krobs Ringer buffer solution and separated into
fibre bundies before being tested. This procedure was repeated for each of the four muscies
stimulated with a rumber of diffierent concentrations of ACh over a tme penod of 20
minuies por lost.

22  Muscles explanted after decapitation

Rats were rapidly decapitated using a specific small animal guiliotine and a four muscles
romenod immaediatoly and plscad it a Krobs Ringer butior solution As proviously doscrbed,
stimulstion tests wore conducted immediately after the explantation procedure. Tests wero
done successively and the muscies were kopt in sclution a1 4°C until testod on.

Al o -] ap0 by the AEC for application 00V 004,
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3 COMPARISON OF THE EFFECTS OF HALOTHANE AND
DECAPITATION ON SKELATAL MUSCLE CONTRACTION OVER
TIME

Halothane is a volatio ansesthetic end has boen thown 1o allect skelotal muscle
contraction dynamics n both cases of direct as wed as ndrec! stimulation by depressing

the post-synaptic resp © the iter, ACh [1]. L ciles dep
on exposure duration (ol skelotal muscle 1o haiothane), haioth ation and
control. C biock has beon shown 1o oocur st with administration of

halothane at 4% and S.6% under varying conditions [1]. The ftests petaining to this repornt
e cond dor the following condt

Controlled body and testing temperature of 37°C.
Concentration maintained at 1.5%

A 4 dod 40 minud

31  Stimulation by means of ACh

Three concentratons of ACh were used to stmulate contractions. Thess wore 4ug/mi,
6pg'mi and 550ug/mL.

3.1.1  Decapiation and Halothane effects on CONIraction Hmes

Figures 1 dopicts the ime 10 contraction &nd Gme 1o paak tension (PT) for decapitaled rats
and rats undor haiothane anaesthese.

|a) Decapitation

Concents ation |ug/mi]
2

Qoo 00 jiute ] 1500 a0 Ro0
Time |min]

BTmetocentraction  # Nime to PT

Figure 1: Time 10 CONTBCION 3nA 1ME 10 tAKEN 10 FEACh DOk WNSION IOF INNeNVaEd SOMUS
‘muscle irom (&) aecaphated mode | and (D) RalOthanse mode L

For the decapitation model, an n & shown 10 cause & decrease n
e mo 1o contraction as well as tme 1o peak tension. The halothane model does not
dispiay this vond. This could be attrbuted 1o the duration of exposure of the musde in
halothane. The soleus muscle stmulated with 4ug/'mi of ACh was exposed 1o halothane for
45 minutes beloro the 1ost was conductod. The soleus muscle stimulated with S50ug/mi of
ACh was exposed 1o halothane for 25 minutes belore the tost was conducied.

Figures 2 dspiays a more direct comp decapitation and halothare models
for time 1o contraction and time 1o peak lonsion.
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{a) Time to contraction

Cancantration [ug/mi]
2
'I il I‘

00O 050 100 150 200 (1500 A00 3w 4o
Tiorse [min]

WHalothre @ Decapiavon

oo 500 1000 1500 00 %00

B Haotheee & Docapitstion

Fgure 2: Direct comparison Desween Oecaphation and haiothans models for (X) wme 10
conwaction and () time 1aken 10 mach peak wension.

Time taken 1 is sgniicanty hghee for than on models
(Figuro 2{al) at stimulation concentrations of &ug'ml and S50ug/mi and slightly loss for
96pg/ml The scleus musdle tosted stimulated at 96p'ml was axposed to halothane for less
than 5 minutes whoreas those tested at Sug/'mi and 5S0ug'mi were exposed for 45 minutes

and 25 minutes respoctively.

Figure 2(b} ndi tha! haloth flectod tosts reach peak fonsion laster than
docapitabon models. The lower concentration of ACh, the greater the offect of halothane
[shoner imo 10 poak lenson).

Figure 3 flustrates the effoct on son force of time 1o haloth

Mgl

0 —
5 1L n
Exposure time 1o halothane [mim|

FAgure 3: influence on PT of exposum tme 10 halothane on denervased Qaswocnemius
muscle, Stmulaea with $j'mi ACR.

A significant decroase in foroe with an i n Bme s o in Figure 3.
FResults display ACh stmulation concentration of <ug'mi (the lowest used concentration).
Ahter hall an hour of time to halsth the & dg ius was unable

10 be stmuiated with the iowest concentrason,
3.1.2 Decapkation and Halothane effects on force generation

Figure ¢ lustrates the differonces in posk tenson oblained 2t the three stimulating
sons for both and decapt modals.

? 15 —e-- Decapiation
== italathane
0 ¢
L
L
4 L] 350
Figure 4: Diernces in PT anad e85 models & 3 wswed
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From Figure ¢ ¢ is evident that halothane increases poak tansion in comparison o no
thotic use. This cont to i 1l

32 Electrical stimulation

The purpose of the electrical stimulstion proect & % model the specific parametars of
skolotal musclos by ing the 's overal response 1o electrical stulation. If any
of the experimental conditions aker the state of the measured parametars, the results will be
futile.

Halotane has been found o aflect avents, uping
stops, tmo 1o peak tonsion as well as peak tension in solaled muscles [2].

The method of cuthanasa that loaves the muscle in as natural & state as possble s
decapitation. This procadure is clearly best suited 1o the experimental conditions.

321 Results from decapitation experiments

The swength-duration curves of soleus 2 cplanted ahor decapitation) from wo
seperato rats ars shown below in Fig. S (other results are similas). In these graphs red

ropresents the threshold values for donervated soleus and blue represonts the threshold
valuos for innetvated sclous.

3 A E :
g (L4 ; -
0
£ w — 13 =25
; —o | —
i J
° g o
@w o ©w 10 s 1 an 10 1
Stamulaton Ouration (ms) Sturatstion Daratan (ms)
Figure 5 g cunves of
Whic these graphs could benoft from improved curve fifng techniques, ths nital
ison suggests confirmation of the § in this case the fact that the denacvated

@mnam@uﬂmnhmmmmm
donenvation [3]).

4  CONCLUSION

Recatre cites frequent use of haiothane as an thetic, long test jons make

unfoasible for the purposes of this study. Test results from decapeated rats conform 1o
8

lterature and thus add furthor validation 1o results shown hese and thus wamant amendment
1o the orignal procedure.
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B Equipment Design and Specifications

This Appendix includes the workshop drawings for the tissue bath used in the chemical stimulation
procedure. All drawings were done in ProEngineer Wildfire 5.0. Drawings are presented as com-
ponent parts and an additional final exploded assembly. All component parts were manufactured
from acrylic with the exception of the central heating tubes which were made of glass.

The experimental set-up was designed for practicality and ease of use. Descriptions of such
design implementation are given for further clarification.

The bath was designed to be horizontal to ensure ease of access to the muscle, for both chemical
as well as electrical stimulation. The bath was fixed into a cupboard with all necessary pipes and
leads passed through side connections. A sliding glass front enabled the cupboard to be closed
during testing. The fan and temperature probe were thus able to operate at maximum efficiency
and fewer disturbances were introduced from external factors.

In the bath itself, the two glass tubes were fitted into tapered brass connectors and the connec-
tion sealed with non-reactive sealant. The ends of the brass connectors attached to the tissue bath
were threaded for a secure interference fit into the endcaps of the tissue bath. The opposite ends
of the connectors were tapered, allowing for ease of use of flexible pipes, the ends of which were
attached to the heating circulator, thus forming a closed circulation loop.

The entry point for the bubbled carbogen gas was placed at the lowest possible position in one
of the endcaps. A thin perspex sheet was slightly distended into the bathing solution during testing
at the entry point of the gases to detract from the formation of large bubbles which might burst
against the strain gauge attachment and cause spurious results. These features also allowed for
minimum disturbance of the muscle by movement of the bathing solution due to bubbling.

Prior to the commencement of recording, a small circulator was placed in the bath to circulate
the carbogen gas and ensure homogeneity in the pH of the solution. The circulator was made from
a simple round rubber stopper attached to the connecting shaft of a small motor, and was powered
by a 2V battery. The circulator was removed before AChCl administration to prevent circulating
the chemical stimulant away from the muscle.

A suction pump was used to remove bathing and flushing solutions between tests.
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C Chemical Dose Calculations and Specifications

C.1 Calculations of AChCI doses to be administered

This study implemented the use of 6 different concentrations of AChCl which were injected onto
skeletal muscle held within a tissue bath containing Krebs Ringer buffer solution. The 6 concen-
trations were known, predetermined values. In order to ensure that the muscle was exposed to the
proper concentration, the dilution principle was employed. The method undertaken is presented as
follows.

The concentrations used could be separated into a low concentration range and a high concen-
tration range. The first step in the process was to mix stock solutions from which the necessary
doses could be obtained. Two stock solutions were thus prepared, namely that of 1ImM and 0.56M
concentrations. The former was chosen based on similar concentration use reported in literature
and the latter was chosen based on the solubility of AChCI (as provided by Sigma-Aldrich). Fur-
ther information on the chemical specifications is presented later in this Appendix. The molecular
weight of AChCI, as provided by Sigma-Aldrich is 181.66g/mol.

Given that

(stock solution concentration) (molecular weight) = mass per unit volume

and the known molecular weight of AChCl, the amount (in g/L) of AChCl which is required to
obtain a stock solution of given concentration can thus be determined.

Thus for a ImM!! stock solution

_3y | Mol g1 _
(12107%) [T } (181.66) [Twl] = 0.1817¢/L (C.1)
and for a 0.56M stock solution

(0.56) [”201} (181.66) [%] = 101.7230g/L (C.2)
Measured on a scale sensitive to 4 decimal units, the following amounts of AChCI were dissolved
in the specified volume to obtain the two stock solutions (based on equations C.1 and C.2):
0.1mM stock solution: 0.1817g dissolved in 1000ml of double distilled water
0.56M stock solution: 40.6918g dissolved in 400ml of double distilled water (calculated by ratio)
Once the stock solutions were mixed, it was necessary to determine the volumes of stock solution
which needed to be added to the 63ml tissue bath (the detailed design of which is presented in
Appendix B) to obtain the concentrations given in section 3.3, Table 2. The dilution principle,

given by equation 3.1 in section 3.3 was thus applied here as follows

mM = 12103M and the unit M = ™t
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Table 12: Application of the dilution principle in determination of stock solution volumes (V start)
to be added to tissue bath solution

Cstart Vstart [ul] = Cfinal Vfinal [mi]
1 [mM] 1.39 4 [pg/ml] 63
1 [mM] 33.3 96 [ng/ml] 63
1 [mM] 190.7 550 [pg/ml] 63
0.56 [M] 100 1.6 [g/ml] 63
0.56 [M] 200 3.2 [g/ml| 63
0.56 [M] 400 6.3 [g/ml] 63

and the required volumes of stock solution are presented alongside the concentrations in Table
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Specification Sheet

Product Name

Product Number
Product Brand
CAS Number
Molecular Weight

TEST
APPEARANCE
soLusiLITY
IR SPECTRUM

PURITY BY THIN LAYER
CHROMATOGRAPHY

C.2 Chemical specifications and material safety data sheets

~ALDFICH'
Acetyicholine chioride,

288% (TLC)

ABE25

SIGMA

60-31-1

18188

SPECIFICATION

WHITE TO WHITE WITH A FANT YELLOW CAST POWDER
CLEAR COLORLESS SOLUTION AT 400 MG PLUS 4 ML WATER
CONSISTENT WITH STRUCTURE

NOT LESS THAN 00%
APPROVED HAM 6/18/92

Specification Sheet

Product Name

Product Number
Froduct Brand

TEST

ORIGIN

APPEARANCE
SOLUBILITY

WATER BY KARL FISCHER
PHTEST

PH TEST WITH NAHCO3
OSMOLALITY
OSMOLALITY WITH NAHCO3
GLUCOSE

ENDOTOXIN ASSAY

KEY ELEMENTS BY ICP
CELL CULTURE TEST
EXPIRATION DATE

Krebs-Ringer Bicarbonate Buffer,

With 1200 mg/L glucose, without calcium chloride and sodium

bicarbonate, powder. cell culture tested
K4002
SIGMA

SPECIFICATION

ANIMAL DERIVED COMPONENT FREE
WHITE TO OFF-WHITE POWDER
CLEAR SOLUTION AT 0.5 G/L IN WATER
NMT 2.0%

6.1-87

70-78

235 - 260 MOSM/KG H20

253 - 280 MOSM/KG H20

17.1 - 20.0%

NMT 1.0 EUML AT 1X

CONSISTENT WITH FORMULA

PASS

24 MONTHS

K4002:00/08-12
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SIGMA-ALDRICH

SAFETY DATA SHEET
BCCorOng 10 Reguiaton (EU) M. 180T 2004

Verzion 1.0 Revaicn Date 26.06.20CT

Print Date 01.08.2000

GENERIC EU M203 - NO COUNTRY SPECINC DATA - NO OEL DATA

1. IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND OF THE COMPANY/UNDERTAKING

Product name : Acetylcholine chloride

Proouct NumDer T ABE2S

Brand : Sigma

Company © Sigma-Algnch (Pry.) Lid
17 Pomona Street
Avation Park, Unit &
KEMPTON PARK
1619 SOUTH AFRICA

Telephone 1 S2TNISTINIES

Fax ooeTNEEING

Emergency Phone -

T HAZARDS IDENTIFICATION

Risk 3dvice 10 man and the snvirgnmant
WTEIENG 1D €Y, MESOIA0NY SYBiem and Bin.

3. COMPOSITIONINFORMATION ON INGREDIENTS

Synemms o ACH

Formisa © CTHIBNOC

Molecular Weight I 181,65 gimol
[EcHo [inceahs [Confcason [Concentason [%] |
chionde

11 = | MR I-
4 FIRST AI0 MEASURES
General agvice

Consut 3 physician Show et $3%ty ORI ENeet 10 T O0CISF In Jttendance.

it inhaied
If Dreained in. MOve PrE0n Into fMesh Jir. If not Dreaching give anmiclal respiration Consut a physician.

In case of shin contact

Wash off wIn 532p and plenty of wader CONEUR 3 phykcan.

in case of eyw contact

Ringe thoroughly with plenty of water for & least 15 minutes and consut a physkian
If swallowsd

Never give anyThing Dy MOull 10 30 UNCONSSIOUS PEMEON. RNGE MOUM With water. Consul 3 physicln

S S —a IR ITUNLI Pagetars

[ S_FIRETIGHTING MEASURES
Suitable sxtinguishing media
Use water spray, BCOROESISLING foam, ary Chmical of carmon gionde.

Special protective squipment Tor Rre-ighters
WM ST CONLANED DrANIng APPATIIUS ¢ e NGNTNg IF necessary.

| ACCIDENTAL RELEASE MEASURES

Peraonal precautions
Use personal q AvOig Cust aust. Ensure

D Mot bt prOGUCY enter Oraing.
MatNOOs for CIeaning up
Pick up and aTaNge GIPOSA! WIOU? CTeating JUSL Keep In SuRIDIE, CIoSEd CONLaINETS Tor dposal.

7. HANDLING AND STORAGE

Hanagiing
Avoid 0ONLICT WEN SR and eyes. Avoid Tormation of OUST 3N0 JETDE0S.
Provioe aperopaate SXNAust ventiation at pAoes whene SUS! 1S FOrMea. NOMal Measures o0 preventive fire

Storage
Store in coot place Kees container ightly ciosed In a dry and wei-ventiated place.

YOGy PYQIOGCOpIc S0 UNOES Inert gas.

| . EXPOSURE CONTROLS | PERSONAL PROTECTION
Personal protective squipment
Reapiratory protection
Where sk shows fype N&S (US) or
appropnate

pumtyng e use 3
Type P (EN 143) Mspra0r. Use NeSSiraton and components tesied and aporoved undes
government SLNCITS BUCh 35 NIOSH (US) or CEN (EU).

Hang protection
Hangie with gioves. The sewcied DIOlECTvE gidvies NIVE 10 LIISTY he SDECMLInONE Of EU Direcoive
angd the EN 372 | &

i ey

$Kin and Body protection
‘ChOOSE DOJY Protecsion A0COMINg 1 the amount and of thié Qangy at the won
Face.
Hygiene measures
HaNGe In c00MaNce WIth 0000 INSUSITE hygiens and safely practice. Wash hands Before treaks ang at
he ana of worasy.
3. PHYSICAL AND CHEMICAL PROPERTIES
Appearance
Fom cryseine
Colour whits

Sgrm . ARDS Lt i ot Faelod




G61

Satety data

2 o data Fvakacie
uertng poirt usc

Boling point 0 323 JvakIcHe
Fiash pont 0 823 Fvakacie

Ignition lemperature N data Ivakaie
Lower expiosion Bt 1o 033 Fvakadle
Ugpér eapiosion Bmit 1o dats Jvakadie

13. DISPOSAL CONSIDERATIONS

Wiater sonDIty 3 333 Ivakadie
70, STABILITY AND REACTIITY

Storage stabiirty

STie UNGE recOMMENded SI0MAgE CONSTONS.

Conaitions 1o Jvaid

Avoid moisiute.

Matenats to avoid

Strong priczing agents

o t fire conattians.
mmmmm;wmg-
71, TOXICOLOGICAL INFORMATION

Acuts toxicRy

LDST Orai - rat - 2.500 mgig

kritation and corroslon

no At FILIe

Sensrtisation

N0 I3 vaLRie

Chronlc exposure

N0 I avalatee

Signs and Symptoms of Exposurs

SPASHE Py RS

Potential Health Effects
Inhalation Wy D8 AT I Nl CIUBES MESCIrAtory TACT STIATON.
Skin My be Rl I absored Tough Skn. Causes Siin ITaton.
Eyes Causes eye Imiation.
Ingestion Way be RammAul I swaliowed
Target Organs VaSEUr system., Heart, Cental nenvous system, Smootn muscle., Skesetal

MUBCe | AJrend meouta.,

O A Ivalatie

EcotoxicRy effects

7O Gata avatates

Further information on scology
70 Cata avataces

Proguct

O0sarve 3T TRORTIL, 2208, 30 IOCIT MITDAMENtE MGRIAIONE COMICT 3 ICANE4D DIVREEONI! Wakle OS50
mnmdummamnmmammwmna
chemical WEn

Contaminated packaging
DISpOse of 3 UNUSEd PIOdUCt.

14, TRANSPORT INFORMATION
ADRRID

Not GanQerous goods

IMDG

Not Gangerous gooas

1aTA
Not Gangerous gooos

[ 15 REGULATORY INFORMATION
Labelling according to EC Directives

Hazard symoos
x lmitant

R-phrase(s)
R363708 ITIABNg 10 Eyes, Fespratory ystem and skn.

S-porases)
526 7 ca6@ OF CONIICE WRN eyes. M IMmedaiely wiTth piénty of water and seek medical

Further Information
wmwmmgmnmmmmmmmm
The abCve INTIMI0N IS Deleved 10 D¢ POt 10 De 3 InCIUSive 300 SNl De UEed
ony 38 3 guide. The nins 5
appicadie o the procuct win 15 ApOrTprate SRl CRECAMONE lmmwwm
of N Properes Of e product. SIGMA-AIGNCA Co.. Shall NSt e Hed Hadle for any GAMAQS FesLTNG fom
RanAINg Of from ConLict Witn the ADOvE PIOGUCE S Neverse 508 of INVOICE OF PACLING SIp for 203T0nal
1ETE AN CONSTONS OF S

12. ECOLOGICAL INFORMATION

e - AGEZS - SgTETCN Lo Pagel of 4
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SIGMA-ALDRICH

Material safety Data Sheet

Date Printed: 01/AUG/2010
Date Updated: 14/FEB/2006
version 1.2

Eesgulatlion (EC) No 1907/2006

SPECIAL RISKS

Specific Hazard(s): Bmits toxic fumes under fire conditions.

EPECIAL PROTECTIVE EQUIPMENT FOR FIREFICHTERS

Wear self-contained breathing apparatus and protective clothing
to praovent contact with skin and ayes,

- Product and Company Informaticn

€ - Accidental Reloase Measures

Product Mame KREBS-RINGER BICARBONATE BUFFER, WITH
1800 MG/L GLUCOSE, WITHOUT CALCIUM
CHLORIDR AND SODIUM BICARBONATH. CELL
CULTURE TESTED

Product Number Kd002

Company Sigma-Aldrich (Pry.) Ltd.
Aviation Park, Unit 4
1619 Kempton Park:

South Africa
Technical Phone # 27 11 979 1188
Fax 27 11 979 1119

PROCEDURE (S) OF PERSCMAL PRECAUTICN(S)

Exercise appropriate precautions to mmuu direct contact with
skin or eyes and prevent inhalation of dust

METHODS FOR CLEANING UP

Sweep up, place in 3 bag and hold for waste disposal. Avold
raising dust. Ventilate area and wash spill site after material
pickup is complete.

- Handling and Storage

2 - Harards Identification

SPECIAL INDICATION OF HAZARDS TO HUMANS AND THE ENVI
N¥ot harardous according to Directive &7/548/EEC.

ING
Directions for Safe Handling: Avold inhalation. Avold contact
with ayes, skin, and clothing. Avoid prolonged or repeated
axposura.

conditions of Storage: Eeep tightly closad.
Store at 2-8*C

- Exposurae Controls / Personal Protection

- Composition/Inf fon on Ingr ts
Product Namo CAS & EC no Annex I
Index Number
KREBS-RINGER BICARBONATE None None Rane

BUFFERW/1B00 MG GLUCOSE/L W/O

ENGINEERING CONTROLS

Safety shower and eye bath. Mechanical exhaust required.
HYGIENE

4 - First Ald Measures

INHALATION
If tnhaled, remove to fresh air. If breathing becomas difficult,
call a physician.

AFTER SKIN CONTACT
In case of contact, immediately wash skin with scap and coplous
amounts of water.

AFTER EYE CONTACT
In case of contact with eyes, flush with copious amounts of
water for at least 15 minutes. Assure @ flushing by
separating the eyelids with fingers, Call a physician.

INGESTION
1If swallowed, wash out mouth with water provided person is
conscious. Call a physician.

Wash thoroughly after handling.

PROTECTIVE EQUIPMENT
Respiratory Protection: Use respirators and components tested and
under appropriate government standards such as NIOSH {US)
or CEN (EU). Resplratory protection is not required. where
protection from nuisance levels of duste are desired, use type N95
{US) or type Pl (EN 143) dust masks.

Hand Protection: Protective gloves.
Eye Protection: Chemical safety goggles.

9 - physical and Chemical Properties

S - Pire Fighting Measures

EXTINGUISHING MEDIA
Suitable: Water spray. Carbon dioxide, dry chemical powder, or
appropriate foam.

N/A
BP/BP Range N/R
MP/MP Range K/A
Flask Point B/A
Flammability K/A
Autoignition Tomp R/A
oxidizing Proparties N/A
Explosive Properties K/A
Explosion Limits N/R
Vapor Pressure K/A
Partition coefficient N/A
viscosity N/A
Vapor Density KfA
Saturated Vapor Conc. N/A

SIGMA - K4002

www.sigma-aldrich. com

Page
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Not hazardous according to Directive 67/548/EEC,
Caution: Substance not yet fully tested (EU).
COUNTRY SPECIFIC INFORMATION

Ge:

WGK: 3
Self-classification

16 - other Information

Eval tion Rate N/A
Bulz Density Hﬁa
Decomposition Temp. K/A
Solvent Content H/A
Water Contant K/A
surface Tension H/A
conductivity H/A
Miscellaneous Data N/A
Solubility H/A
10 - Stability and Reactivity
STABILITY

Stable: Stable,

Materials to Avold: Strong oxidizing agents.

DECOMPOSITION

WARRANTY
The above information is believed to be correct but does not
to be all inclusive and shall be used only as a guide. The
information in this document is based on the present state of our
knowledge and is applicable to the product with regard to

PRODUCTS
Hazardous Decomposition Products: Carbon monoxide, Carbon dioxide. appropriate safety precautions. It does not ropraesent any

HAZARDOUS POLYMERIZATION
Hazardous Polymerization: wWill not occur

guarantes of the properties of the product. Sigma-Aldrich Inec,,
shall not be haold liable for any damage resulting from handling or
Erom contact with the above product. See reverse side of invoice
or packing slip for aﬁuiml terms and conditions of sale.

11 - Toxicological Information

Copyright 2010 Sigma-Aldrich Co. License granted to make

SIGNS AND SYMPTOMS OF EXPOSURE
To tha best of our knowledge, the chamical,

toxicological properties have not been thoroughly investigated.

ROUTE OF EXPOSURE
skin Contact: May cause skin irritation.

unlimitedpaper coples for internal use only.

DISCLAIMER
For RLD use cnly. Wot for drug, household or other uses.

Skin Absorption: May be harmful if absorbed through the skin.

Contact: May cause eye irritation.

Eye iy
Inhalation: Material may be irritating to mucous membranes and

upper respiratory tract. May be harmful if inhaled.

Ingestion: May be harmful if swallowed.

12 - Ecological Information

No data available.

13 - Disposal Considerations

SUBSTANCE DISPOSAL

Contact a licensed professional waste disposal service to dispose
of this material. Dissolve or mix the matarial with a combustible

solvent and burp in a chemical incinerator equipped with an

afterburner and scrubber. Observe all federal, state, and local

environmental regulations.

14 - Transport Information

RID/ADR
Non-hazardous for road transport.

MG
Non-hazardous for sea tTansport.

TATA
Non-hazardous for air transport.

15 - Regulatory Information

SIGMA - K4002 www.sigma-aldrich. com

SIGMA - K4002 www.sigma-aldrich. com Page
Page 3
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& Reference (file sefuence):
¥ hitp:i//matlak, wikis, con/wikt caa L a of f1les.3F

elear all
cless all
€ic

date_now = clock;

date_now = uunmuzmmu_w-un.‘_qm (dste_newizl), *t,
numlets(date _now(d)), numistr(dite_ncw(dil, n-ﬁu;dau_awls:m
diary(streat (*lsg, date_pow,”.log"))s

diary =n

myFolder = *S:\lab cesultsimat f1les’s
f2lePattern = fullfile (myFoldes, *~.mat’)s
=atFileas « dirifilapattarn);

for k = 1:langthimatiiles)
£ = 1807
try atry-catch: allows for code to jump te bext locp fiR mtﬂ 12 errer ocourk
baseFileksme = matFilosik), name;
fullFileame = (a!l.ﬂhmmu. bagerileName);
fprintf(l, ‘Now reading we\n®, fullrileNa=e);

kioad individusl data sets into workspace to dowrsmple
load (baser: lenaze)

& Downsasple data
ticktimes _block2 ds = downsasple (ticktimes bliockZ, 20)i
elear ticktimea hlack:
T = ticke. 2 de;
clear ticktimea block2 da
data_block2 ds = downsample tdata blockail. ), 200
clear data_blackz
F = tdata block2 das {-0.1410%-6)) *0. 551
§ for tedts before IOMov2O10, -0.1°10%<6 for mfter
clear data_blockids
Fo= (F - (F(1)=-0.5817)°-1 » 0.5511
fstart valoe) to 70 « 0.5%1g, no izversion meaded
FO= F = F(1) » 0.55%;
clear ¥
con = conviFD, ones(l, 1000)*(3/1000))
CCC = (con - conil) « 0.553);
cliear zon

tHrings pretensicoed

s PLOTS

63T = min(rouad(((&/max(T)) ) *length(T)), length(T)-502);  #finds injectics tize
at I0mes

WJTE: comment out nJT2 if only one Indectich

10772 = minfround({ (23N max(T) ) *langth (D), leagth(Ti-301); efinds second
snm:ae« timm 1f applizable

afind sodex of max and r.r.u pem--
iFmx = h(T))) == CCC(1nIT+L00: longth(T)))«1n)T+500-1;
irain = rmmm:unn'hmhmll == COC(1n)Ts lengihiT)))+48]3T-27

afizds max and mis aaplitudes
dmax = ([FO(LF=max})-FOI(1))}
dmin e (IFOULTEIN)-FOLLIMF
clear iFesx iTmin

Monmrts oV to Force ~» -2.3410°-

& mternime by mmans of splituds f gragh ahould e inverted or sot
+f aba(dsax)<abe(duin)
tpmax = nndm:wwunn'-m length(Ti)) ==
ETC(1n)T=500: langthiT))) +in]
iFmin = nndmmmcunj:. langth(T))) == COCUInIT:engthiTi))+2n)T-1s
5 P = plet(T, cocil:length{cCO)-9801)3
alse
1Pmax = find(max(-1°CCC{InIT+500: length(T))) = -
A*COCEANIT+500: langth Ty ) beanjT-500-1;
ifmin = find{min(-1+CCC(in3Trlangth(Ti)) = —x'cccuu:r.hmhmndart—u

P = plot(T, CCC{l:langth(COCI-9991~-1 «0.551°2) ¢ invert data
plict
and
B o= ((TO{isngth(FOI-10001-FO411)/ (T ilangth Tr-T (30108 wgradient bet.
!lr.u and last point
! kDotersine by meacs of gradient if graph should be izverted or mot

t o =0

iFaax = findimax{CCC(in7T+500: langthityl) ==
l:t:nsj:-son hn;r,hr'm-xns'-soo-u

Fin = find(min(OoCinIT length(Ti)) == COTYIAIT: leagih(Ti))+2niT-12

n p = ploti7, TCCli:langthicos)-999)18
I alee

iFman » findiman(-1-C0T(in T-500: lengthiTi)) == ~
aon::u.-nj‘r-sanalwth(tln einiT+500-15

iFmin = findimin|-1*C0C{1n)7: lengthiTi)) ==

1"CCCiinl: lmqth(-!llo:nﬂ-u

1 P = plotiT, CoCii:langthiCos)-399)=-1 +0.551*2) ¢ invert data
ples
"
il prep 3 laNase, '_'. b 'I]
e = regexplibaserilaName, ‘elec'):
o>
axia{[0 1000 -5 5)
el
% injection line plot
LS u-qctluca. r.u'n
{m[ -12, 2
!mll‘?(la}‘ﬂnlu:ﬂ] yitm,*, *linewrdth’, 0.5, ‘*color’,[1,9,01)2
4 DOTE: commwnt out pext line 1f anly 1 injectien
e lism ({Tiiag720TeinITN ], yiim. L *lizewicth', 0.5, “colos .!1.9.0]::
y axts(f0 1800 =12 2¢]) &[0 800 -12 2¢] for tests before J9Novadl

“Sxisfaxnig)

xiabel(® tasc)*)
ylabel o= g1’ r
%= R “Xoata'
¥y = getip, ‘roata® II

% Min and deax fabela

taxt (x{ifmin), yu.n.uu [*Min » *, numdetsixiifming), * 4 °, comdatriy(irmin))],
"vert:calAlignment®,"top', ‘Ilun:onnungnunt‘ *lafe", 'mu:n‘ 10)

textixrirmax), y "rax = A1F=ax) L] '- mzaulrlmu‘l.
‘varticalaligoment®, ‘Mum‘ "HortzontalAligrmnt®, “laft®, ‘rontSize’,10)

hold on

plulxumni. YUiFmtn), *re", xiiFmax), y{iFmax), "}
L44



002

% Output maxizse force Tmax and titw to saxt== force Tmax and copy
b into exoel

‘xiswrite(*cellurita.xls’, y(iFmax), ‘Statistics’, ['0° nomastrik)lys

v Alter "filenam’ to ssve looped datasets:
¥ Saves plot from each data set ¢ ,esf to werking directory, ‘gsf’ sefers
s Lo currest !fqm

L gef, "filenime ton periad.ipg”)
gef, stroat(b tenf') )i
catch ¥&
display(atrcat (basarileName, © FAILED') 12
digplay(ME.smssaQeiiy ME is 3 structure with tnfoc on the errer
and
diary off
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& Eeference (file cequence):
¥ Bttp://mazlabowikia.conSwikis can_L.p X of_£1les. 3T

date_now = clocks

date_now = gtrcat(numistr(date_now(l)),” *, numdstr{date_now(2)), "
numIsts (date_nswid) . (date_sowidl), 1 u.m:!lln
diaryistreac('iog®, date_now,*.log® i) y

diary on

clear 3l
close all
cle

syFolder = ‘Gi\lab resultavs=at files’s
filePattern = fullfile(myFolder, *~.mat');
matFiles = dir(fileratternys

& Valoe of k based oo tests to ba concatenated

for & = 430 sizlengubipmatiilednd
&= 180; Atimes zarker for latas determinatich of iaficticl
ey stry-catch: allaws for code to Jump to rext loop (te mm ®rzob occure
baserileNane = matyiles (k). names . -
fellrilesame = fullftle (myFolder, baseFtleNize):
fpeintd(l, ‘Now fexding As\n', fullFilesame):

atead individual daty sets into waskspace to downampls
1cad (baser:lekane )

A Dewnsasple dats
ticktioms_blocki_ds = downsample(ticktizes blockl, 20);
clear ticktimes blocki
Ts= umm:om,,m
clear tiektimes blockl d
data_block! ds = dﬂllnlwhlditl-h‘la:k!u. ¥, W)z
clsar data_block:

¥ = tdata_blocki_ds/ (-0.1*10"-€))*0, 5518 onverte =V to Foroe -> -I.§v18%-

& for tests before 29MovIOlQ, -0.1°10°-¢ for aftes

clear datz blockl de

* Fi = (F - (FI31-0.5530)"-1 « 0550
istart valus) to FO = 0.551g, ne imwerzion

Fo= 7= Fil) » 0.551;

ciear ¥

con = conv(FU, ones(l, 100D)=(1/1000))7

©fc = detrend(con - can{l) + 0.5351)

clear con

MErings pretensioned

A FLOTS

in)T = minground(( (a/max(T) ) 17 langth(Ti), lengsh(T)-501)7  #finde injectien time
at 30eec

ANOTE: comment out InJI2 if only one imjectics

. 0172 = mintroond((i238/maxiT) )i lengthiTy), langthiTi-5010:  wfinds
#econd injection time if applicable

a3t = lengthiTh Neond of
first test and injection and hence start of ach check test

afind indem of =ax and min points:

ifmax = find{max(OCC(1a3T+500: langth(T))) == COCILAIT+500:length(T)))einIT+500-1s

iFmtn = find(min(CCCita)T: lengthiT))) == CCCin)T:leagthiT)))siniT-11

wfinds max and mis a=plitodes

dmax = ((FO(ITEAX) )=-FOLINN

dmin = ((FO(IF=Ln))=-FOCIM)

clear iFmax 1rmin

% Determine by means of asplitude 1f graph ebould be inverted or not
if llnudnu e a¥el &

on:un:t&oo hnath mn-mrﬂsen—u
irmin = findimin(CCC{InIT:lengthiT))) == COC(in)T:lengthiTid)+2a3T-1;
P = plot(T, CCCil:lengthicoc)-989)117

alee
iFfmax = find(max(-1°CCC{inIT+500;: leagthiTi)) == -~
1=C0C{1n3T=500: 1nnt.kmn-n1hsm-n
iymin = I 14371 BIT))) == -1*CCC{inIT: lengthiT) ) )sin)T-1s
o § = plot(t, l:l:cu.hu:btm:s*!m-l +0.585102) & 4 invert cats
ot
end
= = ((FOtleagth(¥o)-100))-FO(2) )/ (Tilangth(T)=T(1) )11
maﬂlm: bet. first and last point
.
[ N Determine by ssany of gradient if graph abould be imverred or mot

l 1=
1FRax = Find{RaX{CCC(InIT+500: langth T ==
cﬂ.‘lwﬂ-!uo length(T)11+1n7T4500-13
ifein = findimin(COCiingT:leagthiTi) == CSEC(iniTilangth(T)))+10)T-
H
L} 7= plot(T, SoCi1:lsngthicoS)-M0))2
! wlse
iPmax = Find{man(-1+CCC{InTs500: SongthITi)) == ~
1mu:n:.-sun-1ug:hm||-sla-r-soo—l
tFain = findimin{-1"CCC{inTT:lengthun)) = =
‘-l‘.'aet:n:i length(T)))=1m33-1)
p = plotfT, COTI3:langth(coT)-#9%) -3 +0.551°3) ¢ .
invert data plot
.

title(regexprepibaserileName, *_*, ' '))

® = regexpl(baserileMame, ‘elec”)i
ifa>m
. axis{[0 50 -5 5]y
elme
W fnjmction lime plot
Wylioeget (gza, "ylin )i
ilims[-12, 26)5
ine | [FRRITLT (R T [ ylin . *linewidth', 0.5, *color’, [1,0,010
:mqrr Tty TeinITE |, ylial®, ‘laumle.b‘.n.s. *color®, [1.0,010¢
RO ( nt oot next line if only 3 injection
L LimeqToiasTaieToinT it "limewideht 0.5,
‘ealor’, [1,0,0097
naxis(fo 2000 -12 26]) of0 AO® -12 26] for tests before Z¥NovaOLC
end

Raxle(axig)

xlabel(" Time (s2z)')
ylabel(*Foroe (91')
X = get(p, ‘XSata'n
¥ = getip. ‘¥Yoata')y

& Min and Max labels



¢0¢

text (x{ifmin), yitfmtn), ['Min - *, iz, o Y, tyttminn T, wLars
‘varticalAligrment®, *tap', w:mumlmut' "lefz’, muu- o)

taxt (x{iFmax), ¥ = o Iy iirmax) )i, timmxe = find(max(CCOe{l:length(Te))) == CCCe(l:length(Te)))e1-300-1;
‘"ﬂt“ﬂh-t:;vwﬂ‘-‘h“ﬂ . Wimﬂmwﬂ'ﬂ‘ *lefet, 'MHHI L10) iFeine = find(Rin(CCOe(1:lengthiTel)) = Cooe(l:lengthiTe)))+1-12
-3 on
ﬂ:{;‘l::ﬂuh yiirming, "ee', xgiFmax)y yiiFmax), "o b dmaxe = (FOe{iFmame)-Fhe ()01 vasplizude bet. firet and last potss
closs 5 duing = (FOS(IFmiIE)-FORLL) )i
P clear ifmaxe i1Fmine
X O Sitveh and £ ‘tagl Foi Tk S Bk |'h:m1m£ means of gradient 1f graph should be inverted or rot
e Puax . m_ if dmaze < 3
* inte exml iFmaxe = £ind(max(CCCe(l:lengthiTe))) == CCCail:length(Te)))+1+500-12
p ) R irmine = find{min(CcCe(1:length(Te))) == CCOm(1:length(Te))}sl-1z
xlswrite ('callurite.xle’, yiiFmax), "test’, f‘l;"n_;nnrlhln ‘-p = plot(Tilength(T))+Te, CConm{l:langthicCOa}-5391)5
L2
& Alter "filanzem® to save locped datasecs: 1hsaen = find(max{-1*CC0e (1+500: langth(Te))) == -
N Saves plot from each dats set 3 .e=f to vorkiiys ‘iu-:;ory. *gef* rofers ITCCTe (1500 langth(Te) )1 +34500-17

iF=ine = find{min{-1°CCOe(i:length(Te))) == -1-CCCe(l:lengthiTe)))+1-1;

% to currest figuee
P pl.ﬂtl‘l'lhwﬂll'l’ll-“. CCOe (1:length (OCCe)-999)*-1 «Fo{lengthiT)}*2) 1

3
saveas(gel, strcat(baserileXase,’.e=l")); % invert :;:a plet
]
catch X i .
digplay{strcat (baseFileNans, * FAILED') )3 ze = getip. .mu.u
display(ME.sessage);y ME is 3 structure with info oo the trfgg ye = get(p “¥oata'y
and " Min and Max lxbels
toxt (»e{if=ine), ye{lFsine), [“Min = °,nom2strise(irmicel), " ¢ °,
Atk ELECTRICAL CHECE A% nualstriys(ifmine) )], “VerticalAligremnt®,"top', 'Rorizontalalignment’, "Itfﬂ'
‘FontEize®,10) " 4 ;
for k = €82 viilengthimatriles) Lext (xe (ifmaxe), ye(ifmaxe), ['Max = ', num2atr(xe(immaxe)), 78
try stry-catch: allows for code to Jusp to next loop (ie tedt) if error Wl ?ﬂlt!’t[’l&hﬂll]a *verticslaligrment’, ‘bottom’, 'Iort:u:ul.ulqmrt lefe,
basmFileNaze = matFiles(k).naze; m'-’-’:ﬂ;‘;ﬁ
Py 1 +
f;:}:::, n;'mmigm ety ,nnh""m” plot (xe(ifmine), ye(iFmine),'re', we(iFfmaxe), ye(iPmaxe),‘r+')i
’ ’ whold ofz
catch ME
wiead tadividuzl dsta sets into workspaoe to downzaple digplaylatrest (bacersloNsme, ' FAILED')):
GOSN LI - display(ME.cessage)is ME L& 3 structure with infc on the error
end
® bownnmsgple datz and
ticktimeg blockl ds = downsample (ticktisme blocki, 20); y
clsar ticktimes blockt Than EEEMICAL CHECE whe

Ta = ticktimes blockl_dsi

clear ticktimes blockl s

data_blocki_ds = downsanpleitdata_blockll, ), 2004

clear data_blockl

e = (dara blockl_ds/(-0.1°10"-£))=0.551; ConvmTis BV Lo Forom <> -
2.5710"-4 for tests before 2WNovi0lD, -0.1°10"-4 for alfter

elnr daty blocki ds

:length=atriies)
ary-catch: allows for code to jomp to oext loop (ie tast) if error occurs
[ laName = matFilesik).name;
Ept ledame = fullfile(myFolder, basevileMame);
1nef(l, ‘Mow reading we\n', fullriloname):

Fe = {F - (FL3-0.55100%-2 + U.55%2 REringa tansioned 9
FATITL ulu| %2 FO = 0.553g, no imveralon pee wisad 1_a__‘?v1dn: data sets into warkspace to downsample
FOe = Fé -~ Po(l) « 0.551; & « FOilengthiTide load (bagerileNama)
claar 7a
con = conv(FDe, ones{l, 1000)=(1/10000); ¥ Cowngasple data .
CCoe = con - comil) + 0.551; ticktimmg Blockl da = 1 ¥ Bleskl, 200
clear zon clear ticktimea blockl

2= unzuu_mm:._m

clear ticktimms blockl

data_blockl ds = dmmt-tdamuoctltt, Yo 20M

clear dsta blockl

FI = gdata blocki_daf(-0.1%10°-8))
2.5"10"~4 for tests before IPMovi0io, -0.3

clear data _blacki ds

551y ACosvesrts sV to Foroe -3 -
~=¢ for afrer
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% 6= (F - IF{3)-9.55200=-1 « 0.55% Erings preteniicoed
iszarc value) to FO = 0.551g, oo irversion nesded

FOX = F2 - F2(1) + 0.5517 % = FO¢langthimiig

clear 72

con = conv(FO3, chas(l, 1000)~(i/1000))s

COC2 = con - confl) » 0.551;

clear con

RFLOTS

iFfmax? = findimax(ctczii:lengthiTa))) == CCC2(irlength(T)))+1+500-1s
immind = findimin(O0C2(1:length(T2))) == coCaii:lengthiTa)))«i-11

dmax? = (FO2(IFEmx21-FO201005 agradient bot. first and last point
dminl = (FO2(IPRiAT)=-FOI(LINM
clear iFmax? ifmind
& Determire by mmans of gradient 1f graph should Ba laverted of met
tf dmax2 > dming
ifmaxd = find(max(CCC2(1:length(Ia))) == CCC2(l:lengthiTa)))+1+500-12
tming = find{min(CCC241: length(T2))) == COC2 (1:length(T2)))+1-1s
P = plot(T(length(T))+TesT2, COCI(1:IlmngtRiCCCIy-339), "c*))

fmax? = findimax{-1+CCC2(1-500: langth(T2))) = -
1*00C243+500: Jongth (T2)))+1+500-17
min? = findimin(-1*COC2(3: length(T2))) == -1°CCCI(1:lengthiT2)})s1-1s
P = plotiT(langthiT)) «Te-T2, OCC2{1:longth(CCC2)-999) -1 +FO(lengthiTi)"2,
") r A imvert data plat
end

X2 = getip, “Xzats’)i
¥2 = gatip, ‘¥YDats'yy

& Min and Max latels

TEXL(XI(IFRIND), YI(IFminZ), ['Min = °, numlets (a2 (iFmin2)).
npRIgtriy2(iFmin2)i ], "vertizalaligrewnt®, "top’, 'HorizonsalAlignmant®,®
‘Foncsize’,i0)

text (x3(iFmax2), yI(irmaxi), [‘Msx = ',nomdstricd(ivmaxi)), t g Y,
nunlstriy2(ifmx)j], ‘vVerticalAlignment', *bottem’, “MorizentalAlignment®, 'lefr’,
SFontiize’,10)

hold on

plotix2(irminz), y2(ifmia2), “re', 23[AP=Ix), yI(LFmax2), r+‘):

Whald off

¥ Cutpot maeimsn force Fmax and time to maximu= force Tmax asd copy
¥inzo excel

xifweite 'cullwrite.ele’, y2(iPmax), ‘test’, ['W' mm2etr(i}])s

s%pe’ Lo save locped datasets:
& Save t fres each daty sot as .exf to warking disectory, ‘gesf* refers
Tt nt Ligure

savessigef, (strcat(baserileName, " e=I")))
catch M

digplaytstreat (baser o * FATLER' 107
display(Mi.onssaqe) 9% 18 3 structure with iafo on the arror

ond
diary off



¥0¢

date_now = clocks

dite_now = strcat{nuslstr(date_now(l)), ‘_°, mumZstr(date_mow(2)), ‘.°

nualstr (date_now(dl), numlatridate_now(d)). numlstr(date_nowi5)))s
diary|streat(‘lag’, date naw, ‘. 12910
diary on

clear all
elosge all
els

myrelder = *Sritranafer ©o mtkis laptop\bhe's
filevattern = fulifile(myFolder, "-mat’Ns
=atFiles = dirifilePattern):

for k = 1z lengthqmatriles)
tey
basaFileNaze = matFiles(k).name:
fullFileXame = fullfile(myFolder, baseFileMame)s
fprintf(l. ‘Now reading wa\n', fullFileNase)s

* Seript to run hhepectro=.m, toimuge.m and disp hha.m

WRun hhepecirem.s

1cad (baser ! leNsmm)

data blockl ds = downsample (daca blockl, 2043
clear data_block!

x = data_blocki da(1:124:length(data_blockl deyir
clear daza blockl ds

inf = samdix)s

Ia.£,tt] = hhepectrumiias (1iend-2, 2017
clear x

Wz tolmge.s

t = :langthifys

b splx = lengthitie
» sply = leangthitn

®» [im,zz] = coimageda, £, L)
[im e, Ef] = toimage (A, f,L)2

WEun disp hhe
tickeimeg blocki ds » downsasple (tickiimes blockl, 2007
clear ttcktimes blockl
disp _hha (im, ticktimeg blockl ds)
% disp khatis t)
ealazrhar
sawmasigel, strostibaseFileNasze, “.e=f'));

catch ¥
display(strcat (baserileXaswe, "FAILED'))

= display(ME.message)! WE 1s 3 aractsre with indo on the erroc
-
end

diary off

cate_sew = ciocks

date_ncw = ATICAt (nUmISLr(GATE_ROW(ll), "_°, numlsLr(date_nowidy), ‘o
numietr(date_now(3)), nemdatridate nowi(d)), nomdatridate nowis))ii
alaryistreat(*iog’, cate_mow, *.ieg'IM

alary o8

clear ail
close 311
cla

1087 = *Fiitranafer %o mitis Laptophnnt*y
filoPatters = fullfile (myFoloer, **mat‘);
matFlles = dir(filePattern)i

for x'= 1: lengthimatFiles)
try

DageF:leName = matFiles(k).name)
fuiiFileName = fullfile(=yFoloer, CaserileNane);
fprintf(l, ‘Now reading ws\n®, fullFileName):

¥ Zcript te run ShspecCtfumLm, S4B

AN nmEpectrum.m

load(baser: leNsme)

Sata _plectl _de = cownsanplefaata olockl, 2043
clear dats plockl

X = data _Blockl_cd(1:1124:lengtniasta_nlockl asih
ciear data blecel_zg

inf = ena(x)7

AT, EL] = nhspectrumiiaf (i:end-1.20 04
clear x

¥Aun she.m

RE = A%

frag = )

fiag = Oy

frea = 0.085

I = 0IN(IO000/20) /1248

|a ¥] = mha(NS, freq, fiag, frea, fa)t
PIOLIF, 3)

sawsas (gcf,, stroat (DaseFileNsme, ".anfT)M

cates ME ‘ S
display (sfiFcat (baseFileMane, *FAILED'))s
ﬂwlr.#.-lgqiia MM 12 & sructure with infoc of Lha erTos
eng
anrd

atary eff
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BEREFECTRUM ~ compute fitlbert-Husag spectram X = x'

if nargin < 2
A, f,5E] = RESFRECTRUM(N, t, I, aff) compotss the Wilbert-doang spectirim aad t= Lieizetx I
ELT T H and
- x 1 eatrix with one sigaal per sow ¥oodes = 17
- % i tine isstants el
=3 1 sstimation parameter for instf) [t »el (13defaulty) smcdes = size(x,1):
- 2ff 1 1 1, displaye the cesputsty wol end

1r=lengthit);
: 1 inetantanecus mumn *
- 1 instantaneccs qRncies s '
- %t 1 truncated time Lnstaats SRR IR
e b for i=1:Nmodes
= hilberk : the amalytie 1
‘ < . compates oo yeic signal an(e, ti=hilbertixit, 2)")%s

V. dtunk rl . £13, sh=tnstfrngianti, 1) th, 1%
e ) v Lpt 0N Asabetants, 1eliend-1007

* 4 if aff
v = randafl, 512 * disprogil, R=odss, des, 100))
vinf = end(s)i / and

i

n[A.f,tc] = Ehspectruniimf(liend-L 1002

/ and
AfA, T, tt] » hhepectronie, 12512, 2,1

*
% = randaiio, 513

rem: peed the Tize-Freguency Toolbex (http://rfth. nongnu.orgd

Sae ales

e=d, toimsge, disp bhs f

& filling, last msdificaticn 3.I007
1tnghens-Iyon £2

FEFERENCE:
% gabriel.ril

functiza (A f,tt] = hhepectrumix t,l.afl)

error (nargehkil, 4, i
3 nargin < 2 O
telisizedx, I3
- o
if nargin < 3 )
1=3s :

end

1f nargin < &
aff = o
end

if min(siza(x)) = 1
if gizeix, i) == 1
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VITIMASE transforms 3 spectrss =ade of I functions in a8 3D image

.
fim, o0, FF] = TOIMASEIA .2, l‘ph.lgl:u transforne & spectrum made
of 10 functioms (@.g.., outpol of “hhspectri=m®™) in an ID imge

topute = - A : amplitudes of micdes (1 sgde per row of A)
- f 1 instantaneous freqmncisl
-t i time instants
- splz : momtwr of colu=na sttt ami i=m (Lime resslutisa).
1f diffarenc fres lefigehis)l woris enly for wniform
wampling,
- sply ¢ oo=bar of rows of the mm = ,Qtrovn:r resclution).
cutpota @ - im @ ID ixage of the spectrca
- tt : time Ingtants in the imige
= @ cemters of the [requancy bing

€] = totmge ik fisTimet] » tormagefhe®i tiglin, e, 28] =
oimage A, £, spiyl ;" )
fim et 4] = totmageih £ aplo. aplyds [1m 2t £F] & togsow (A, £, t.eple.sply))
also
» hhepectras, diap hhe

aiilirng, u;t medifieation 3.2007

'
*
]
)
L]
L]
"
L]
.
.
®
L]
*
L]
)
t
.
Ll
L]
L]
L
.
& REFERENCE: ©.

. iel.rillinglens-iyon

31‘

function [im,tt, f] = tolmage (A, f, varargin)

TEFSFL = 400s

erroz(nargehk (2, 5 narginy g

switch nargin
case 2
£ o= 1:size(A. 205
aply =
aplx = longth(tis
caka 3
if 1sscalac(varargiafih)
T o= lrmizedA, 207
spix = lmngthit)s
sply = vararginilis
alae
t = varargim{iis
aplx = langthitis
uply = DEVEWLS
and

case &
1f 1sscalar(vararginjlil
t o= lisize (A, 203
sply = vacargiafiie
#plx = varargini2h
alsn
£ = vararganisyi
sply = varargini2hs
splx = lengthit)ys
and
case 5
t = vararginit)s
#pix = varacginiau

sply = vararginidis

end

Lf ssvecter{A)
A= A
=Lt

if ixsparsefA) || -isreal(A) || lengthtsize(d)) » 2
erzor(‘A argument must be 3 smal matriz')

end
if 1gmparsedf) |1 -tsreal(f) (1 lengthistzetd)) > 2
.:mr'f srgusant mat de 3 real magriz')

tf any(eize(f)-=xize(A))
arzer("A and f matrices must have the sase aize’)
end
14 uwlr!ll?.! 11 =terealit) || -1svectorit) || lengthit)-=size(h,?)
arrer argusant must be 3 vector aod ite laogth =gat be tie potdmr of colum=g i= A
:: 4 annu ]

if ~isscalarieplx) || -isreal(splx) || splx == floar(splx) || splx o= &
errer('splx argument must be 3 positive integec'i

end
sf ~isscalar(sply) 1) -tsreal(sply) i) sply -= flooctsply) || sply <= ©
arror(‘splx argumant must be 3 positive Lnteger®)

3f annd.rﬂm{mu as aplx ~= langth(z)

nrnf.nu toimage: nonuntforntimainasnts®, *dhan splx differs from langthiz), the functton
only warks for sgually spyced time Instants. Yoo esay cossider refermating your data
tusing e.g. intaspalation) before using tolmage.')
end

f = manif,0.50
£ = zan(f, 00

aindf = roundi2ef=(aply-11+1))

indt = repmat(round(linspace (i, langthit), splx)), a12e (A, 13, 107

“iS = sccumarray([Lndfiz), iadt ()] AL), (eply, splx] i

pde = gndt (a0
indt)
11°0. 5/eply=1/ (dveplyri

-

4
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AOISP_HNS dieplsy Rilbert-dzing spactres

DISF_ENS{im,t, 1nf)
displays in a naw figure the spectrum contained Lo matrix "ia®
jamplitodes in db).

- § (optiomal); ties Lnatant Q.. Ouppot of Ttoimage”)

- inf (opeisnal): -dypamic ¢ in daffurs man)
defaultr inf s -30

~ fs: saspling {requency

use: disp hhapim ¢ disp hhagimz) ) d.ua.h Iﬁﬁ
digp_hhafim, b, 4nf) ¢ disp hReiim, iaf, fa) | J'(hlllh.l!rﬂ!
digp hhs (im,t, [T, fa) & disp hheiim, t, inf, fa

inputs: - i6c image SAtrix fe.g.. Sutput i(':ﬂm'l
oy

Sea alsc
e, hhapectrom, tolimage

REFERENCE: §. Rilling, last smodification 3.2007
gabriel.rillingbens-lyon. Iz

B

function disp hhstvacargin

error (nargehk (1. 3. nacgini b
f2 = 20;
inf = -201
13 = varacgin(iys
t o= lisizelin, )7
awitch nargin
case 1

case 2
1f tsscalar(varacgini2i)
inf = vararginiyi
eles
t = vararginiai;

case 1
1f 1svector(varargini(2il
t = varargiaiais
inf = vararginidf
elge
inf = vararginizis
{3 = vararqinidis
and
case &
t = vararginj2is
inf = vararginiip
f2 = vararginidp

it uwt.ynnﬂ
inf = -20i

if inf > 0
inf = -inf;
oaisesf nf =m0
arrer("ind must be nonzers”)

warning off
in = 10°1ogI0KIm/M) 7
warntng sn

figure

i fa =0
imagescit, [0, 0.51, 0, [inf, 010
Icala‘nﬁl:alern&hl
ylabel(*normalized fraquency’)
alse
imagescit, [0, 0.5 fc], tm, {1nf, 0} )7
colormapicelorcate)
ylabel(* freguency”)

and

=t [gea, "YDL=", " mor=al®)
zlabel(‘timn’)
titleq uribert-Ruang spectrim’)
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& find the saginal Wilbest Spectros
functien [a F] = l'ulls.inq,!hq.!nl.h!

*3' iz the nm of the l:wtﬂhtunn of wach {reguency componant iz the fraq
wector for all time points.

.
L]
.
% ¥ 31s the vector with the fregouncy sxts, use It as x Sxis to plot the =ha
.
% RS is the Wilbert spectrus asplitcdes, one inf per coulmn

L]

& freg is the instantanecus [requency. ofe Snatantznecus frequency per

* gelusn

15§ (3 or 0) flagsl 1a used to quantise the values of the tnetantianesus
requancy, than values inside 3 unit of the msolutian ar coanted as as
frequency. for instasce :f you have 2 freguanciss 10,34 and

nd the segolution 1s .25, thoss I frequencies are :mudnehm
ind the =ha sun the asplitcde twlated to sach fregouccy as if

a u the caom frequency valom, this produces emcothed graphs

tze the vect of £

-rmrnwmms:xwrmnm
5 BOME VALUES OF REVER REACHED. THE IF CAN
uswu.imumulmmm

s, L1
frw m!wa.t. n

af b
if ifres > 3 || fres <= IIJ
d.l.wl‘m vales of resol » 0 and <= 382%)

uﬁ
fraction = ugm!ncwlwun

h = mqmtma-n ». 108) hely/loguay )
Q= wuurl ufized’, ‘mezrest’, ‘st wordlength fractioa])s
freg = quantize (q, freq)s

end

1=l < ;
while isesptytfreqi==4

indx = findtfrege=ireqiid)i

fresp(i)= freqiils

mm-n:(n:mhn:

rmlm

05 indx) =0

freq = {reqiireg-=0);
HE=HE (S ~=0)
i=t+ 3

indx] = sort{frasphi
Arespiindayy

il |



E Raw Data

This Appendix presents the raw data obtained from the experimental procedures. Additional data

may be obtained in soft copy from the disc accompanying this submission.

Muscle Conc Denervation Fmax Mass Length  CSA  F(csa) Time to F(csa)
fug/ml] [g/ml]  [days] gl [g)  [mm]  [mmo2] g 8
ds 96 50 2.64 0.072 15 4.53 0.58 1025.09
is 96 50 7.01 0.301 19 14.95 0.47 1140.54
ds 4 53 1.04 0.175 19 8.69 0.12 217.66
ig 4 53 2.12 2105 20 99.29 0.02 850.04
is 4 53 0.23  0.309 20 14.58 0.02 921.60
dg 25 50 1.99 0.742 25 28.00 0.07 1267.40
ds 25 50 61.72 0.190 20 8.96 6.89 1106.40
ig 2.5 50 3.67  0.789 25 29.77 0.12 912.98
ig 25 50 3.67  0.789 25 29.77 0.12 912.98
is 25 50 6.14  0.362 18 18.97 0.32 1284.55
dg 4 54 4.79  1.006 20 47.45 0.10 1005.53
ds 4 54 3.10 0.129 16 7.61 0.41 1379.00
ig 4 54 13.50 2.183 22 93.61 0.14 1099.69
is 4 54 7.86  0.386 19 19.17 0.41 1314.90
dg 550 55 1.63  0.657 19 32.62 0.05 933.80
ds 550 59 1.23 0.144 25 5.43 0.23 1321.60
ig 550 59 1.84 2377 22 101.93 0.02 246.65
is 550 59 3.67  0.503 17 2791 0.13 1330.50
dg 96 51 16.44 0.988 24 38.84 0.42 1313.30
ds 96 51 6.54 0.152 20 7.17 0.91 489.45
ig 96 51 9.90 2.562 25 96.68 0.10 600.58
is 96 51 2.81  0.300 17 16.65 0.17 821.99
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Muscle Conc Denervation Fmax Mass Length CSA  F(csa) Time to F(csa)
is na 29 0.32  0.252 12 19.81 0.02 47.85
dg 150 50 2.69 0.620 26 22.50 0.12 1388.02
ds 150 50 1.74  0.076 19 3.77 0.46 908.47
is 150 50 3.66 0.245 19 12.16 0.30 839.22
dg 550 104 1.03 0.815 27 28.48 0.04 186.80
ds 550 104 1.77  0.085 10 8.02 0.22 354.05
ig 550 104 8.07  2.492 25 94.04 0.09 1301.76
is 550 104 891 0.424 13 30.77 0.29 1307.90
dg 550 104 3.25 0.817 25 30.83 0.11 574.39
ds 550 104 2.01  0.090 9 9.43 0.21 354.01
ig 550 104 7.64  2.522 26 91.51 0.08 1299.70
is 550 104 8.35 0.418 11 35.85 0.23 1306.40
dg 96 105 1.85  0.627 23 25.72 0.07 1314.40
ds 96 105 434 0.133 15 8.36 0.52 684.82
ig 96 105 6.89 2.924 22 125.39 0.05 625.82
is 96 105 6.45 0.340 13 24.67 0.26 1321.00
dg 96 105 1.84 0.633 22 27.14 0.07 1313.10
ds 96 105 4.20 0.140 15 8.81 0.48 686.31
ig 96 105 8.17  3.010 21 135.22 0.06 623.71
is 96 105 5.46  0.340 13 24.67 0.22 1303.24
dg 4 104 3.20 0.812 29 26.42 0.12 826.72
ds 4 104 2.08 0.085 13 6.17 0.34 576.26
ig 4 104 3.78 2194 25 82.79 0.05 1278.00
is 4 104 422  0.377 18 19.76 0.21 1271.38
dg 4 104 3.09 0.874 27 30.54 0.10 824.64
ds 4 104 2.22  0.070 12 5.50 0.40 570.25
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Muscle Conc Denervation Fmax Mass Length CSA  F(csa) Time to F(csa)
ig 4 104 4.54 2.054 24 80.74 0.06 1281.12
is 4 104 449  0.387 16 22.82 0.20 1269.46
dg 550 105 11.67 0.876 25 33.06 0.35 917.93
ds 550 105 444 0.166 14 11.19 0.40 1257.48
ig 550 105 232 1.242 27 43.40 0.05 447.84
is 550 105 6.42 0.336 12 26.42 0.24 1212.67
dg 96 108 481 1.126 22 48.28 0.10 1014.16
ds 96 108 8.04 0.118 19 5.86 1.37 1296.04
ig 96 108 5.93  2.666 22 114.32 0.05 460.62
is 96 108 4.19 0.416 15 26.16 0.16 1261.99
dg 4 107 17.52  0.692 26 25.11 0.70 1229.00
ds 4 107 5.06  0.035 14 2.36 2.15 1212.08
is 4 107 1.52  0.216 20 10.19 0.15 1211.03
dg 3.2 7 12.28 1.470 17 81.58 0.15 1293.74
ds 3.2 7 12.26  0.238 15 14.97 0.82 1288.97
ig 3.2 7 6.95 2.031 18 106.45 0.07 1216.87
is 3.2 7 4.67  0.220 10 20.75 0.23 908.21
dg 3.2 7 21.70  1.899 15 119.43 0.18 1199.69
ds 3.2 7 5.28 0.170 19 8.44 0.63 191.11
ig 3.2 7 2140 1.735 22 74.40 0.29 967.15
is 3.2 7 34.30 0.227 18 11.90 2.88 880.26
dg 3.2 7 22.88 1.954 15 122.89 0.19 1212.66
ds 3.2 7 4.74 0.164 18 8.60 0.55 190.72
ig 3.2 7 21.01 1.712 20 80.75 0.26 976.17
is 3.2 7 34.33 0.225 18 11.79 291 874.19
dg 1.6 7 1693 1.184 16 69.81 0.24 1262.28
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Muscle Conc Denervation Fmax Mass Length  CSA  F(csa) Time to F(csa)
ds 1.6 7 7.57 0.161 17 8.93 0.85 873.79
is elec 7 1.64 0.220 11 18.87 0.09 NA
ig 1.6 7 6.89  1.588 20 74.91 0.09 1028.32
is 1.6 7 2.88  0.220 11 18.87 0.15 1309.55
dg 3.2 7 211 1917 20 90.42 0.02 1250.14
ds elec 7 1.89  0.177 14 11.93 0.16 NA
ds 3.2 7 10.52  0.177 14 11.93 0.88 580.90
ig elec 7 1.86  1.420 23 58.24 0.03 NA
ig 3.2 7 13.08 1.420 23 58.24 0.22 1001.12
is elec 7 142  0.257 19 12.76 0.11 NA
is 3.2 7 6.24  0.257 19 12.76 0.49 1164.58
dg 3.2 7 1.26  1.917 20 90.42 0.01 1250.14
dg elec 7 3.24  1.521 20 71.75 0.05 NA
dg 6.3 7 13.43 1.521 20 71.75 0.19 1248.11
ds elec 7 0.30  0.200 19 9.93 0.03 NA
ds 6.3 7 37.80 0.200 19 9.93 3.81 999.19
ig 6.3 7 11.24  1.746 25 65.89 0.17 207.36
ig elec 7 0.71  1.746 25 65.89 0.01 NA
ig 6.3 7 55.73 1.746 25 65.89 0.85 1288.63
is elec 7 2.73  0.202 13 14.66 0.19 NA
is 6.3 7 5.69  0.202 13 14.66 0.39 428.06
dg elec 7 3.89  1.929 20 90.99 0.04 NA
dg 550 7 7.21  1.929 20 90.99 0.08 984.33
ds elec 7 1.97 0.214 15 13.46 0.15 NA
ds 550 7 8.70 0.214 15 13.46 0.65 1082.05
ig elec 7 1.23 1.958 25 73.89 0.02 NA
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Muscle Conc Denervation Fmax Mass Length CSA  F(csa) Time to F(csa)
ig 550 7 444  1.958 25 73.89 0.06 643.30
is elec 7 0.50  0.288 22 12.35 0.04 NA
is 550 7 34.28 0.288 22 12.35 2.78 1322.00
ig high 14 5.31  1.594 25 60.15 0.09 149.45
dg 550 14 3.19  0.714 18 37.42 0.09 1004.92
ds elec 14 1.31  0.116 20 5.47 0.24 NA
ds 550 14 3.13  0.116 20 5.47 0.57 762.16
ig high 14 548  1.594 25 60.15 0.09 186.83
ig elec 14 1.30  1.594 25 60.15 0.02 NA
ig elec 14 0.53 1.594 25 60.15 0.01 NA
ig 550 14 10.63 1.594 25 60.15 0.18 738.25
is elec 14 1.20  0.155 17 8.60 0.14 NA
is 550 14 10.43 0.155 17 8.60 1.21 1166.62
dg elec 7 0.63 1.601 21 71.92 0.01 NA
dg 96 7 25.00 1.601 21 71.92 0.35 1185.25
ds elec 7 1.32  0.157 17 8.71 0.15 NA
ds 96 7 458  0.157 17 8.71 0.53 845.06
ig 96 7 6.68  1.509 22 64.71 0.10 922.76
is elec 7 144  0.219 15 13.77 0.10 NA
is 96 7 8.96 0.219 15 13.77 0.65 1273.93
dg 96 7 25.19 1.601 20 75.52 0.33 1180.01
ds elec 7 1.37  0.157 17 8.71 0.16 NA
ds 96 7 3.80 0.157 17 8.71 0.44 844.86
ig 96 7 6.63  1.509 22 64.71 0.10 919.83
is elec 7 0.31  0.219 16 12.91 0.02 NA
is 96 7 9.16 0.219 16 12.91 0.71 1316.40
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Muscle Conc Denervation Fmax Mass Length  CSA  F(csa) Time to F(csa)
dg 0.56 14 3.91 1.322 25 49.89 0.08 931.88
ds elec 14 149 0.134 19 6.65 0.22 NA
ds elec 14 1.09 0.134 19 6.65 0.16 NA
ds high 14 3.60 0.134 19 6.65 0.54 185.05
ds 0.56 14 6.17 0.134 19 6.65 0.93 997.41
ig 0.56 14 6.73  1.538 25 58.04 0.12 1178.42
is elec 14 1.51  0.234 22 10.03 0.15 NA
is 0.56 14 5.36 0.234 22 10.03 0.53 1324.50
dg elec 7 1.93 1.676 20 79.06 0.02 NA
dg 4 7 4.06 1.676 20 79.06 0.05 1260.40
ds elec 7 1.26  0.177 20 8.35 0.15 NA
ds 4 7 4.76  0.177 20 8.35 0.57 585.84
ig 4 7 16.74 1.934 23 79.33 0.21 1276.94
is elec 7 2.73 0173 15 10.88 0.25 NA
is 4 7 455 0.173 15 10.88 0.42 1301.88
dg elec 14 0.64 1.305 25 49.25 0.01 NA
dg 6.3 14 5.91  1.305 25 49.25 0.12 1187.59
ds elec 14 1.28 0.114 17 6.33 0.20 NA
ds 6.3 14 10.11  0.114 17 6.33 1.60 1316.90
ig elec 14 -0.07  2.359 30 74.18 0.00 NA
ig 6.3 14 16.64 2.359 30 74.18 0.22 1268.45
is elec 14 0.27  0.297 20 14.01 0.02 NA
is high 14 21.10 0.297 20 14.01 1.51 1244.53
is 6.3 14 4.04 0.297 20 14.01 0.29 742.31
dg elec 7 0.88 1.670 21 75.02 0.01 NA
dg 1.6 7 16.90 1.670 21 75.02 0.23 1227.99
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Muscle Conc Denervation Fmax Mass Length CSA  F(csa) Time to F(csa)
ds 1.6 7 53.07 0.153 14 10.31 5.15 1317.30
ig 1.6 7 11.98 1.767 25 66.68 0.18 1205.78
is elec 7 1.28  0.239 20 11.27 0.11 NA
is 1.6 7 16.09 0.239 20 11.27 1.43 763.67
dg elec 14 1.18  1.498 25 56.53 0.02 NA
dg 1.6 14 18.37 1.498 25 56.53 0.32 1326.60
ds elec 14 0.37 0.112 20 5.28 0.07 NA
ds 1.6 14 5.67 0.112 20 5.28 1.07 1182.79
ig elec 14 0.53 1.142 25 43.09 0.01 NA
ig 1.6 14 6.77 1.142 25 43.09 0.16 1193.23
is elec 14 1.29  0.198 15 12.45 0.10 NA
is 1.6 14 8.61 0.198 15 12.45 0.69 1304.67
is elec 7 0.12  0.133 18 6.97 0.02 NA
dg elec 7 0.45 1.550 25 58.49 0.01 NA
dg 6.3 7 2.74  1.550 25 58.49 0.05 1224.51
ds elec 7 0.32 0.121 16 7.13 0.05 NA
ds 6.3 7 6.91 0.121 16 7.13 0.97 536.56
ig 6.3 7 47.34 1.326 22 56.86 0.83 1303.73
is high 7 3.61  0.133 18 6.97 0.52 60.80
is 6.3 7 28.45 0.133 18 6.97 4.08 1272.62
dg elec 14 1.32 1.456 23 59.72 0.02 NA
dg 96 14 15.97 1.456 23 59.72 0.27 1087.32
ds elec 14 1.14  0.070 13 5.08 0.22 NA
ds 96 14 20.36  0.070 13 5.08 4.01 461.22
ig elec 14 1.80 1.975 25 74.53 0.02 NA
ig elec 14 1.69 1.975 25 74.53 0.02 NA
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Muscle Conc Denervation Fmax Mass Length CSA  F(csa) Time to F(csa)
ig 96 14 9.14 1975 25 74.53 0.12 413.28
ig high 14 0.12 1975 25 74.53 0.00 122.55
is elec 14 2.62 0.224 21 10.06 0.26 NA
is 96 14 14.57 0.224 21 10.06 1.45 916.52
dg elec 14 1.07  0.937 25 35.36 0.03 NA
dg 4 14 11.74 0.937 25 35.36 0.33 971.53
ds elec 14 0.40 0.087 20 4.10 0.10 NA
ds elec 14 2.20  0.087 20 4.10 0.54 NA
ds high 14 6.23  0.087 20 4.10 1.52 261.66
ds 4 14 1591 0.087 20 4.10 3.88 1032.25
ig 4 14 6.64 1.414 20 66.70 0.10 491.68
is elec 14 1.21  0.141 11 12.09 0.10 NA
is 4 14 11.37 0.141 11 12.09 0.94 1115.07
ds elec 14 0.98 0.090 17 4.99 0.20 NA
ds 96 14 12.41  0.090 17 4.99 2.49 1320.10
ig 96 14 25.12  1.777 28 59.87 0.42 1191.97
is elec 14 0.55 0.238 15 14.97 0.04 NA
is elec 14 0.28 0.238 15 14.97 0.02 NA
is high 14 1.60 0.238 15 14.97 0.11 294.28
is 96 14 4.57  0.238 15 14.97 0.31 1258.79
dg elec 14 1.10  1.368 25 51.62 0.02 NA
dg elec 14 0.31  1.368 25 51.62 0.01 NA
dg elec 14 1.30  1.368 25 51.62 0.03 NA
dg high 14 1.50  1.368 25 51.62 0.03 214.35
dg 550 14 6.75  1.368 25 51.62 0.13 1296.67
ds elec 14 -0.12  0.087 18 4.56 -0.03 NA
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Muscle Conc Denervation Fmax Mass Length CSA  F(csa) Time to F(csa)
ds 550 14 4.58 0.087 18 4.56 1.00 1271.81
ig elec 14 0.27  1.483 25 55.96 0.00 NA
ig 550 14 14.48 1.483 25 55.96 0.26 1319.40
is elec 14 0.08 0.224 20 10.57 0.01 NA
is 550 14 3.66 0.224 20 10.57 0.35 1172.85
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