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ABSTRACT

In vivo quantitation of the phosphorus-containing metabolites in rat hind limb by
Nuclear Magnetic Resonance Spectroscopy during four weeks of creatine depletion
induced by feeding B-guanidinopropionic acid.

Male weanling, Sprague Dawley rals {Charles River, Montreal) were divided
randomly into one of four groups: Control Biochemical Analysis, Control NMR
examination, Experimental Biochemical Analysis, or Experimental NMR examination.
Rats were fed 10g of rat chow per day (conlrol) or 10g of chow plus 1% B-
guanidinopropionic acid (experimental} for four weeks, after which lime both groups
were placed on control diet for two weeks. Bolh groups of animals were anaesthelized
using sodium pentobarbital (0.65 mg/kg). The animals studied by NMR were placed
weekly in a specially designed NMR probe (solenocid coll} within a Bruker 300 MHz,
wide bore magnet in order to quantilate muscle metabolites of right hing limbs using the
method of Ackerman (Thulborn and Ackerman, 1983). The right hind limb of the
animals of the groups studied biochemically were dissected and the gastrocnemius
muscles was quickly frozen betweean liquid nitrogen-coclied aluminum blocks, removed
and analyzed by conventional biochemical techniques for thair content of creatine

phosphate, ATP, and guanidinopropionate phosphate.

Resulls indicate that (i) NMR can provide a non-invasive and accurale method of
quantitating time-dependent changes in muscle metabolitas which occur duting croating
depletion and {ii) depletion occurs at a much faster ralo than ropletion (50% deplation

in four days, compared 10 50% repletion in {wo woehks).

Al four weeks, the overall decroate of the CrP concontration rom normal lgvels

(18.3 mM/L tissue fluid) in the expenmaental group observed by NMRS wae



Abstract
approximately 80% (80% using conventional biochemical assaying techniques).

Refeeding brought the CrP levels of these animals to 44% of control.

Analogue feeding lowered the ATP concentration to 66% of normal levels (5.8
mmoles/] tissue fluid) at the end of four weeks. The return to normali diet raised ATP

levels to 73% of control values.

Concomitant with the decreases in the concentrations of ATP and CrP was an
increase in the concentration of GPP from undetectable levels to over 10 mmoles/|
tissue fluid at the four week point. Withdrawal of the analogue from the experimental
groups' diet precipitated a fall in GPP concentration to 8.2 mmoles/l tissue fluid as

found by both NMR and biochemical analysis.

NMR provides a comparatively accurale yet expensive means by which to monitor
changes in muscle metabolite concentrations. Although it is a costly technigue to
implement, there can be no effective substitute for NMRS in instances where serial

determinations in a living animal are required.

vi
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l. INTRODUCTION

1.1. Background

In order to maintain the dynamic state of living systems, a continuous input of
energy is required. Phosphorus-containing metabolites (PCM) are involved in these
biosynthetic/metabolic reactions. They can act firstly as the energy currency in many
processes involved in cell action and maintenance; second as the progenitors of
phosphoenzyme intermediates necessary in reaction catalysis; and finally in the

processes of energy conversion involving cellular infrastructure (Arnold 1984).

Of primary interest to this work are the energy currency functions of adenosine
triphosphate (ATP), adenosine diphosphate {ADP), creatine phosphate (CrP), inorganic
phosphate (Pi}, and the sugar phosphates. Since the discovery of creatine in 1911
(Thunberg), creatine phosphate (Eggleton, 1927) and ATP in 1929 (Lohmann, 1929)
many advances have been made in the elucidation of the uses of these and other PCM in

the processes of muscle function.

Unequivocally established as the primary energy source of muscle contraction
CrP levels decrease (Arnold, 1984) while ATP concentration is normally maintained at
a constant level (Cain, 1962; Lipmann, 1930). Once hydrolysed, creatine phosphate is
rapidly rephosphorlyated by the enzyme creatine kinase (Lundsgaard, 1930; Lohmann,

1934).

CrP is believed to serve both as an energy reservoir {a temporary pool) of
phosphate for ATP (Meyer, 1982) and as a carrier of phosphate from the mitochondria
{energy source), to the myofibrils (energy sink) (Bessman, 1985; Jacobus, 1985).
Many of the details surrounding these potential roles of CrP remain clouded by

conflicting information. This controversy is especially apparent in the light of
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experiments with creatine-depleted animals in which muscle contraction is hindered
very little by a near complete removal of creatine phosphate from the available energy
pool (Mainwood, 1882b; Petrofsky, 1980; Fitch 1978). These experiments lend
importance 1o the role of creatine phosphate as a "dynamic energy reserve during brief

bursts of activity" (Totosy de Zepeinek, 1984).

Meyer (1984) proposed that the two functions of creatine phosphate, energy
buffering and energy transport, are inseparable, and that they depend on the same
properlies of creatine kinase; namely the near equilibrium nature of the reaction and
the maintenance of a high ATP to ADP ratio. The dual roles have been termed "spatial®
and "temporal” buffering to differentiate the energy transporl from the energy

buffering effects.

Recent advances in the use of Nuclear Magnetic Resonance Spectroscopy (NMRS)
with living muscle have made it possible to monitor all these metabolites
simultaneously, and to relate changes in them to concomitant changes in the mechanical
performance of muscles. Yet, several questions stili remain. These inciude: How does
muscle adapt to maintain tension even in conditions where its energy stores are
depleted? How important is the proposed CrP transport system to muscle aclivity? Wha

are the precise importances of CrP and creatina kinase {CK) in muscle activation and

coniraction? What are the energy sources and absolute costs of muscle contraction?

A meaningful interpretation of the metabolic responses of contracting muscle
will only arise out of a knowledge of the anergy costs of muscie contraction. This
understanding must be achieved through a reliable and analytical technique 10 investigate
these processes. Two approaches 1o this problem are currently being used: 1. chemical

analyses of muscle biopsies after qQuick freezing using conventional speciropholomatric

*J



Introduction
or high pressure liquid chromatographic methods and 2. performing 31P NMR

spectroscopy of muscle jn yitre or jn vivo.

To date, there has been no quantitative NMR performed on muscle under what
could be termed "stringent"? conditions. For this reason, the comparison of these two
techniques has often been less than satisfactory (Doyle, 1982; Kellar, 1985: Bevington,
1985; Helzberg, 1987). The need to resolve the myriad of questions concerning the

absolute energy costs of muscle contraction has prompted this study. Towards this end

the following questions are investigated by this siudy. * Can NMR be used to measure

absolute guantities of intracellular metabolites in vivo?" and subsequently "How do the
L ———]
results obtained by NMR Spectroscopy compare with biochemical determinations of the

absolute quantities of phosphorus-containing, metabolites of rat hind

1.2. Approaches

Biochemical analysis of muscle metabolites has long been the only method of
analyzing muscle biopsies to determine their PCM composition (Ennor, 1952; Fiske,
1929). The basic procedure for the biochemical determination of ATP, ADP, CrP and Pi
requires the freezing of the muscle sample (in yilrg or in vive), and subsequent acid
extraction and biochemical analysis. Although reliable, sensitive, specific and
relatively inexpensive, the method is plagued by three major shortcomings. First, the
technique is totally destructive to the specimen. A muscle sample is obtained {usually
50 mg), and then quickly frozen, preferably in liquid nitrogen. The surgery performed
on the animals renders follow up investigations impossible. Second, there Is often the

danger of some metabolite hydrolysis occurring during the freezing and extraction of the

1 Conditions wherein no assumptions are made concerning the resting
concentrations of the metabolites of the specimen at any time prior to or during
experimentation. :
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muscle sample, rendering resulls inaccurate. Third, the procedure is extremely time
consuming, as relatively few experiments of a given type can be performed in a given

time period and these analyses cannot be performed simultaneously.

Recently, Nuclear Magnetic Resonance Spectroscopy (NMRS) has been used with
much success as a method of examining PCM in yivo (Shoubridge, 1985 , Helzberg,
1987). The non-invasive nature of NMRS makes it possible to extract information from
living tissue without perturbing it in any way. Anaestr_\esia is often the only necessary
infringement on the truly physiological state of the specimen (Kushmerick, 1985;
Idstrom, 1985). In contrast lo these advantages, NMRS is inherently insensitive (with
millimolar sensitivity! limits compared to micromolar limits for chemical assays), and

does not readily vield absolute concentrations (Ackerman, 1980; Gadian, 1982 ).

The information accessible to NMRS concems the chemical environments and
relative amounts of gpecific atomic nuclei within a sample. As its hame implies, this
knowledge is acquired by observing the phenomenon known as "magnetic resonance” of
these nuclei. The properties of these nuclei {discussed below) allows them to interact
with the magnetic portion of applied electro-magnetic radiation and to change their
energy state. It is the decay of the high energy state of these nuclei which when
monitored and amplified, provides information (in the form of a spectra) of the chemical

environment, state of ionization, and pH surrounding these nuclel.

1 The term sensitivity, when used in reference to an atom with a magnetic moment,
refers to a physical constant. This constant is a function of the a) natural abundance of
this isotope in a sample of the the most common element; b) the spin number of the
nucleus in question; ¢) and the magnetic properties attributed 1o that nucleus.
Comparison of relative sensitivities can only be made for equal numbers of nuclei at a
constant field.
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For certain types of information concerning some metabolites or nuclei, the

negative aspects of NMR spectroscopy are by far out weighed by the positive features of
this technique. For example, in the case of phosphorus NMR of living tissue, the peaks of
creatine phosphate, ATP, ADP, the sugar phosphates, and inorganic phosphate are all
present in the same spectrum. This provides a wealth of fundamental, simultaneously
obtainable information concerning glycolysis and the free energy state of the tissue,
unmatched by any oiher technique. Although the sensitivity of the phosphorus nucleus is
only about 1/15 of that of protons, its spectra are much simpler and therefore easily

assigned and interpreted.

Some of the recent applications of NMRS have permitted the simultaneous
observation of: sodium, carbon, hydrogen and phosphorus (Shinar, 1984; Radda,
1986); muscle metabolites and tension during muscle fatigue {Dawson, 1980;
Shoubridge, 1984; Kushmerick, 1885); and inira and extra-cellular muscle lactate
(Mainwood, 1987). The simullaneous observation of these compounds permits the
correlation of metabolite use not easily followed by conventional chemical

determinations.

1.3. NMR Spectroscopy
1.3.1. General

The first NMR experiments were the continuous wave experiments by
Bloch, Purcell and their co-workers (1946} on "nuclear induction” of "atoms with odd
spins”, for which they received a Nobel prize. The first pulse experiments! were

performed shortly thereafter. Hahn performed the first spin echo experiment2 in

1 signal intensity is monitored at certain time intervals after the application of an
excitation pulse of energy at a specific radio frequency
2 signal intensity is monitored after the application of an excitation pulse of energy

at a specific radio frequency, a small wait, and an application of a second excitation pulse
of approximately twice the duration of the first
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1850. It was not until the late 1950's that the Free Induction Decay was analyzed by
Fourier transformation to yield a spectrum. Odeblad of Sweden was the first to use NMR
for a biomedical application {1956). His work on "living" tissues (liver, muscle, fat,
carlilage and blood) was instrumental in promoting NMR as a tool for biological research
and as a diagnostic technique in medicine. Despite the vapid advancas in the technology
behind this form of spectroscopy, it was not until 1973 that Moon and his colleagues
were uble to obtain phosphorus spectra from blood. Their five hour experiment is now
performed in approximately five minutes using modern high-field superconducting

magnels.

Magnetic resonance spectroscopy is essentially analogous 1o other forms of
absorption spectroscopy in that it is the investigator's intention to raise a low energy
ground state 1o a high energy excited stale somewheare within a molecule. Not unlike
other forms of spectroscopy it uses electromagnetic (EM) radiation to achieve these
results. NMR differs from other forms of spectroscopy in that its interaction is with the
magnetic rather than the eleclric component of the electromagnetic radiation, and that
the input energy, a radio frequency (rf) pulse, is not used 1o probe the bonding energies
of the molecules but rather to pravide the much smaller amount of energy needed to

induce a change in spin orientation of a nucleus within the specimen {Foster, 1983).

In its most basic form an NMR spectrometer consists of a magnet, a radio
frequency (rf) transmitter, a suitable rf detector, and a probe (Figure 1.3.1.a.). When
a sample of a material having nuclei with certain magnetic properties is placed within a
probe in the magnet pole gap and subjected to the rf field of the transmitter, absorption
of the rf energy occurs at particular frequencies. The subsegquent loss of this absorbed
EM energy resulls in a measurable emission from the sample, this *signal” is amplified

and then measured by the rf detector.
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Figure 1.3.1.a. Schematic diagram of an NMR spectrometer. Note the vertical
orientation of the NMR probe within the superconducting magnet.

In all forms of spectroscopy, the system under investigation, in order that it may
be characterized, must release energy. Energy is released and absorbed in quanta related

to the differences in energy between ground and excited states of energy.

If a transition between the ground and the excited states of energy Is 1o occur then
the incident/applied quantum of radiation (hv ) must be the same as the energy
difference (AE) between those states: hv = AE (Foster, 1983). The quantum of applied
energy (hv ) is related to the frequency of applied energy (v } by Plank's constant (h).

In NMR speciroscopy this energy is usually measured in Hertz.

InNMR , AE and v are in the range of 107 to 10-1 eV and 103 10 108 Hz
respectively (Bsall, 1984). This places NMR in the microwave and radio wave portions

of the electromagnetic spectrum which penetrate deeper into biological material than do
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the infra-red and ultra-violet portions. This capability provides NMR investigators
with the possibility of investigating internal chemistry of much larger tissue samples,

whole organs or even whole bodies (Gadian, 1981).

NMR is possible because nuclei of certain atoms possess a special property: they
have an odd number of protons or neutrons. As a direct result of this characteristic they
also possess net magnetic moments and angular momenta. A static magnetic field will
interact with this moment in such a way as to force that moment to line up along it in
specific directions and hence into different populations (Figure 1.3.1.b.). The small
difference in energy levels between the different orientations of the magnetic moments
means that there is a chance that some nuclei will go into low and high energy
orientations when the field is applied. The majority enter the low energy state but this
distribution is affected by such factors as temperature and AE. The proportion of the two

can be calculated from the Boltzman expression:

Niow . ol 1K)
Nhigh

(1.3.1.i)
where N |ow is the number of nuclei in the Jow energy state and N high is the number of
nuclei in the high energy orientation, k is Boltzman's constant and T the temperature in

K (Fukushima, 198t).
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Figure 1.3.1.b. Spin orientation. (A) Classical picture of random spin orientation in the
absence of a magnetic field, (B) Quantum picture of spin alignments in an external
magnetic field and (C) Spin orientations inverted after application of Electromagnetic
radiation at the Larmor frequency {Power, 1883).

It is the difference in the size of these two populations which determines the
effective fraction and the sensitivity of an absorption spectroscopy experiment. The AE
(hv) in NMR is extremely small; as a consequence, the difference in the size of these
two populations (effective fraction) is small. For this reason NMR is a relatively
insensitive technique (Power, 1983). High magnetic fields and special techniques have

been developed to overcome this insensitivity.

Insensitivity is a great disadvantage in biological and jn yivo NMR, as sample size
or concentration cannot be increased at will. The minimum observable concentration for
31P in living tissue is about 0.2 mM (Fukushima, 1981). This accuracy is only
obtainable with several hundred acquisitions and (often related) long waiting periods

between signal averaging.

If a nucleus within a magnetic field (Figure 1.3.1.c. } has angular momentum, it

will precess around the magnetic field in response to the torque of the field acting on the
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moment (Beall, 1984). The frequency of this precession is proportional to, and

uniquely determined by, the gyromagnetic ratio 0 and the strength of the magnetic field

Hg. The speed of precession is given by the Larmor relation:
Wg =0 Hog (1- @), 1.3.1.ii

where Wg is 27 times the Larmor frequency V o, 0 is the proportionality constant
between the moment p and the angular momentum Lh and @ is the chemical shift due to
environmental shielding (Meyer, 1982). Therefore, in a given magnetic field, the

precession frequency is different for every distinct nucleus as each has a uniguely

defined @ (Foster, 1983).

The molecular environment of the nucleus can cause local modifications of the
static magnetic field strength (Meyer, 1982). For example, the bonding one atom makes
with another, the electron distribution which results from that bonding, and any other
electronic shielding that may be taking place, will cause a field alteration which will
often effect a slight "shift™ in the resonance frequency of the nucleus under study
pushing it slightly "up" or "down" field. This chemical shift is normally quoted as p.p.m.
shift from the resonance of a particular nucleus standard (Gadian, 1982). This |
convention has the advantage of enabling a direct comparison between results from
instruments operating at different frequencias. The p.p.m. shift of a chemical species

can be derived from:

a xV R
PPM. = T , 1.3.1.i0

where V R is the frequency of the reference substance and AV is the frequency

difference in Hertz baetween the reference substance and the nucleus of interes! in Herz

(Fukushima, 1981).
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The sum of all of the magnelic fields of each individual spin, is normally referred
1o, rather than to the quantum state of each individual spin. The aggregate of the spins of
all the nuclei involved in the process of relaxation is held 1o obey the laws of classical
dynamics. The direction and magnitude of spin orientation of this aggregate is referred
to as the magnetization vector, as it represents the vector sum of the magnetic field of
each individual spin (Figure 1.3.1.c. ). If we regard our system in three dimensions with
the Z axis being equivalent to the main field axis and X and Y its corresponding orthogonal
axes, then in the absence of any EM radiation the magnetic moment would exist only in
the Z direction. If radiation is applied at the Larmor frequency for a time 1, the spin
population wili continue 1o precess freely; however, the magnetization vector will be
rotated by an angle aH¢t. In this case the magnatization in the XY plane would increase
at the expense of the magnetization in the Z direction. When sufficient radiation is
applied to "eliminate” the Z component of the magnetization the precession angle would
be equivalent to 90°. At this point the magnetization in the XY plane (Mxy) would reach
a maximum value, equivalent to the original value of Mz, The amount of power required
o maximize Mxy is known as a 90° pulse. Similarly, a 180° pulse would eliminate Myy

and maximize Mz in the negative direction.

In order to induce a change in origntation of the magnetic moment a small
external magnetic field is applied 1o the sample. This is necessary to dpnate a quantum of
energy (hV), to the spinning nucleus. If the applied incident radiation is of
sufficiently short duration, the sample will absorb an amount of radiation related to the
gffective difference between the high and low energy states, after which time it will

precess, without friction, in its new energy level.

R
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Figure 1.3.1.c. Effect of EM pulses of ditterent size on the direction of the not
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1.3.2. Relaxation

Any excited spin population undergoes processes of energy loss known as
relaxation, which results in a return of the population to its equilibrium state (Foster,
1983). The two main methods of relaxation are thermal vibration and loss of spin
orientation (Fukushima, 1981). No energy is lost from the system during either of

these processes.

Energy lost as a result of thermal vibration, also known as spin-latlice
relaxation, is the result of coupling between the spin of the nucleus and its surroundings
(lattice). The lattice includes both the surrounding molecular and atomic matrix. This
process depends on diffusion, molecular rotaﬁon. and lattice vibration. The time
required for a spin population 1o relax {re-establish itself along Mz) using this method
alone is know as Ty (spin-lattice relaxation time or longitudinal relaxation time
depicted in Figure 1.3.2.a.}. This is an exponential time constant that characterizes the

growth or decay of the component of magnetization parallel to the external field.

Energy lost as a result of the interaction between the spin of the nuclei.and the
spins of its neighbouring nuclei is known as spin-spin relaxation. The time required for
a spin population to relax (re-establish itself along Mz) using this method alone is know
as T (spin-spin relaxation time or transverse relaxation time). This is an exponential
time constant that characterizes this decay of confinement of magnetization
perpendicular to the external field. The process may be thought of as a fanning out of the

individual dipoles of Mxy as they spin around the Z axis (Figure VI.3.a).

13
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in solutions (biological systems) relaxation is a complox procaess involving both
methods of relaxation. For a single Lorentzian1 line (the predominent linashape of most
nuclei in solution) the decay of the magnetization in the XY plane, foliowing 1 90 pulso,
will be exponential with time constant T2® (T two star} (Fukushima, 1981)
Magnetization will re-establish itself along Mz with timo constant of Ty. The docay rate
for the magnetization in the XY plane is usually largar than or equal 15 the docay ralo of

the magnetization in the 2 direction.

The decay rate constant in tha XY plane 1/T2° consis!s ol 8 term ralated to the
recovery rate constani for magnetization glong Z, /Ty, as wo!l as othar machanizms
which give rise 10 a dispersal ol the magnetization only in the XY plane eg. 1/T» and

dAHO (due to magnelic lield inhomogenaeity).

In a typical solution T2* is predominantly datarminad by T, (reatientation and
dilusion). in a typical solid Tz Is much mora likely 1o datorming To*, as a resull of the

ellects of these fields from neighbouring spins do not cancel as they 4o in liquida

Both Ty and Ty can allect the shape of a spactral kno  in cases whera Ty i
especially shon, line broadening occurs, whan vory tong, powet saluration can oaut,
resulling in signal loss  When Ty is very shon, and spin otiontation redistriution

occurs between surrounding sping, the absorption kne is troadened  This phonomeng it
obviously enhanced in soid or more concentratod sampien

The disruption of the magnetization by the inCident 90" i puise producot 3
sinusoidally decaying eleciromolive lorow (EMF) in The dolecior ool The pAginal hoigh

of this 15 rolaled 10 Mry {0 DODNLONI! 10 The eflaciive numbse of ehine i the

Lnezhape whoten the Wl waith 3t hal hegh! of P the bme ¢ 271,°

14
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sample). This signal is known as the Free Induction Decay (FID) (Fukushima, 1981).
The decay rate for magnetization in the XY plane is usually larger than or equal to the

recovery of the magnetization along the Z direction.

If the spin system were at equilibrium when the 90° incident pulse was applied
to the magnetization, the spectral signals will be proportional to the number of nuclei in
the sample. If the magnetization is re-perlurbed and re-sampled before all of the spin
isochromats have returned to equilibrium they will not contribute their maximum
potential to the magnetization in the XY plane at the time of signal sampling. In the
absence of refocussing pulses, a waiting period of 3-5 times the length of the T4 period
of the nuclei of interest should be used betwaen successive applications of excitation
pulses and their subsequent acquisition periods (Meyer, 1982). As the Tq's of nuclei in
various molecules may be different, the relative degree of saturation for each signal may
differ, and therefore signal amplitudes measured under partial saturation conditions

will not be proportional to the number of nuclei in each species.

Due to the insensitive nature of the NMR experiment and the preponderance of
random distributions known as "noise”, it is often necessary to repeat and average signal
aquisition many times if a sufficiently large signal is to be acquired so as to permit ils
measurement {Fukushima, 1981). The accumulation of the non-random signal is
proportional to the number of experiments, while noise accumulates at a rate
proportional to the square root of the number of expariments. For this reason, the ratio
of signal to noise (the ratio which determines whether or not an experiment can be
successfully conducted), increases as ¥n where n is the number of acquisitions. Each
acquisition requires a finite amount of time for completion, thus it can also be said tha!

the signal o noise ratio increases with time, or, more accurately, ¥t (Meyer, 1982).

15
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Figure 1.3.2.a. Longitudinal relaxation after the spin system has received an inverting
EM pulse. The arrows represent the magnetization veclor al various limes after spin
inversion. The time constant of dacay Is Ty, T pyn is the polnt at which the
magnetization vector is zero (Foster, 1983).

1.3.3. Fourier transformation

It information concerning the time course of the decay o! tha signal avaeraged FiDs
is 10 be of use in elucidating the amounis ol cenain nuclel and thair respoctive chamical
environments, a means must be developed which allows the transiation ol one type of
information into the other. The mathemalical operation decomposes tho outpul pulse inlo
its frequency components to permit plotting as 8 spocttum Is calied the Fouriot
transform. The application of this method of multiploxing was not used in NMR uniil

1966 (Foster, 1983).

Simply stated, any lunction ({{1}) can be expressed as an infinile potios of

cosine and sina waves or Fouri? sorias as sugQesied botow (Fubuthitny, 1981},

I‘)
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) = 2: “An cos (FHt + 2: “Bn sin (51 1.3.3.]
0 0

This expression is valid over the region -T< t< T. When we carry out the mathematical
operation of Fourier analysis we deal not with the Fourier series but with the related
integral in which the variable t is not restricted to the region T to -T but spans from «
to -«. One representation can be readily transformed to the other using the following

formula

A(W) =51; f” A(w)eW! gy 1.3.3.0i.

The translation from time space to frequency space requires that the amplitude of a wave
A(t) is multiplied by a sinusoidal wave of unit amplitude, exp (iwt), and this product is

added over all times at frequency w; where w is equivalent to the angular frequency 2wi.

For example, a sine wave can be represented on graphs depicting amplitude vs.
lime or amplitude vs. frequency. Monochromalic by definition, the specirum on the
latter graph would be a single peak located at the sine wave frequency. The width of the
peak would be inversely proportional to the duration over which the sine wave exists. If
two such sine waves were superimposed, the resultant ampiitude vs. time graph would
relate an interference pattern with a simple series of beats. The amplitude vs frequency

graph would relate two spikes, one at each of the appropriate frequencies.

In the NMR experiment, the simple monochromatic sine wave Is replaced by a
multichromatic exponentially decaying sinusoidal wave. When algebraically summed
these waves result in a complex interferogram or FID, which is what is actually

recorded during an experiment. The Fourier transform of this FID yields a the spectrum

17



Introduction
of the sample under investigation. In the case where two lines of different frequency he
close together, the ability 1o distinguish between them is determined by how long the FID

is sampled, the concentration of the respective nuclei and their sensitivity.

The advantage of Fourier Transform {FT) NMR in the characterization of g
complex interferogram is immediately obvious if we consider the amount of time it
would take 1o characterize the amount and frequency of centain nuclei using the
amplitude vs time method of analaysis. The latter method would require as many
experiments as there were nuclei in different environments whereas the FT method, a

mulliplexing technique, requires but one experiment.

1.4. Quantitation of metabolites

NMRS measurement of the concentrations of specific tissue matabolites presonis
a difficult application because the signal, although proportional 10 matabolite
concentration, is critically dependent on tlissue stale, volume, and geomelry aach of
which is often il-defined and not easlly estimated. For this reason tho Issue of absolute
concentrations has often been avoided (Thulborn and Ackerman, 1983: Wray and Tolis,

1986).

As previously discussed, NMR provides Information on tho rolalive amounts o!
nuclei in ditferent chemical environments. Il this information is 10 bo transiated into
quantitative information of absolute metabolite concantrations o yivg ot in yilig threo
problems mus! be overcome:

1. The volume of tissue within the effective magnatic fiolkd must bo dotermined
2. The NMR signal giving relative differances in phosphate metaboliles mus! bo

converted into an atsolute value with goma apptopriate calibration mothog

13
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3. The volume of the particular compariment, within the whole tissue volume, in

which the metabolite is contained in must be estimated.

In order to resolve these problems, attention must be given 1o tissue geomelry,
lissue composition, and the chemica! and physiological stability of the specimen.
Disregard of these considerations can yield inconclusive results. For example, the
metabolite composition of liver, sampled from the exterior of a rat, will harbour
contributions from overlying muscle tissue. (Geoffrion, 1987; Helzberg, 1987).
Similarly, coils designed for the examination of muscle metabolites of mouse hind limb

sample the entirely of the heterogeneous muscle population of the leg.

The first problem (tissue volume sampled) has physical and physiological
components which are very complex and show considerable interrelations. It must be
recognized that NMR spectroscopy is not suitable for all investigations into metabolite
measurement. The sample must be accessible to the coil or vice versa, fit info a probe,
and its constituents must be concentrated enough to be measured spectroscopically

(Gadian, 1982; Helzberg, 1987).

If the sample meets all of these requirements then an appropriate spectrometer,
as well as spectroscopic apparatus including probe and coil must be selected. In addition
to these hardware considerations, much attention must be given to the selection of
appropriate pulse sequences with which 1o examine the specimen. Pulse sequences now
exist which make possible the localization of specific volumes of tissue from within
animals or their organs (Bendall, 1984). Such factors must be 'taken into consideration
when decisions conceming coil and probs are made. Similarly, the longevity of the
sample must be considered when selecting such parameters as the length of the
experiment, the recycle time and pulse angle (Dawson, 1978). For example, it the
stability and concentration of the metabolites of the sample permits, it is possible 1o

19
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obtain sufficient information from a sample by waiting for all magnagtization 1o return to
equilibrium before pulsing and sampling again. In other instances, the time may not be
afforded and rapid racycling limes between acquisilions may be necassary (Dawson,

1978, Billadello, 1984 ).

Presently two approaches are used 1o resolve the second problem of conversion lo
absolute values. They fall into two categories which wa will call the “ratio® method
(Doyle and Barany, 1982) and the "assumption® method (Dawson, 1982; Meyer, 1986,

Bevington, 1986).

The ratio method, simply staled, relales the ratio of the peak areas of metabolites
of inlerest to the peak area of a standard solution, included with the sampla a1 the tima o!
the experiment, of known volume and concentration. For example, in 8 phosphorus
spectrum the ratio of the peak areas of an internal standard capillary of phosphotic acid
1o CrP can be used 1o determine the concentration of creatine phosphale. Spacifically it
the phosphoric acid peak area is 5 units when at a concentration 50 mM and voluma
0.2ml then CrP, peak area 2 unils, must be present al a concentration of 4 mmoles if it

is contained in a volume of 1ml.

In order for this method 10 be accurate. one must assuma that the signal
inlensities wrought from any and all of the sampled portions of the standard mug! be
equivalent to any and all of the samplod portions of the speciman. For this asaumption 1o
be true, the sensitive volume of the coil must be fully charactetized and there can ba no
uncertainty as to what portion of the standard is being examined (Thulbom and
Ackerman, 1983). These are sivingent if not impossible conditions 1o Mmoot for Mmos! n
io ylvo or in yittg NMR experimental congitions, etpecially # a surface coll is being
used for observation (Bendall, 1984). If suitable conditions could be found to: thiz
mathod it would be advantageous 10 have o standard which was vicibio &t two Heguenoos

pi e
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in order that concenfration measurements at one frequency could be checked against the

concentrations of an invariant metabolite at another frequency.

The "assumption” method, currently the most used, assumes a concentration of
one metabolite in a spectrum and subsequently compares the peak areas of other
metabolites to the peak area of this first metabolite (Meyer, 1982; Shoubridge,
1985,1984; Meyer, 1986). The concentrations of the other metabolites ars
established according to their peak areas relative to the “reference” metabolite (ie a
doubling in peak area represenis a doubling in concentration). The most common
reference metabolite used in 31P NMR is the B peak of ATP (Shoubridge, 1984;
Bevington, 1986). This metabolite is used because it has been found that this peak is
free from contributions from other metabolites, and because the chemically measured
ATP concentration is thought 1o be entirely NMR visible (Dawson, 1980 and Mayer,

1982).

In comparison to the "ratio™ method, the "assumption” method is more readily
implemented as it does not require the use of any external standards. There are,
however, two major disadvantages to the latler approach. Firstly, in tissues for which
no prior measurement of the metabolite of interest has been made, making an assumption
regarding its concentration could have grave consequences. Secondly, in fissues that are
undergoing changes in concentration of the reference metabolite, this method is of little
use. In instances where the concentration of the reference metabolite is changing, as in
the case of creatine depletion (Shoubridge, 1984), the "assumplion” method has been
applied after setting the values of the metabolites equal to those from the biochemically
determined concentrations at rest. In other instances, for example, during muscle
contraction (where the concentrations of all the metabolites are changing),

concentrations are determined by making oomparisohs 1o the resting spectra. This
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method makes many obvious assumptions which could easily lead 10 errors in

measurement.

An altemative to these methods was recently recommended by Thulborn and
Ackerman (Thulborn and Ackerman, 1983). Simply stated, the proton signal, which is
determined by the number of water molecules in the field (which Is in turn directly
related to fat free tissue volume) provides a reference for the phosphale signal. Thus
the ratio of phosphaie signal: proton signal eftectively gives the moles: volume ratio.
Absolute concentrations can then be cbtained from the signal given by a set of standard

solutions.

Ackerman's thesis is based on the assumption thal in instances where the
allernating magnetic field distribution, B1, is detetrmined predominanily by coil
geometry, the magnitude of B1 for a multiply-tuned coil will map equally over space for
each coil frequency. This allows the matching of flip angles over space for each nuclide
of interest. Since the homogenelly of the B1 distribution is not critical, non-uniiorm
B1 fields, such as those generated with surface coils, can be used for NMR quantitation

by either a spin imaging or chemical shift approach {Thulborn and Acketrman, 1983)

Consider the case where the resonances under considaration are TH from H20 and
31p of CrP and tha other PCM of muscle. When the ratio of signal Intenslties for thosa
two nuclides is obtained, it can be used lo calculate the individual concentirations of aach
metabolite. This is achieved simply by the obtlained ratio and a slandard curve, which is
eslablished by plotling the relative signal inlongities of the samae nudei undot idantical
conditions {rom a *mock® sampie. Solutions of a varigty of volumes and concentrgtons
are used 1o produce this curve, which containt tho ratw of signal intonsibos on the
ordinate aris and concentration of the nucear epecet of migres! on the abuosey

{Thulborn andg Ackorman, 1983)
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Furthermore Thulborn (Thulborn and Ackerman, 1983) hypothesizes that 23Na
NMR when used in conjunction with TH NMR can provide accurate intracellular
concentrations of other NMR visible metabolites. The basis of this proposal is outlined

below.

A more complete examination of the "Ackerman method" has been made by Tofts
and Wray (1985). Tofts states that in order to develop a practicable method for
measuring concentrations, three NMR effects must be taken into account. These are: 1)
the effect of sample electrical conduction losses on the flip angle, 2) the effect of sample

losses on the coil sensitivity, and 3) the time dependent changes in the spectrometer.

In order to corrsct for this first modifier of signal intensity, the doubly tuned
probe used in her experiments is tuned and maiched using a tank circuit containing a
variable capacitor and an impedance bridge. The effects of sample conduction losses are
then related to the change in the 90° pulse length found for "dummy samples™ and the
differing amounts that the variable capacitor is tuned in or out using a standard curve
and the equation Tgge = K2 80° ¢ (1) (where Tgge is the 90° pulse length, t is the
number of turns of the capacitor, ¢ s the capacitance at that number of turns and Ko is

the slopse of the standard curve relating Tgge and the number of tums used 1o tune the

capacitor) (Tofts and Wray, 1985).

As previously mentioned, matching the pulse widths less difficult using solenoid
coils than with surface coils. For this reason, the pulse widths can be standardized in
each expariment by making an accurate determination of both 90° and 180° pulse widths

(Thulborn and Ackerman, 1983; Tofts and Wray,1985).
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Any effects of sample electrical losses on the coil sensilivily this are corrected
for by using the method outlined above; ie determining the ratio of signals ol two nuclai
gives the ratio of concentrations which in turn accounts for difterences in sample

conduction.

The third concern raised by Toft's and Wray regarded eftects of lime dependunt
changes in spectromeler sensitivity (a.k.a. gain) on signal measurement. These eflects
are monitored by applying a known input volltage to the pre-amplifier and measuring ils
output bcfore and after each experiment. |If the changes in amplitication are greater than
a predetermined amount (ie. 10% in Wray's experiments), the experiment is repoaaled
repeated/redone as it was thought to be invalidinaccurate. If the amplitication change
is less, then the change in the ' gain' can be used 1o correct the peak areas by using It 8s a
multiplicitive factor applied against the resulling valuas in order thal they might bo

compared to the starling values.

As a hypothesis | propose that, when used in conjunction with one anothgt (as
proposed by Thulborn and Ackerman), 31P, 1H and 23Na NMRS can provide quaniitative
measurements of intracelluiar metabolita concentrations of ratl hing limb muscles in

yivo.

I.5. Choice of last system

The choice of an appropriate system for lesling an hypothosis is critical Canlral
1o the purposes of our experiments (see Section il), the approprialo tost systam mue!
undergo large changes in NMRS measurable motabolite concantrations. These changas
must also be independently measured by another reliable technique. Other important

crileria 1o consider when choosing a test syslem are its relevance and relability {Gagan,
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1982; Green, 1978}, A third, and less important criterion is convenience, a factor

which should include an examination of cost.

The creatine-depleted rat was chosen as the system in which to perform our
experiments, as it fulfils all of the requirements outlined above. The following
paragraphs affirm the match between these criteria and describes some of the

characteristics of the rat hind quarter.

The use of the isolated perfused rat hind quarter has become an important and
widely accepted means of studying muscle metabolism jn yitrg. This is a result of the
advantages afforded by the hind limb over analogous preparations. Firslly the
preparation is composed of skeletal muscle of one predominant fibre type (type Ilb).
Sacond, it possesses similar anatomical construction to that of man, more specifically
similar number, distribution and sizes of muscles (Armstrong, 1984). Third, in the in
yitro situation the contents of the perfusion medium can be well controlled, the delivery
of nutrients to muscle can occur via normal vascular channels, and substrate uptake or
metabolite output is easily measurable (Hood 1986). The use of jnvivo NMRS gives the
experimenter all of the advantages of the 1!1 yitro preparation without detracting from the
physiological relevance of the experiment. Although primarily used for the study of
resting metabolism, NMRS has been increasingly used for the study of muscle metabolism

during contraction when the rate of energy expenditure is greatly increased.

The rat hind limb has been used as a.model for the study of muscle metabolism for
over half a century. It is a very relevant test system as its muscle fibre types,
metabolism, mechanics and biochemistry are similar to those of other mammals
including man. The rat is of an very appropriate size for NMR spectroscopy, initial
purchasing and maintenance costs are low, and it is quite easily managed in caplivity

(Green, 1979).



Introduction

Creatine analogue feeding was chosen as a means by which to induce continuous
changes in muscle metabolite concentrations in order 1o fully tesl our mathod of NMR
quantitation. The chemistry of creatine synthesis and analogue substilution has been
fully reviewed by Totosy de Zepelnek (1984). In brief glycine and argining are
condensed to form guanidinoacetale and ornithine via the catalysis of amidinotransloraso
Subsequent N-methylation transforms guanidinoacetate into creatine. Although tho
highest concenirations of creatine and crealine phosphate occur in the heart, skolotal
muscie and brain, the reactions involved in creatine synthesis occur primatily In the
liver (Bessman, 1985). Creatine is transported by the plasma {concentration ~ 0.40
mM) to the aforementioned tissues, where it is aclively concenirated (~ 5 mM), and

simultaneously phosphorylated (Walker, 19789).

Studies on crealine uptake by muscle ied to the discovery of B-guanidinopropionic
acid as an inhibitor of creatine entry into muscie. Guanidinopropionate inhibition is
competitive, the Km being 0.2 mM (Fiich 1968). As a rasull of this Inhibition, the tree
plasma creatine (as well as intramuscular crealine phosphate) of animals led creating
analogues are rapidly and significanlly depleted. In these inslances croaling production
does not cease, rather its entry inlo muscle is impaired and Il Is subsequently axcroted In

the urine.

The molecular weight of creatine and its analogue. GP, are idantical The only
difference in their composition lies in the location of a methyl group (Figure 158} The
similarity of structure and nature of inhibition of these compounds RuUQQesIs A substrate
specific transporl site for creatine {Shields and Whitehair, 1973) Thin epocificity was
expioited by Shields in order 10 deplete muscies of thee Creatine by leeding malute tats
the anaiogue as pan of their day del In ha erperiments g ity day donloton (reriod
reduced muscie creaime by 75% Fich {1974) tound -?5.’; Sopiction o hoe (plazma)
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Introduction
creatine after a 42 day feeding trial. In addition, Fitch found a 93% depletion of CrP
compared to control animals of the same age, and a concomitant phosphorylation of GP.

The ATP levels of these animals decreased by 52%.

More recently Shoubridge (1984) and Meyer (1986}, obtained results
concerning the pH and phosphagen changes of creatine-depleted rat muscle. In these
experiments, Meyer fed a 2% GPA (guanidinopropionic acid) enriched diet ad libitum to
mature rats (150-200g) for a 3 month period. CrP decreassd by 92% and the AT
decreased by 44% of control values. Simultaneously GPAP (guanidine propionic acid
phosphate) increased to 25.3 [Lmol/g wet weight. Shoubridge reporied a 90% and a 50%
reduction in the concentrations of CrP and ATP respectively, following feeding weanlings
a diet enriched with 1% GPA. Creatine and Pi concentrations were similar in both
groups. The total phosphagen content was about 25 plmol/g in both control and analogue

fed animals.

0 O
il ]
C,N-I CII\H
PR H W
@\ N NH N N, NH
_— i
N ;
N\
” Yo
N
w’ Yo
Creatine Phosphate Guanidinopropionate
Phosphate

Figure 1.5.a. Chemical structure of creatine phosphate and guanidinopropionate phosphate



. STATEMENT OF PURPOSE
In order for a technique 10 be truly useful in monitonng the evhoirgehics of a
dynamic physiological system it must be sensiive, scelocClive, non portutbing and

quantilative.

Previously. authors have used freeze extraction and subsequont tiochemwal
analysis 10 quanlitate metabolites in physiological preparations {(Crow and Kushmotos,
1983: Beis and Newsholme, 1975; McGilvery and Mutray, 1974), howavar, thia
technique is invasive. Only recently has it been possible 10 axaming molabolites in those
preparations in their truly resting stale (Houll el al..1974 and Barany ot al 1075}
Ye!, NMRS provides us with intormation of the relative amounts ol visible melabolilos

not their absolule concentrations {(Crow o! al, 1983).

Only within the last five years have attempls boen mada 10 establizh effactve
procedures 10 quantitate phosphorus-conlaining mataboltes {f) yiyg@ Thes teport uzoes
the recently proposed methods of quontitatian of Ackarman (Thulbotn and Ackorman,
1983) and compares this with results obtained from teochemical asaays, 1o monidor
changes in CrP and ATP in ral hind limb resulling trom the inclusion of a croaline

analogue in thair diet .

As discussed above {socton 1.4), sialic of equiktrated phyniological
environments facilitale the uso of NLMRS as a means of guaniiaton of motgbolie lovels
This is due 10 the feasibikly of inter-lechnique compartsons of metabolto Oonco Mt gtcn
between NMRS and anolhet suitable Quaniilalion method (o Dachemical anahyui a'wd
the concentration of ATP)  Conbtnhuously changing leveds of the molatpltes of Ct G
{guaniinopropeonate phoiphato} snd ATP in tho dopleliod whaiotal muscio provido: a vory

rgoraus sysiem an which 10 GOMDare the gbiltwet of thoio QUETIWVTLS tetHriguet



Statement of Purpose
because the previously accepted constant standard (the beta peak of ATP) can no longer
be used as a point of reference. Consequently, any truly quantitative NMRS technique

will be adequately tested in such a dynamic physiclogical system.

Weanling rats were monitored using the "Ackerman NMRS quantitation method”
while being depleted of their creatine, using the presently accepted depletion technique
for four weeks. Subsequently they were re-fed a normal diet for two weeks.
Simultaneously, biochemical assays were performed on another population of rats

treated identically, and the results of the two techniques were compared.

[1.1. Objectives

The questions we addressed while examining these techniques included:
1. Can 1H and 31P NMRS be used as a method of determining the absolute
concentrations of metabolites, whose amounts are known to be fluctuating, and of
following the time course of these changes in concentrations g yivo?
2. What are the rates and extent of depletion and repletion of creatine phosphate and
ATP and the rates of appearance and disappearance of guanidinopropionate phosphate
during the six weeks the rat is on the depletion/repletion diet?
3. Does the information provided by 23Na NMRS or flame photometric analysis of
sodium and potassium of rat hind limb provide an improved means of quantitating

intracellular metabolites by providing a reasonable estimale of extraceliular volume?



I11. MATERIALS AND METHODS
There are two distinct parts lo this investigation the NMR spociroscopy and the
biochemical analysis. They differ only in the utimate expenmental destinabon of uie of

the animals in this sludy. These difteronces are refiocted in ali seclions of the mothods

11.1. Treatmen! of anlmals
Inl.1.1. General
The animals used in this study were woanling (23 day old). mals. Sptague

Dawley rats obtained weekly from Charles River Canada Incorporatad of Monlreal

After arrival and during leeding the rats wore woighed 1.2 timas wookly 10
monitor their continued growth. The animals ol the NMR group had thair nght lag
circumference and diameter measured weckly 8t the anklo, calt and knoo 16 monitor tha
change in volume of their leg. The cross soctional area of tha Jog al the haight of the ca®
was determined by assuming that the call is either (a) ellplical and that the megsyted
lateral and longitudinal thicknesses ol the call wore the diamatars ol the olipse of {b) n
circle and that the circumierence would In turn provide a tadius Equation HI Y 1

relates the measured paramelers 1o the cross seclional area using assumplion (a}

Cross seclional area - % TR

N
no

where 2 and b are the lateral and longitudina! thaoknassot taspacivaly



Materials and Methods

fr.1.2. Dietary regime
Upon arrival the rals were separated randomly in pairs into one of two groups;

control or experimental (Figure 11i.1.2.a.). The rats in all groups were fed 10 grams of
ground Purina Rat Chow a day for the period the rats were on the diet as per the protocol
of Totosy-de Zepetnek (1984). The feed of the rats in the experimental group was
supplemented, for the first four week period, with 1% GP which was synthesized in our
laboratory from B-alanine and cyanamide according to the method of Rowley (1971) and
tested for purity by measuring melting point depression. The depression was never
more than three degrees, and for this reason it was assumed that the impurity of the
prepared GP was minor (Totosy de Zepetnek, 1984). The paired rats were further
divided (Figure Ill.1.2.a.) into either the NMB group or Biochemistry/Flame
photometry (BF) group. The rats remained on the described diet for a total of six weeks

if in the NMR group, or between zero and six weeks if in the BF group.

1. 1.3, Anaesthesia

All anaesthetics were administered intra-peritoneally. The anaesthetic used for
all documented experiments was fresh sodium pentobarbital {Somnotol, MTC
Pharmaceuticals), and was given in undiluted form at a dose of €5 mg per kg body
weight. A combination of Ketamine (Roche Products Lid.) and Xylazine (Haaver-
Lockhart Ltd.} was used on some rats of the NMR group for some preliminary equipment

tests (Green, Knight, Precious, and Simple, 1981).
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A BIOCHEMICAL AND
NMRS FLAME PHOTOME TRIC
ANALYSIS ANALYSIS
Control animals — GP fed animals GP fod arumats Contral anma -~
i
Dk
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'? weok z0ro ;F\gg R
=
“S week one
week two T
g‘ week three
weeak four
woak five
week slx

Figure 111.1.2.a. Time course and ullimale use of rats placed on derlary rogime

A each small rectangle reprosents 6 animals T roprosonts the saoifce of Piat grows of
animals.
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Materials and Methods
111.2. Dry to wet weight ratios
Simultaneous to the removal and freezing of the right gastrocnemius for
biochemical analysis, the left gastrocnemius was removed for the determination of the
dry to wet weight ratio of this muscle group. Three pieces of approximately 50 mgs
were removed from each gastrocnemius and dried to constani weight at 42° C in a

vacuum oven.

The weight loss or gain during storage was tested by removing 0.2 -0.01g pieces
of left gastrocnemius mustle and placed in a -90° C freezer and weighed weekly for a

three week period.

I11.3. Blochemical techniques and assays
11.3.1. General

Sections of the gastrocnemius (Gm, Figure 111.3.1.a.) muscles from at least 4
normal and 4 GP-fed rats at each of 0, 2, 4 and 6 weeks of feeding were used for
biochemical analysis (see Figure 111.3.1.a. and Table 111.3.1 .a.). This region was selected
for a number of reasons. Firstly, the gastrocnemius (40% of the total volume of the
hind limb) is comprised of 93% fast twitch fibre (2815% F.O.G. (fast oxidative
glycolytic), 6515% F.G. (fast glycolytic), 7+1% S.0. {slow oxidative)1), hence it is
generally representative of the muscle fibre type composition of whole rat hind limb
which is 95 % fast twitch fibre (18.7% F.0.G., 76.2% F.G. and 5.1 % S.0.). This
parallel is of import as the entire hind limb is examined by the NMRS experiments as
such, a suitable point of comparison for the two experimental techniques must be
determined. Second, despite the fact that quick freezing and analyzing the entire

gastrochnemius would be more representative of the whole hind limb, only the first

1 The concentration of fast fibres at the surface of the gastrocnemius is thought to
be greater than that of the average for the entire gastrocnemius {Armstrong, and Phelps,
1984).
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Mateornials and Methods
millimetre of surface muscle muscle is frozen sutficiently rapidly to provide accutale

eslimations of CrP.

Muscle or muscle group Fibre tvpe Proportion (%1f
hind limb FOG 18.7

FG 76.2

50 51
gastrocnemius (mixed) FOG 28
(61 % of the lotal mass FG 65
of the hind limb) SO 7
f Proportion = estimatled mass for each fiber type x 100

lotal estimated masses for all fiber 1ypes

Table 111.3.1.a. Eslimated lotal proportions of gach of the fibra typas of the hind limb
muscles of the rat (taken from Armstrong and Phelps, 1985). Tha gastrocnemius
occupies 61 % of the total mass and area of the hind limb of the rat. FOG-1as! oxidalive
glycolytic, FGatfast glycolylic, SO=slow oxidalive

After the rat had reached the appropriate ievel ol anaosthosia both hind limbg
were shaved and the sciatic narve of the right log was severed al the leval of tha uppat
thigh. After a ten minute waiting period 10 allow spontaneous muscle contractions and
tension generated as a resull of the severing of the norva 10 subside (Tolosy do Zepatnan,
1984). The skin surrounding the right ca!l was removed. Subsequently, the bicops
femoris and semitendinosis muscles which ancapsulate the Qastrocnomius and undortying
soleus and plantaris were retracted and excised (Figure I13.1.a )'. The achillag tondon
was then atlached 1o a silk thread. severed and the gasirocnemius 80parsted from Mha g
with gentle tension. The gastrocnemius and undertying attached Fwscios were then

frozen back 1o front between aluminium blocks pre-0ooted in kiquid nitrogen and seveted

14



Materials and Methods
at the level of the knee. The flaltened muscles were then placed in liquid nitrogen. The

entire freezing procedure took less than 2 seconds to complete.

Thin slices of muscle were removed from the medial-posterior portion
{Armstrong, 1984) of the gastrocnemius group with a razor while the rest of the
muscle was held in a bath of liquid nitrogen with frozen forceps. Thin slices (0.5-1mm,
25-70 mg), were removed from the 2 to 3 millimetre thick gastrocnemius with a razor
and transferred to pre-cooled screwcap, plastic tubes for storage at -70° C for
subsequent enzymatic determination of energy metabolites, or for flame photometric
determination of sodium and potassium content. This portion was chosen since its fibre
type population is very similar to the total fibre type composition of the hind limb
{76% F.G., 19% F.0.G., 5% S.0.) (Armsirong, 1984), and because it is free of
contaminating slow twitch soleus (see Figure 1i.3.1.a. and Table II.3.1.a.). This
portion was aiso the first to contact the aluminium blocks and therefore assumed to be

the portion of the gastrocnemius most quickly frozen (Olgin, 1985).

Prior to extraction, the sample muscle weight was determined in an insulated
styrofoam vessel, then transferred to pre-weighed plastic tube to be ground to powder

with a pre-cooled slainless steel rod in a stainless steel block.

After grinding, the tubes were placed on ice and 2 mLs of 6% perchloric acid was
added, followed by vortexing, and the tubes were allowed to stand for fifteen minutes.
Following vortexing and centrifugation at 10,000 g for ten minutes, the supernatant was
decanted into a cold fresh tube leaving a protein brectpita!e. The supematant was
neutralized with 300 pL of 2.5 M potassium bicarbonate. The resultant mixture was
centrifuged at 10,000 g for 10 minutes. The supernatant was either refrozen

immediately at -70°C for future use or assayed immediately.
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Matenats and Methods
The expected concentrations of the PCM (phosphorus-containing motabolites) of
the hind limb and the gastrocnemius can be predicted by using estimations of the PCM
concentrations (Mainwood, 1987) of soleus (predominantly slow Iwilch) and exlensor
digitorum longus (predominantly fast twitch), combined with information. provided by
Armstrong (1985), aboul the relalive masses ol each of the muscles of hind limb and the
percentages of siow and fasi twitch in each. The PCM concenlrations o! these musclos and
the estimated concentrations of gastrocnemius and the entire rat hind limb are shown in
Figure 11l.3.1.b. Note the small diference between the predicled PCM concentrations o!
hind limb and gastrocnmemius. Estimates were obtained using the mothod outlined In

Appendix VI.6.

An error in the sampling of the gastrocnemius, although hlghix unhkuI!. might
include contributions from the white or red gastrocnemius. Sample biasing, If as groal
as 20% could change the obtained gastrocnemius PCM concentrations by up 10 14%.

Such an error, although significant, would not preclude the use of the gastrocnomius os

representative of the enlire hind limb musculalure or yicg yprsa.

L1



Materials and Methods

RAT LEG MUSCLES : % SO RAT LEG MUSCLES : % SO + % FOG

A

Figure 111.3.1.a. Cross sectional view of the rat leg muscles depicting the position of the
individual muscles. R depicts red, W white, and M middie. The shading intensity is
proportional to the percent slow oxidative fibres. The directions are indicated are
anterior (A), posterior (P), medial (M) and lateral (L). The muscle name
abbreviations are gastrocnemius (G}, plantaris (PL}, scleus (SO), tibialis anterior
(TA), extensor digitorum longus (EDL), tibialis posterior (TP), fiexor digitorum
longus (FDL)}, flexor hallicus longus (FHL), and peroneals (PER). (Taken from
Armstrong and Phelps, 1984) .
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Muscle Normal Gp-ledf  Normal  Gp-ted/
or_muscle group {mmols kg wel weight) (mmols L tigsye flnid)
soleus® CrP 11.7 1.0 15.7 1.3
ATP 3.9 2.6 5.2 3.4
GPP 35.5 47.0
Cr 21.2 4.9 28.0 5.2
extensor’ CrP 21.7 0.5 28.7 0.66
digitorum ATP 6.0 1.7 7.9 2.2
longus GPP 36.2 47.9
Cr 267 52 353 6.9
gastrocnemius(M)t CrP 20.9 0.5 27.7 0.7
ATP 7.2 1.8 9.5 2.4
GPP 30.0 39.7
Cr 24.9 5.1 32.9 6.8
hind limb® CrP 20.8 0.5 27.5 0.7
ATP 7.4 1.8 9.7 2.4
GPP 30.0 39.7
Cr 247 5.1 32.6 6.8
gastrocnemius CrP 18.6 0.7 24.6 0.8
(assuming a 20% ATP 10.7 2.0 14.1% 2.7
missampling ie. an  GPP 31.4 41.5
increase in slow Cr 19.6 4.8 25.9 6.4

oxidative fibres)

f fully” depleted rat {minimum 4 weeks of GPA leeding)
* observed concentralions
£ predicted concentrations

Table 111.3.1.b. Observed concentratlions{*} of PCM of the solaus ang oxlonsor digilorum
longus muscles of rat hind limb. Predicted concentratons(t) of the PCM of
gastrocnemius and the entire hind limb muscle group. The tacior used 1o convarl the
molarilies presented in mmol/ kg wet weight 10 mmol L tissue flukd (0.756) was
derived from the dry 1o wel waight ratio experimenis.

Ik



Materials and Methods
111.3.2. Protein determination
All protein assays were performed by the Hartree modification of the method of

Lowry (Hartree, 1972).

i.3.3. Acid hydrolysis

Total creatine, the sum of creatine and creatine phosphate, was determined after
acid hydrolysis of the muscle extract (50 PL in the case of control and 100 ML in the
case of experimental, Gp-fed, animals). Hydrolysis of creatine phosphate was
performad at 65°C for 8 minutes with 0.5 N HCI (10 pL for control and 20 pL for
experimental animals) followed by neutralization on ice with 0.4 N NaOH (18 jLL for

control and 34 ML for experimental animals).

111.3.4. Determination of total creatine

Total creatine was determined by a modification of the colourimetric assay of
Ennor and Rosenberg (1952). Briefly, a solution of 1.0 mL distilled water, 500 pL
17-a-napthol (Kodak) in alkali, 100 pL of muscle extract, and 50 UL of a 1% butane-
2,3-dione solution (J.T. Baker} diluted 1:20 in distiled water was allowed to react for

thirty minutes then read spectrophotometrically at 510 nm.

The recorded readings were compared to those obtained from a standard curve
containing 0-100 nmol of creatine per sample volume. It was determined that samples
contained between 25 and 35 |tmo! of creatine per gram wet weight of muscle tissue in
agreement with previously reported literature values {McGilvery and Murray,1974;

Beis and Newsholme,1975).
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111.3.5. Determination of guanidino containing compounds:
B-guanidinopropionic acid, and phosphorylated B-guanidinopropionic acid

The Sakaguchi colour reaction (Sakaguchi, 1925) was used to assay for guanidino
compounds in the muscle extract and hydrolysate. More recenlly, Bonas, Cohen, and
Natelson (1963), described the reaction mixture for this colourimetric reaction. I
contains 100 UL of sample, 1 mL of distiled water, 250 pL ot a thymine-4-napthol
mixture (B.D.H., AnalR), 100 WL of NaOCI (J.T. Baker), and 100 pL of 2% Na-
thiosulfate (J.T. Baker). A spectrophotometric reading is taken of this mixture at 510

nm at 10° C after a five minute incubation on ice.

111.3.6. Determination of ATP and CrP
ATP and CrP content of the unhydrolysed muscle samples was delermined by the
combined enzymatic assay method of Lamprecht and Stein (1865). In briel, a series of

three reactions occurs in the following sequence:

>

g-phosphogluconate + NADPH + H*

1. Glucose-6-phosphate + NADP

>
2. Glucose + ATP—— Glucose-6-phosphate + ADP
< -

-->
3. Crealine phosphale + AOP—— Creatine + ATP
< --

providing a stepwise quantitative analysis of the contents of G&P (giucosa-6-
phosphate), ATP, and CrP within the muscle extract. The enzymas represonted by 1. 2.
and 3 are i. glucose-6-phosphale dehydrogenase (E.C. 1.1.1.49); ii. hexokinase (E.C.

2.7.11.3); and iii. creatine kinase (E.C. 2.7.3.2.). Endogenous G6P is removed by



Materials and Methods
reaction 1. The increase in O.D. at 340 nm during reaction 2 and 3 is due fo the
increased formation of NADPH and is the direct result of the reactanis of reactions 2 and

3, reaction 2 providing the conterit of ATP and reaction 3 the content of CrP.

111.3.7. Corrections and analysis

All of the biochemically assayed samples were corrected for the following.
1. The loss of creatine or guanidino propionic acid due to hydrolysis during and
prior to the assay. The correction factor made for this loss is determined by assaying a
non-hydrolysed and a hydrolysed standard after each series of hydrolyses were
performed.
2. The apparent increase of creatine due to the interfering presence of the creatine
analogue guanidino propionic acid in the assayed muscle hydrolysate. As the
misdetermination of the creatine concentration is proportional to the concentration of GP
in the sample, the empirical factor used to correct for this was 0.15 x [guanidino
propionic acid]. The constant was determined by independent assays performed in our
laboratory.
3. The residual amounts of ATP, CrP, Cr, GPP and Gp that can be found in the minute
volume of extract which is not decanted after the first spin of the muscle hydrolysate.
This residual volume is found by weighing the tubes before the addition of muscle and
after decanting. The scaling factor used to correct our assays were dstermined by
assaying this residual volume on a number of test muscles. The amount of loss in
percent for ATP, CrP, phosphate, Gp, creatine was found to be 5, 5, 13, 10 and 7

respectively.
Corrections were not applied for muscle weight loss between the time of excision
and the time of assay. This loss amounted to less than one percent of the muscle weight at

the time of excision and was not considered significant (see section IV.3.a.).
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I11.4, Flame Photometry

Samples (between 0.04 - 0.1 grams), as discussed in section 111.3., ware takon
from the right limb of at least 4 normal and 4 GP-fed rats at each of the lour pariods ol
interest. These pieces were weighed, vacuum dried 10 constant weight, digested in 2 mis
of 4M Nitric acid ([Na] 1 p.p.m., [K] 1 p.p.m.), and fillered through 0.22 micron
Sartorius filters. Subsequently the sodium and potassium contents of the muscles were

delermined either by flame photometry or by atomic absorption spectroscopy.

The Corning 480 flame photometer was used for flame photometric
determinations. Sodium was sampled manually in undiluted form while potassium was
sampled using an auto-dilulion of 1:200. The standards used for the determination of
sodium were 5, 15, and 45 mM and 1 and 5 mM for polassium. Calibration, using a
lithium chioride internal standard, was performed prior 10 any determinations. The
wavelengths of observation were 590, 768, and 672 nm for sodium, potassium and

lithium respectively.

I11.5. Nuclear magnetic resonance spectroscopy

All NMRS experirﬁenls were performed using a Bruker-MSL 300 spociromaelor
equipped with a vertical, wide bore magnel, using the protocol outlined In Figure 111.5.a.
Proton experiments were performed at 300,16 MHz, sodium experimanis at 79.36 MHz
and phosphorus at 121.5 MHz, Experiments which used standards in place of animals

followed identical protocols.
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Nuclear magnetic resonance speciroscopy experimenta! protocol

w N

O N Mo M

8.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Anaesthetize rat

Adijust rat foot support

Insert rat leg into coil from top (non-electrical/physiological side) towards
bottom (non-physiclogicai/electrical) side of the probe

Attach rat to probe with velcro

Place and attach probe to aluminum housing (can) for stability and grounding
Place probe in magnet

Attach moistened oxygen supply

Tune and match probe to 300.13 MHz (proton frequency)

Shim magnet

Determine S0° pulse on protons

Acquire proton spectra

Measure the temperature of the preparation

Tune and match probe to 79.37 MHz (sodium frequency)

Determine 90° pulse on sodium

Acquire sodium spectra

Tune and match probe to 121.5 MHz (phosphorus frequency)

Determine 90° pulse on phosphorus

Acquire phosphorus spectra

Remove probe from magnet and rat from probe

Figure 1ll.5.a. Experimental protoco! for NMRS experiments. For experiments which
used standards in place of animals replace the word "rat™ with the words "standard
solution” and omit steps 1 and 2.
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. 5.1. Probe design
Probe Ill, the probe used for all experiments, was a specially construcied to
transmit and receive al the {requencies of prolons (300.13 MHz), sodium (7937
MHz), and phosphorus (121.5 MHz) and to accommodale rats weighing betweon 50 and

175 grams.

The probe body housing (can) was buill from aluminium. The probe body was
made of copper rods 5 mm in diameter, Teflon, and a two sided, coppar coated prinlod
circuit board 2 mm in thickness (see Figures I11.5.1.a and b}). The body was divided by
the PC (printed circuit) board (copper two sides) into upper and lower halvas. All
physiological apparatus was mounted on the upper/iop hall of the probo, while electrical

circuitry was confined to the lower/bottom hall.

The ral is secured belly-down to the topside of the probe. His log travarses tha
plane of the probe from 1op 10 botlom. The rat faces towards the grounding discs (figuta

.5.La., item (j)) at all times, hence is upside down upon insertion inlo tha magnot

The three turn receiver coil was a solenoid, 15 mm in diamator and 8 mm In
height, construcied of a high conduclivity copper strap 0.8 mm in thicknegs and 2 7 mm
in width (Figure 1i.5.1.c.). The coil was shielded from ils anvironment, on its innot
and outer surface, by a Teflon housing (Figure i11.5.1.a. and 0.}. The top kad of the coil
was alternatively grounded to the probe body {figure 111.5.1.a., tem {j)) ot connocied in
series with a lixed value capacitance. The other load was altached 10 the
transmitreceive (TR) network {Figure 1Il.5 1.2 and b). Theo coil and cirouit
arrangement was designed 10 oplimize filling tactor and quality tacior, Q. of the recolvor
coil foliowing the design suggested by Moult and Richards (1978) anv porsong!

communicalions with Payl Morriz of Morrg tnstruments of Ottawa
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The TR (transmit/receive) network used in transforming the impedance of the
receiver coil at resonance 1o 50 ohms resistive was constructed from non magnetic,
high-quality, high-voltage fixed capacitors (American Technical Ceramics) and variable
air tuned capacitors (Voltronics). The Q's of the loaded and unloaded coil at its different

frequencies of operation are given in Table lIl.5.1.a.

The Q's were determined by measuring the half power 3 dB band width (Af) at its
resonant frequency (fo) and applying equation lIL5.1.i (Beall,1984),

fo .
Q=Af HI.6.1.i

The high Q requires the probe be tuned for all samples (Gadian, 1982) in order
to achieve optimum performance. Typically the 90° pulse widths for all three nuclei

were 13 Uus at an average power of 50 W (Watts) for protons, 240 W for sodium and

120 W for phosphorus.

The circuit, a diagram of which is presented in Figure 111.5.1.g., has several
modes of operation:
1. if the switch at C and D is connected to D and neither A nor B are closed the probe
may be tuned for protons,
2. it the switch at C and D is connected 1o ground and A is closed then the probe may
be tuned for sodium,
3. if the switch at C and D is connecled to ground and B but not A is closed the probe
may be funed for phosphorus.
In all instances all capacitors were electrically connected directly to the copper base of
the PC board in order to provide a satisfactory earth. Insulation, where required, was

provided by using Teflon.
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Figure 1il.5.1.a. Top (A), bottom (B} and lalaral (C) viows of NMRS probg ill. The ra!
is secured 10 the lopside of the probe and taces towards the right in all cases. During the
observation the hind limb traverses the centre plane of the probe via the hole labeled
{i}. The fool is secured in the support () (spatial facsimila of the lension ranzduce?
to be used in future experiments). The other major components include (a) the rt
input, (b) standards capillaries, (c) Teflon shiek! (assures that the ral does not ouch
the the rf coil and /or influence tuning), {d) foo! suppon, (e} Wune and maich clrcutiny
including variable air tuned capacitors by Voluonics, {f) tuning rods, (g) swich used
1o change tuning frequency, (h} capacitors involved in trequency change (hgh-voltaze
fixed capacitors by American Technical Ceramics), (i} hole traversing the r! ooil, {ji
grounding discs. Ali measuremaents are in milkmaeotres
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Figure 111.5.1.b. Bottom (A) and top (B} view of probe IIi without foot support. Labeled
parts include (a) the f input, (b) standards capillaries, {c) ¢f coil, {d} grounding
disc, {e) tune and match circuitry, (f) tuning rods, {g) swilch used to change tuning
frequency, (h) capacitors involved in frequency change. {i) hole traversing the rf coil,
{i) velcro straps used fo safely secure the rat to the probe. All measurements are in

millimetres. "a2" denotes outer diameters in all cases. The rat is secured to the topside
of the probe and faces towards the right in all cases.
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Figure lIl.5.1.c. Lateral view of NMR coils used in the described experiments. (A) coil
used in probe lll {aciual prabe used in all experimenta). Coil (A} is conatructed of high
conductivity copper strap 0.9 mm. Iin thickness and 2.7 mm. in width. (B) coit
(constructed of copper wire) used in probes | and Il (predecessor probes). All
measurements are in milimetres. Diamaters shown represent inner diamelers only.
The rat is secured 10 the topside of the probe and {aces lowards the right In all cases.
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Figure 111.5.1.d. Top (A} and bottom (B) view of foot stabilizer (used in lieu of the
tension transducer) on the botiom side of probe IIl. The bottom view depicts the support
(facsimile of the foot pedal of the tension transducer) drawn out to the side as it would be
while the rat is being secured to the probe. The toes of the foot point towards the right in
all cases. All measurements are in millimetres.  “g" denotes inner diameters only.
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—sd

Figure lIl.5.1.8. Top (A} and bottom (B) views of the topside Teflon shield used 1o
assure that the rat does not touch the i coll and/or influence tuning. This shield is
mounted over the rf coil and attached with plastic screws 1o the probe pc board base.
Glass capillaries, containing standard solutions, are placed and held within the coll by a
Teflon holder (a). Labelled measurements include (b) inner diameter o! Teflon shieid,
(c) outer diameler of Teflon shield, and (d) thickness of the wall of the Tefion shield.
All measurements are in millimetres.
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Probe _JIt

Empty coil

"Ackerman standards*®
Rat hind limb

Probe |1

Empty coil
"Ackerman standards"
Rat hind limb

Erobe |

Empty coil
"Ackerman standards"
Rat hind limb

Phosphorus
243
173.6
151.9

Phosphorus
111
7.0
5.8

Phosphorus
7.2
6.1
6.1

Sodium
99.2
79.4
94.4

Sodium
3.8
3.3
3.7

Materials and Methods

Protons
375
333.5
375

Protons
20

16.6

18.8

T Standards used to calibrate and test the probes ability to quantitate

Table Hil.5.1.a. Quality factors of NMRS probe I, Il and | at the frequencies of
phosphorus, sodium and protons with various typas of samples. Q is derived using the
equation Q=fg/ Af. Probe Il was the probe used during all documented experimentation.

Probe | was the probe used during its developmentai stages.
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[ 100 pF { 270 pF =
Variable
Iq_ Tuning
IIII—| Jss Capacitor
2-12 pF

30 pF

O il RF in
Variable —/‘
Matching
Capacitor LEGEND
2-12pF { Switch

D " Capacitor
— &IHI" '_-;_ Ground
AN =
3.3pF

Figure 11.5.1.g. Circuit diagram of the triple tuning NMR probe. Prolons are examined
when the switch at C and D is connecled to D and neither A nor B are closed. It D is
connecled to ground and A is closed, then the probe may be tuned for sodium. When D is
connected to ground and B is closed the probe may be tunad for phosphorus.
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I.s5.2, Spectrum aquisition parameters
Table [l1.5.2.a. illustrates the spectrum aquisition parameters for the

quantitation experiments.

In brief, all samples were "shimmed” and the 90° pulse widths for each nuclei of
interest were determined prior to spectral acquisition. Shimming is the process
wherein the main magnetic field of the NMR apparatus is made more homogeneous in the
area of the sample. This is accomplished by adjusting the current in the colls which
surround the probe. In biological NMR experiments the samples are normally shimmed
on the most prevalent and sensitive nucleus, the proton, prior to the acquisition of any
other spectra (Ackerman, 1981). This assures the largest possible signal to noise ratio

for the experiments involving other nuclei.

The 180° pulse widths for all nuclei were determined prior to FID acquisition by
selting the transmitter on resonance and finding the pulse width at null signal. The 90°
pulse width was subsequently determined by dividing the 180° PW by two as suggested
by Hoult (1978). Subsequently all of the FIDs for all nuclei were acquired using phase
cycling and quadrature detection, with pulse recycle times of five times T1 (see Figure

II.5.2.b.) in order to allow for the full recovery of the nuclai of interest back to H0

(Becker,1979; Gadian, 1982).

The FIDs for proton and sodium specira were acquired using pulse sequence 1
(section 11.5.3.). The phosphorus FIDs were obtained using pulse sequence 1 to obtain

31P spectra and sequence 2 (section 11.5.3.} to obtain 31? spectra after a

complete
refocussing pulse to rid the spectra of its phospholipid components (Figure 1I1.5.7.a.).
The relative sensitivity and abundance of the nuclei of interest determines the number of
scans (FIDS) needed for each experiment (see Table IIl.5.2.a.). Three spectra were
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taken for protons and sodium using four and sixteen scans respectively. Consecultive

spectra of multiples of 20 scans were taken for phosphorus.

Nucleus

Signal frequency
Sweep Width (Hz)
Spectrum size

80° Pulse width
Number of FIDs
Recycle time
Quadrature detection
Phase cycling

Pulse program

Ot
02
RG

Power 120 Walts
Peak width

Phosphorus Sodium
121.5 MHz 79.37 MHz
20,000 5,000

4 K 4K

11 - 15 lsec 11 - 15 usec
20 - 200%® 16

15 sec § sec

yes yes

yes yes
Cyclops or Cyclops
(90°x -1 - acquire)n

- 1078 Hz 1345 Hz
N/A N/A

20 (in yivo) 30

30 (sid. solutions)

240 Watts 50 Walls
0.4 p.p.m. {CIP) 0.4 p.p.m.

Protons
300.13
10,000
4K

11 - 15 psec
4

10 sec
yes

yes
Cyclops
N/A

6131 Hz
50

0.4 p.p.m.

Table ll.5.2.a. Spectral acquisition parameters used in obtaining phosphorus, sodium

and proton spectra from rat hind limb and associated standards.
were taken on a base of 20 scans;
using equation I11.5.4.1.iii.

@ phosphorus specira
if more were taken they were corrected back to 20
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T1 value T1 value T2
{measured)
CrP 2.7 s™ 35+ 05 s¥ 0.25 st
B- ATP 1.2 §¥ 1.3 £ 04 s¥ unavailable
Pi 4.6 s° 6.0 + 0.5 s¥ unavailable
H (H20) 642 mst not measured 4552 mst
Na unavailable 0.54 + 0.05 s¥ 12-16 mst

T taken from Beall et al. 1984 (32 MHz)
= Evelhoch 1985 (145 MHz)

+ taken from Meyer et al 1985 (121 MHz)
¥ n=5 (121 MHz 31P, 300 MHz 1H)

Table ll1.5.2.b. Relaxation times for phosphorus-containing metabolites, sodium and

water in the rat hind limb.

Nucleus Spin Percent Relative
Abundance Sensitivity

3ip 1/2 100 0.066

23Na 3/2 100 0.093

H 1/2 99.98 1.000

Table 1ll.5.2.c. Spins, abundances and sensiivities of the nuclei under study (Beall,

1984).

55



Materials and Methods

111.5.3. Pulse sequences

The pulse sequence applied to the hind limb for the aquisition of the 'H, 23Na and
31P spectra was sequence 1 below. In all cases a cyclops routine of pulse application
was used to assure that any residual dephasing of the magnetic moment left in the XY
plane was removed or made negligible. A cyclops pulse routine pulses along the first the
X, then the Y, then the -X, and finally the -Y axis. During the 31P experiment a Hahn
spin echo pulse sequence (sequence 2), was used 10 remove the Ty effect/contribution of

phospholipid 10 the spectra.

Bulse sequences
1. (90°, -t — acquire) Pulse acquire (Beall, 1984)
2. (90°x -1- 180°y -t - acquire)n Hahn spin echo (Beall, 1984)

The sweep width and number of computer points (size} selected for each nucleus
provides close to maximal signal to noise per unit time for all nuclei, as determined by

the method of Becker, Ferrelli, and Gambhir (1979).

A capillary tube containing dimethy! methyl phosphonate (DMMP) (-32 .5
p-p.-m.} and a relaxation agent was used as an external standard in the phosphorus
experiments. The capillary was mounted inside the coll alongside all samples in a Tefion
support. This capillary was present and unchanged tor all experiments., This compound

has a minimal chemical shift change with temperature over the physiological range.
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111.5.4. Quantitation of metabolites
111.5.4.1. General

The method of quantitation used by Ackerman makes no assumptions about the

content of specific metabolites jn vivo. By obtaining the ratio of peak intensities (areas)
of the metabolite of interest and of the proton signal from the water surrounding that
metabolite, concentrations of these metaboliles can be obtained. The method is based on
the mapping of B1 spatial distributions at the frequencies for which the coil is tuned.

By making the assumption that the area of a peak of interest is proportional to the

number of spins present for that nuclei, Ackerman proposes equation 111.5.4.1.i.

C N
%:DéaDﬁi- 111.5.4.1.i

Where S3 and Sp are the signal intensities, Ca and Cp, are concentrations and N and Np

are the total number of spins, for nuclei a and b respectively. D is the proportionality

constant or slope relating the ratio of S5/Sp : Ca/Cp which is irrespective of B1

inhomogeneities and sample volume geometry.

In the case where the protons of water are nuclei b then the equation 111.5.4.1.i

can be simplified to equation lII.5.4.1.ii.

Sa = S1,0 To5 Ca 1.5.4.1.i

where Cp is molarity of waler protons or 111 M.

It Ackerman's formuiation is correct, to obtain concentrations of sodium or a
phosphorus-containing metabolite (PCM} from a physiclogical sample, standard curves

must be made in order 1o characterize D. Standard curves are obtained by plotting the
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ratio of the areas of the sodium or phosphorus peaks lo that of the proton peak against the
concentration of sodium or phosphorus within that standard solution. The standard
solutions were made using two fold dilutions of a stock of 200 mM sodium chloride and
80 mM potassium phosphate. The standard solutions volume and concentration were
changed independently and the curves replotted in order 1o mimic the jn yivo situation.
The volumes of the standard solutions were changed by the insertion of Teflon rods inlo
the centre of the sample which extended beyond the ends of the coil. The volumes used

were 1.25, 1.02, 0.1 and 0.65 m'

Atter acquisition the peak integrals of the phosphorus spectra of the physiological
experiments were corrected back to standard (calibration) acquisition parameters,
using empirical scaling factors derived from the equations !1.5.4.1.1il and l11.5.4.1.iv

below.
Correction for the number of scans (NS) taken:

area for a given NS X% = area if 20 scans were taken 11.5.4.1.iii

Correction for the the receiver gain {(RG):

area for a given NS X ¥! = area g 1.5.4.1.iv

1 The constant ¥ was found 1o be 0.31622 for this spectromeler for a RG (receiver
gain) change of 10 units (from 30 for standards 1o 20 for the in yivo experiments) as
derived from the equation IV.6.2.i.
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For example the correction for the number of scans if 100 scans were taken and

the area was found 1o be 25 units, then the conversion applied to normalize this

experiment to those where only 20 scans were taken would be 25 X 20 = 5 units.

100

After the correction of each integral back to standard acquisition parameters the

area for each peak of interest (subsequently known as leorrected.31ATP.

Icorrected_zaNa) was divided by the proton peak area ([corrected_1 H). Inso doing the

ratio of the peak of interest {eg. ATP or Na) o that of water was produced. When applied

to the calibration curves {IV.6.1.a.) obtained from the preliminary experiments

(described above), these ratios translate directly into a millimolar concentration using

equations {I1.5.4.1.v and llL.5.4.1.vi. It is assumed that the mean NMRS visible

concentration is proportionat to the product of the slope of the calibration curve and the

ratio of the peak area of the nucleus of interest to that of the proton peak.

Concentration determinations

for sodium
| 23
corrected. 1Na . 0.000124
[Na] _ lcorrected.
mean= 0.0029
HI.5.4.1.v
for phosphorus
l 31
cTrrected. rCM - 0.000172
[PCMImean= —=2rrected: B 11.5.4.1.vi

It should be noted that the proton peak area used for the determination of the

above concentrations does not include any contribution from fat present in the rat hind

limb. The need to discount this peak area in the determination of the true peak area
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aitributable to water is substantiated by the works of Yoshikawa {1979), Sisfkin
(1986), and Lederman (1982). Although the entire proton peak area was measured,
only the peak area attributable to free water was used for the determination of |cor.1 H.
This area (invariably >95% of the total area) was integrated from the upfield to the
downfield side of the major peak, stopping at the base of the upfield side of the second
peak in the proton spectrum. The peak area of. this second peak, that attributable to fat,
was taken as that portion which when summed to the free water integral totaled the tota!

proton integral.

111.5.4.2. Correction of calculated phosphorus-containing metabolite
concentrations using Intracellular sodium concentration and Intracellular
volume

The amount and concentration of extracellular sodium is comparatively Ia;’de and
constant (=140mM), while intracellular sodium concentration, approximalely 50% of
=vich is bound to intracellular proteins, is a factor of ten smaller in concentration

(=8mM) (Ganong, 1977).

Assuming that the mean sodium concentration of the muscle could be described by

equation {11.5.4.2.i

Vo [Nalo + Vi [Nal;
[Nalmean =—22k ]37*’ i[Na)i 11.5.4.2.i

where V7 is the total muscie volume, Vo is the extracellular volume, Vi is the
intracellular volume and [Na]o . and {Na}; are the exira and intracellular

concentrations of sodium respectively. Then intracellular muscle volume can be
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estimated by subtracting a volume/fraction, determined by the partitioning of sodium

between the interior and exterior of the muscle celis, from the total muscle volume.

Suppose tco that « is the extracellular volume as a fraction of total volume and
(1- =) is the intracellular volume of the rat hind limb under investigation during
NMRS. If these are substituted into equation 111.5.4.2.i. above it yields the equation
l11.5.4.2.ii. below.

[Na) (= [Na], + (1-=)[Na]) 111.5.4.2.ii

mean
If we solve for « ignoring the small Donnan correction (effect of an impermeant ion on
the diffusion of other ions) (Ganong, 1877), and substitute the estimations of intra and
extracellular sodium concentrations, VT is elimated as a common factor and equation

111.5.4.2.iii. results.

[Nalmean = 132 + 8 t1.5.4.2.iii

When equation 111.5.1.v. (below) is equated 1o equation 111.5.4.2.iii {above) then
equation l1l.5.4.2.v. results (assuming that the minor contribution of the Y intercept of

this standard curve is ignored).

loorrected®3Na. 4 100124

lcorrected ' H
[Na]lmean = 00025 1.5.4.1.v
lcorrected'H ~ KNa A
| 23
Ir:)rrect d’H X .Kt} - 8
oo = —L e T35 111.5.4.2.v
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This correction factor e, is used in our experiments 10 correct all of the
obtained whole limb PCM concentrations to their intracellular values as shown in

equation [11.5.4.2.vi. below.

PCMli = (—1— [PCM]Total 11.5.4.2.vi.

It can be mathematically shown that even 50% errors in the estimation of [Na]i

will result in comparatively much smaller percentage errors in the estimation of
intracellular volume. This is due to the relatively low and oftentimes ignored (Thulborn
and Ackerman, 1883} concentration of Na inside the cell and its meagre contribution to
the mean sodium concentration. Recent reports have shown that approximately 62% of
intracellular sodium is invisible to NMRS (Cope, 1970; Chang and Woessner, 1978;
Gupta, 1982), this would not significantly alter the calculated extracellular volume or
the corrected calculations of the PCM concentrations. If, for example, [Na]T was 30
giving an eo of 0.17 with an assumed value of [Na]; of 8 then if [Na); had been in reality
50% grealer than assumed o would have had a value of 0.14 and [P]; would have been

overestimated by 3.6%.

1i1.5.5. Standard NMRS rat insertion protocol (Figure Ii1.5.a.}
Subsequent to the rat being adequately anaesthetized, its right hind limb was
placed within the Teflon protected coil of the NMR probe, juxtaposing the gasirocnemius
to the DMMP external standard reference capillary. The position of the leg/foot support
beneath the plane of the probe was simultaneously adjusted to accommodate the length of

the leg and to assure that the final position of the support placed the largest part of the
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caif at the centre of the volume of the coil. This section of the leg is approximately two

thirds of the distance from the heel to the knee,

Before securing the rat to the probe, final checks were made to assure that the
rat body was entirely on the physiological side of the probe, and that the rat was in a

natural position.

After the final adjustments to the leg position were made the rat was secured
using Velcro straps to the probe, the can (aluminum housing) was attached to the probe
base, the probe was placed within the magnet, and the humidified oxygen attached. The
rat remained in this position for approximately one and a half hours while all spectra

were acquired.

11t.5.6. Maintenance of physiological conditions during NMRS
experiments

Every attempt was made to conduct experiments under physiological conditions.
In"this regard the rectal temperature of the rats and the temperature inside the can was
routinely monitored by the use of non-magnetic thermistors. A circulating warm water
bath, made of thin plexiglass and powered by a small pump, was used 1o maintain the rats
body temperature on the rare occasions that the body temperature of the animal was
found 1o drift more than 2° C below physiclogical (39° C). Early experiments
demonstrated that the corneas of the rats placed in the magnet were prone to drying.
This problem was solved by passing medical oxygen through water and subsequently into
the probe. This procedure served two purposes: to prevent the drying of the corneas, and
to maintain a constant atmosphere inside the can which would facilitate the oxygenation

of the tissues of the preparation.
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111.5.7. Nuclear magnelic resonance data processing methods
The summed free induction decay values for all specira were muttiplied by an
exponential factor corresponding to § Hz for protons, 5 Hz for sodium and 10 Hz for
phosphorus before Fourier transformation (Becker, 1979). Integrals were computed
on an Aspect 3000 computer afier a 2 point baseline correction routine and first order

phase correction.

The integration of peaks in the phosphorus spectra of both control and
experimental animals were conducted in a similar fashion. When the free induction

decays of these spectra were acquired, using (90"x -t - acquire)n. the peaks were

integrated after baseline correction by a spline fitting routine (Figure 111.5.7.a). In

cases when the spectra were acquired using the pulse sequence (90°x -t- 180°y -t-

acquire)n then no baseline fitting routine was needed other than the two point

correction routine previously discussed (Figure 111.5.7.b).

In the phosphorus spectra of muscles from GP-fed animals the total integral of
the phosphorylated guanidinopropionic acid and creatine phosphate area (-1 to -4
p.p.m.) was calculated after 10 Hz line broadening. This summed area was apportioned
between its component paris by the relative intensities of the two spacies after 2 Hz line

broadening, allowing a greater resolution of the two line shapss.

Although the spectra acquired using the spin-echo pulse sequence yielded spectra
of metabolites without the superimposed phospholipid spectra this sequence often
affected the height and area of the ATP peaks (see Figure VI1.3.d.). For this reason, only
the spactra acquired using the (90°x -t - aoquire)n pulse sequence were used 1o
determine the area of the beta peak of ATP (17 - 19 p.p.m.). Similarly, only the spin-

echo pulse sequence was used to determine the areas of the peaks of CrP and GPP.
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The integrated areas of the phosphorus specira were normalized to 20 scans for
the purpose of comparison. Markedly different abundances of phosphorus in the hind
limb of the weanling animals compared {c r.andard solutions necessitated the use of an
alternate receiver gain (30 vs 20) in the first week of experimentation. A standard
curve (Figure 1V.6.2.a), plotted using a wide range of receiver gains, was established in
order to normalize the PCM integration areas obtained in jp yivo conditions to those used

lo establish the standard phosphorus concentration curve.

The frequency width used for the integration of the sodium spectra was 4000 Hz

(£ 2000 from resonance) while that for the proton spectra was 8000 Hz (& 4000 from
resonance). Subsequent to the integration of the entire proton spectrum the area was
measured to the upfield base of the peak attributed 1o the protons of fat {Figure
l.5.7.c.). This area (+4000 - -3300 Hz) was used as the area attributable 1o the

protons of water for the determinations of PCM and sodium concentrations.
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Figure ll.5.7.a. 31P jp vive spectra of the hind limb of a control rat obtained using
(A} (90"x -t - acquire)n pulse sequence and (B) using the same (90°x -t -

acquire)n pulse sequence and by superimposing a spline curve (baseline fit) to remove

the contribution of the phospholipid (broad underlying peak). Note the predominance of
the uneven baseline and the concomitant disturbance of the peak heights.
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S T S S S S S S R A
Figure liL.5.7.b. 31P jn vivg specira of the hing limb of a Gp-fed rat obtained using (A)
(9°°x° -r—acquire)n pulse sequence and (B) a (90°x-1-180°y-1--acquire)n puise
sequence. Nots that the peak heights are not disturbed by this process. The * indicates
the peak of CrP, the adjacent peak (@) is that of GPP. No baseline fitting routine was
‘needed other than the two point comection routine.
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]

l1,5.7.c. 1H in vivo spectra of the hind limb of a Gp-fed rat obtained using a
(9°°x' -r—acquire)n pulse sequence. The peak atiributed to the protons of fat is labeled

with an *.
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111.5.8. Resolution of the peaks of creatine phosphate and
guanidinopropionate phosphate

Magnelic field inhomogeneity within the observe coil caused an increase in the
peak widlh of CrP and GPP, resulting in decreased separation of these peaks. For this
reason, a standard curve (Figure !1l.5.8.a.) was constructed to isolate the coniribution

of the minor peak area to that of the major peak or vice versa.

The standard curve was formed using the equation of a Lorentzian line (Pople et

al, 1959) (l1.5.8.i)1 along with the assumptions that a) the average separation of the

peaks (Vg - V) of CrP and GPP frequencies is 58 Hz {n = 12), b} the line width at half

height (AV4 12) of both CrP and GPP is 36 Hz (n =12) and ¢) peak area is directly

proportional to peak height. lyf is the height of the Lorentzian peak at its resonant

frequency.

—2
n AV /2

4 (Vo - V)2
(aAV172)2

g{v)= Ivf = 111.5.8.i

Using this information, a new function, the ratio of the sums of the contribution
{intensity) of the GPP peak to the intensity of the CrP peak at its resonant frequency
(vf1 (eg O Hz)) to the sums of the intensily of the CrP peak to the intensity of the GPP
peak at its resonant frequehcy (vf2 (eg -58 Hz)), was developed (lII.5.8.ii).
Substituting this equation with a series of possible peak intensities (ie relative peak |

areas) results in a standard curve (Figure I1.5.8.a).

1 The Lorentzian line shape of these two peaks was substantiated by separate
investigations (Brady, 1986).
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I{vfy CrP) + I{vfy GPP)
I{vfz GPP} + I{vf2 CrP)"’

Ratio of peak heights = I1.5.8.ii

Using this correction curve, the fraction of the total area of the CrP-GPP peak
attributable solely to CrP or GPP could be interpolated (Figure 1il.5.8.a.), provided the
ratio of peak heights was known. For example, if the ratio of GPP:CrP peak heights was
0.6, the percentage of the total CrP-GPP peak which is attributabie to GPP would be

65% while the percentage attributable to CrP would be 35% (see graph for detalls).
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Figure 11I.5.8.a. Correction curve derived using the equation of a Lorentzian line and the
lineshape characteristics and separation distance of the CrP and GPP peaks. The fraction
of the total peak area of CrP and GPP occupied by GPP (ordinate) is obtained using the
ratio of peak heights (abscissa) taken from the spaectra of interest. The left hand arm of
the curve is used when the minor peak is to the left of the major one. The right hand arm
is used when the minor peak on the spectrum Is 1o the right. For example, if the ratio of
GPP:CrP was 0.6, this would indicate that GPP occupies 65% of the CrP/GPP peak.

Line width is assumed to be 36 Hz. ‘
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111.5.9. Sample calculation of the concentration of CrP from an
in vivo spectrum of rat hind limb.

Figure IV.6.4.a. depicis a typical 31P spectra of a partially CrP-depleted (four
weeks on diet) rat hind limb in yivo. The proton and sodium spectra taken during that
experiment are not shown. Table 11.5.9.a depicts the integrals (areas) of the peaks in
each spectra. Note that the spin echo spectra were used for the determination of CrP and
GPP concentrations while 90°-T-acquire spectra were used to determine the

concentration of ATP.

Rat 1H Area iH Area 23Na Area

w/o lipids
D 121.14 115.96 9.28
Spectra Total Area Ratio of Area B-ATP
Type CrP_+ GPP Peak Heights
Spin Echo 34.55 0.46 n/a
90°-T-aq n/a n/a 6.64

Spectra % of CrP-GPP peak  Area Attributed Area Attributed

Type which_Is__GPP {o CrP to GPP

Spin Echo 72 9.6 24.94

90°-T-aq n/a n/a n/a
mmoles/L tissue tluid millimolas/L Intraceliular tluld

Spectra [CrP] [GPP] [ATP] [CrP] [GPP] [ATP]

Spin Echo 4.95 12.69 n/a 5.81 14.90 n/a

90°-T-aq n/a n/a 3.39 n/a n/a 3.88

Table 111.5.9.a. Summary of NMRS findings for one rat fed the experimental diet for a
four week period. 60 scans were taken in the 31P experiment, 16 for the 23Na and 4
for the 1H.

The final valuss for the concentrations of CrP, GPP, and ATP were derived using
the assumptions and equations previously described. For example, if the spectra of the
molecule under investigation did not have any overlapping peaks, equation II.5.4.1.iii.
was used 1o correct for the number of scans. In the case of depleted animals, it is first
necessary to find the area under consideration that is attributable solely o CrP or GPP.

The total area is divided between the two molecules using graph 111.5.8.a. and the ratio of
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peak heights. In this instance the ralio is 0.46 (determined after simple baseline
correction of the spectra); using the graph to determine the fraction of the total peak
area which is GPP we find that it is 0.72 or 72 percent. A quick check of the spectra
reveals that this would seem to be approximately correct. Multiplication of this factor
against the total area reveals that an area of 8.6 is due to CrP and 24.94 1o GPP {see

above).

To correct for the number of scans taken in this experiment relative to the
standards, equation 1.5.4.1.iiii. is used. This correction allows the comparison of all
similarly acquired spectra by mathematically reducing the integrated area 1o that which
would be obtained if a designated number of scans had been acquired, in this case 20
scans. Using the area attributed to CrP+GPP (Table 111.5.9.a) as an example, the area is
multiplied by 20 (the number of scans arbitrarily chosen as a point of comparison) and
divided by 60 (the number of scans taken), resulling in an area corrected for scan

number of 3.2. As the spectra were acquired using a different receiver gain from the

standards, correction 111.5.4.1.iv. is applied (multiply by 0.31622), giving 1.012.

Using equation I1.5.4.1.vi., the scan and receiver gain corrected area is then
divided by the corrected area associated with muscle water (115.96 after removal of the
area associated with fat), This is then further corrected using calibration curves
IV.6.1.a. to provide a "whole leg” CrP concentration using the standard equation of a line
(Y=mX + b), where the slope of the correction curve is 0.0018 and the Y intercept is
0.000172, The concentration of CrP in this animal is thus 4.85 millimoles per litre

tissue fluid.

To determine the intracellular CrP concentrations, information obtained from
the 23Na NMRS experiments is required. Briefly, the intramuscular concentrations are
multiplied by a factor equivalent to the intra to extracellular ratio. This ratio (as
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determined by the 23Na experiments) increases the intramuscular concentrations by a
factor equivalent to (1—1°°—). The fraction of the total leg which is extracellular

volume (eo) is determined using equation lIl.5.4.2.v. as previously discussed. Resting
state distributions and concentrations of sodium and potassium were taken from current
literature. In a similar fashion to phosphorus, it is the slope and the intercept of the

standard curve (figure IV.6.1.b.) that provides this final correction. The results are

shown in table Il1l.5.9.a.
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IV. RESULTS

IV.1. Rat growth
1V.1.1 Weight

Forty rats were placed on the feeding regime to be used for muscle biochemistry;
while twelve rats were placed on an identical diet for NMRS examination. The effect of
analogue feeding on body weight of the NMRS animals and a subpopulation of the

biochemistry group is shown in Figure 1V.1.1.a and Table iV.1.1.a.

The mean body weight of the rats fed GPA is not significantly different (p>0.05)
from that of the control group at any age during the time course of the experiment (n28
in all cases), as determined by Student's t test (a method of estimating whether the
difference found represents a chance or regular variation). The mean weight of weanling

rats was 59.7 g; the mean weight of the 6 week old animals was 141.4 g.

Body weight (grams)

Weeks Weanling 2 4 &

Control 58.31+1.9 114.017.7 124.54+3.8 144.318.9
(8) (9} (10) (10}

GPAFad 61.113.8 110.317.6 119.1£7.1 138.56+3.2
(8) (9) (10) (10)

Table IV.1.1.a. Comparison of body weight in grams between rats fed ground chow
(control) and rats fed ground chew plus 1% GPA for four weeks. Both groups were
subsequently fed normal chow. Weights were not significantly different at any age
(p<0.05, Student's t test). '(The numbers in brackets denote sample size)
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Figure IV.1.1.a. Growth curves of rats fed ground chow (control; open squares) or chow
containing 1% GPA (experimental; filled squares) for four weeks (shaded area) from
weaning (n28). Subsequently, the experimental animals were fed normal chow for a
two week period in conjunction with the control animals. Standard deviations are
indicated at each point.
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Iv.1.2 Leg cross sectional area
The effect of analogue feeding on calf cross sectional area of six control and six
GPA-fed animals was monitored over the six week dietary regime and is displayed in
Figure IV.1.2.a. Calf areas were derived using calf width (lateral measurement),

diameter (shin to posierior calf), and circumference.

At weaning, the average elliptical cross sectional area of the hind limb of both
groups was 0.49 cm2. Although not exponential, the increase in cross sectional area of
both the control and experimental limbs was rapid over the first four weeks of growth.

The hind limb cross sectional areas of the two test groupsbecame significantly different

at two weeks of age (p<<0.05, Student's one failed t test). At four weeks, the mean cross

2

sectional areas (elliplical) of the control and GPA-fed animals were 0.89 .04 cm® and

2

0.73 +£.08 cm” respectively; at six weeks of age the elliptical areas ware 0.88 + .09

and 0.78 .11 cm2.

The circular cross sectional areas averagad about twice those of the elliptically
estimated areas. Hence, the circular representation of the leg appears to be an invalid

model to apply io characterize leg area. Table IV.1.2.a. shows both both sets of this data.
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Figure IV.1.2.a. Growth curves of elliptically-estimated rat hind limb ¢ross sectional
area measured at calf height. Rats were fed ground chow {(conirol; open squares) or
chow containing 1% GPA (experimental; filled squares) from weaning to 4 weeks of age
(n=6) (shaded area). Subsequently both groups were fed norma! chow. Standard
deviations are indicated at each point . The * indicates a significant cross sectional area
difference at at least the 0.001 level (Student’'s one tail t test).
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Elliptical cross sectional area estimate (cm?)

width depth
(Area= & 5 o )

Weeks 0 1 2 3 4 5 (o]

Control 0.49£.07 0.63%.03 0.78+.08 0.87+.08 0.89+.04 0.96+.06 0.88%.09
GPAFed 0.48+.04 0.60+.06 0.59+.03 0.71+.07 0.73+.08 0.70+.09 0.78+.11

Circular cross sectional area estimate (cm?)

Circumference, o )
2n !
Weeks 0 1 2 3 4 5 6

Control 0.78%+.2 1.48+.13 1.52+.1 16715 1.79+.10 1.93+.13 1.97+.11
GPAFed 0.75%.2 1.12+.08 1.2+.05 1.40+.08 1.64%.08 1.68f.10 1.67+.19

(Area= T (

Table IV.1.2.a. Calf cross sectional area of rats fed ground chow {control} or chow
containing 1% GPA (experimental) from weaning to 4 weeks of age (n=6).
Subsequently both groups recelved normal chow. Areas were determined using the
equations of an ellipse and a circle.
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1V.1.3 Volume as measured by NMRS

Calf growth, in relative terms, was also examined by monitoring the changes in
size of the proton NMR signal. The means of the results from these experiments are
shown in Table IV.1.2 1. The mean proton area of control animals during any week was
not significantly different from the corresponding GPA-fed animal proton area (p>>0.05
Student's one tail t test). This lack of linear increase {or decrease) in proion area of the
hind limb over the 6 week time course of the experiment indicates that proton NMRS

fails to monitor leg growth in an effective manner.

The most simple explanation for this apparent ineffectiveness might be
attributed to the size of the coil relative to the size of the calf under observation. If the
calf is sufficeintly large that upon insertion the thickest area of the leg does not
penetrate the coil centre, then comparing leg velumes using proton signals would not be

possible since the probe would not be sampling the same area for each rat.

Proton area (arbitrary units)

Week  Control Control GPA fed GPA fed
(without lipid) (without lipid)
0 100.0x 20.5 92.6+ 18.3 103.7 7.7 95.0%+ 8.4
1 110.2& 13.0 96.1% 13.0 102.8t 16.2 8911+ 18.4
2 85.2+ 5.4 80.4x 4.5 91.2+ 15.3 86.8t 15.7
3 96.9f 9.9 854+ 9.3 83.3t 21.2 88.1t 21.0
4 90.6+ 12.8 78.1% 16.1 107.9% 13.2 103.4+ 13.7
5 106.3t 18.3 103.6% 19.0 109.1x 11.2 1051 9.9
6 105.1 20.5 98.5+ 20.6 110.3t 15.0 101.6% 9.6

Table IV.1.3.a. Mean proton signal areas as measured by TH NMRS of the hind limb of
rats fed either ground rat chow {control) or ground rat chow supplemented with 1% GPA
for four weeks. Subsequently both groups were fed control diet (n = 6 in all cases).
There are no significant differences in intra group sequential signal area or mean inter-
group signal area.
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Iv.1.4 Fat to water ratio of hind limb

Table IV.1.4.a. illustrates the ratio of the proton peak area attributed solely to
waler 1o that attributable to water plus fal. GPA-fed animals seem to become
increasingly lean with their stay on the diet, while this Is apparently not the case for
contol animals. The mean final water 1o proton ratio {(pooled resuits) for the control
animals is 0.93 while that for the GPA-fed rats is 0.82. The statistically significant
(Student's one tail t test, p<0.05 } tendency towards leaness, exhibited betwaen weeks 1
and weeks 4 and 5 may not be reliable considering the more variable volume

measurements of section IV.1.3.

Ratio ot proton signals

Week Control GPA fed
0 0.93 0.91
1 0.88 0.88
2 0.94 ©0.95
3 0.89 0.94
4 0.86 0.96
5 0.97 0.96
6 0.93 | 0.92

" Table IV.1.4.a. Ratio of proton peak area without lipid component to total proton peak

area with lipid component as determined by NMRS of rats fed according 1o the dietary
regime.

IV.2 Dry to wet weight ratios
| . Table IV.Z.a. contains the mean dﬁ 1o wet weight ratios and standard deviations'
obtained from drying pieces of muscle from the rigm gastrocnemius of normal and GPA-
fed éls to constant weight. The mean of the average of all four test 'periods‘ is 0.2425 &
0.0095 for the control and 0.2415 % 0.007 for the GPA-fed animals. There was no
significant difference louﬁd betﬁeeﬁ the values of any qt the ratios in either group at any

" age (P>>0.05, Student's two tail 1 test).
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Dry to wet weight ratio

Weeks 1] 2 4 o]

Control 0.2336+.0058 0.2511%.0063 0.2454%.0044 0.2402*+.0215
(5) (5) (7) (9)

GPAFed 0.23271.0098 0.24171+.0033 0.2451+.0036 0.24671.0111
(6) (6) (7} (9)

Table IV.2.a. Dry to wet weight ratios of the gastrocnemius muscle of control and GPA-
fed rats after 0, 2, 4, and 6 weeks of GPA treatment. Rats were fed according to the
dietary regime. The numbers in brackets denote sample size. There is no significant
difference between oblained control and experimental ratios or between animals on
similar diets at different ages {Student's two tail t test).

1V.3 Weight loss due to muscle stcrage

Muscle storage at -90 °C for prolonged periods of time did not significantly
change the wet muscle weight of 0.1 - 0.02 g pieces of gastrocnemius (Table 1V.3.a.)
{p>0.05, Student's two tail t test). Repeated weighing and drying of these excised

portions demonsirated a weight loss equivalent to 0.36% +.62 after 3 weeks of storage

(n=12).

Average loss in original weight (percent) after storage
Normalized
griginal weight 1 week 2 weeks 3 weeks
100 0.40 & .047 0.38 £.064 0.36 £.062

Table IV.3.a. Weight loss due to the storage of the muscle samples at -90° C prior to acid
extraction and biochemical analysis {(n=12). There is no significant total loss or gain in
weight during the three weeks of slorage (Student's two tailed t test).
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1V.4 Flame photometric analysis of the sodium and potassium

contents of rat muscle

Results from determinations of the total and infracellular sodium and potassium
concentration from controi and GPA-fed animals are shown in Table IV.4.a. The mean
sodium and potassium concentrations (pooled results) for the control and GPA-fed
groups were 39.5, 137.3 and 42.5, 137.8 millimoles / L tissue fluid respectively.
There was no significant ditference between the mean sodium and potassium
concentrations of control and GPA-fed animals (malched age pairs) at any time during
the 6 week experiment (p>>0.05, Student's unpaired t test). Similarly, the difference
in the sum of the sodium and the potassium concentrations between the control and
experimental group (176.5 millimoles/L tissue fluid (control), 179.8 millimoles/L
tissue fluid (GPA fed)) was not significant as determined by Student's unpaired two tail t

test (p>>0.05).
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Control
Weeks [Sodium] [Potassium] [Sum]
on diet a b i b a b

0 3544 4745
(3)

2 2713 3514
(4)

4 27%5 3616
(3)

6 30+4 4015

(8)

1006 13318

1104 14515

1032 13713

102413 134%17

135£3 178%4

1362 180%2

1304 17315

132+12 174%15

GP-fed

Weeks [Sodium] [Potassium] [Sum]

ondiet a b a b a b

0 3512 4612 10411 138%t14 139110 184114
(3)

2 28+5 a7te 11127 14719 13819 184%+13
(4)

4 3115 4216 102t12 137x16 134%11 177414
(6}

6 34+4 4515 g8+14 128%19 13111 1741189

(8)

Table IV.4.a. Sodium and potassium concentrations of gastrocnemius muscles of rats fed
according 1o the dietary regime at 0, 2, 4, and 6 weeks of age expressed as a)

millimoles/kg wet weight and b) millimoles/L tissue fluid.

denote sample size.

The numbers in brackets

84



Results

1V.5 Biochemical assays and calculation of metabolite concentralions
Biochemica! analysis of the metabolite concentrations of the left gastrocnemius of

control and GPA-fed rats demonstrated the following:

Compared to pooled control (14.3 millimoles /L tissue fluid), free creatine’ was
depleted by 47 percent in two weeks and 60 percent in four weeks by the feeding of the
creatine analogue GPA (Table IV.5.a). Matched age pair differences between the control
and experimental groups creatine concentrations were 40 and 75 percent for waaks 2

and 4 respectively.

Creatine phosphale was depleted by 88 percent of pooled control values in GPA-
fed animals after two weeks and 90 percent atter lour weeks of GPA feeding (see Figure
IV.5.b and Table IV.5.a) (Control concentration equals 23.4 millimoles /L tissue fluid).
Similar comparisons of control and experimental group maiched age pairs yleld

decreases of 88 and 92 percent at weeks 2 and 4 respectively.

Refeeding normal chow 10 the experimental group for two weeks caused an
increase in the concentration of creatine to the level of 6.3 millimoles /L tissue fluid or
45 parcent of control. Maiched age pair ditferences between the control and

experimantal groups creatine concentrations was 33 percent after 2 weeks of refeeding.

Creatine phosphate levels rose to 6.9 millimoles /L tissue fluid (30 percent of

control) with the return of the experimental animals to normal chow (see Figure IV.5.b

i The biochemical assays performed provide estimates of free crealine. Free
creatine should not be confused with total creatine which is generally twn fold larger.
Please refer to section 1.5.
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and Table IV.5.a) for a two week period. Similarly matched age pair differences between

the control and experimental groups creatine phosphate concentration was 30 percent.

ATP levels decreased to 6.2 millimoles /L tissue fluid from the pooled control
concentration of 7.6 millimoles/L tissue fluid after two weeks, and to 4.3 millimoles /L
tissue fluid after four weeks (see Figure {V.5.a and Table IV.5.a). Maiched age pair
differences in ATP concentration between control and experimental groups were 22 at 2

weeks and 50 percent at 4 weeks of GPA feeding.

Following 2 weeks of refeeding regular chow, there was a 60% increase in the

ATP concentration of the previously GPA-fed animals.

The mean protein contents of control and GPA-fed animal muscles did not difter
significantly between the two groups at any week (p>0.05). The mean percent protein
for the control group was 14.03 X 0.11 while that of the GPA-fed group was 13.4 &
0.15. This small disparity was not found to be significant (p>>0.05). (see Table
IV.5.b. and Table IV.5.b).

The difference in protein content between control weanling and any of the
subsequent contro! animals is significant (p<0.001) (Table IV.5.b). Similarly there
appears to be a significant difference between the protein content in 2 week controls and
the 4 week control animals (p<0.05). This is perhaps due to a spuriously low value for
the week zero control value. This is supporied by the lack of any significant difference

between the protein contents of any of the GPA-fed animals {(p>0.05).

Significant differences in the concentration of ATP between control and GPA-fed
animals exist at 2 and 4 weeks (p<0.05, Student's 1 tail unpaired t test). Similar
differences between control and GPA-fed animals are apparent for CrP at 2 and 4 weeks.
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At 6 weeks of age, CrP lsvels remain significantly different from normal, while ATP

levels return to within normal range {p=0.6, Student's 1 tail unpaired t tast) (see

Figure IV.5.b. and Table IV.5.a).
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Figure IV.5.a. Intra-limb ATP concentration of rat hind limb as measured using
bicchemical assays from weaning through to 6 weeks of age. Unshaded bar indicates the
time period during which the experimental animals were fed chow containing 1% GPA by
weight. Open symbols denote control animais while closed symbols denote rats fed a diet
containing 1% GPA.
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P.C.M. concentration {millimoles/ L tissue fluid)

PCM.  Week 0 2 4 6 mean
control 20.7:x1.8 22.0+2.7 26.012.1 23.113.8 23.4
(S) (9} (11) {8)
CrP
GPA fed 2513.4 2.7%1.2 2.1+.8 6.9+1.8
{4) (8) (B) {(8)
control 14,1151 12.2+1.9 15.714.2 18.815.9 14.3
Creatine
GPA fed _ 13.8+4.9 7.5+1.4 4.2+1.7 £§.3+3.7
control 1.0+.3 0.5+.37 0.5%.5 1.1.7
GPP
GPAfed 05+.4 14.9+.4 9.2+1.9 9 3+25
control 7.3x.8 7.9%.7 B.7+.8 8.1%1.2 8.1
ATP
GPA {ed 7.5+1.3 8.2+.6 4.3+.7 8,9+ 7
control 10.514.0 12.1x7.4 11.243.7 10.4+3.5 11.2
Pi
GPA {ed 11.2+4.0 9.41+3.4 9.0+3.6 8.8+1.5

Table Iv.5.a. PCM concentrations of animals fed ground rat chow (control) or ground rat
chow supplemented with 1% GPA as determined using biochemical assays. n for each
group appears in brackets under the first group. GPA-fed animals revert to the control
diet at 4 weeks of age.

Protein content of rat hind limb gasirochemius

Weeks 0 2 4 &

control 10.8+1.2 13.5+.82 15.2+1.1 14.411.3
{S) (9] (11) (8)

GPAfed 13+£2.7 1341.0 14.1%.67 13.51%1.6
{4} [1:3) {8} {B)

Table IV.5.b. Protein contents as a percentage of muscle weight of animals fed ground rat
chow (control) and rats ted ground rat chow supplemented with 1% GPA. n for each
group appears in brackets. GPA-fed animals revert to the control diet at 4 weeks of age.
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1V.6 Nuclear Magnetic Resonance Spectiroscopy
IV.6.1 Standard solutions

Figures IV.6.1.a and IV.6.1.b present the calibration curves and the equations of
their respective lines (obtained by linear regression) for phosphorus and sedium.
These graphs are based on Ackerman's assumplions ang his equation #7 (Thulborn and
Ackerman, 1983; equation 11.5.4.1.ii above), and relate the ratios of the areas of the
peaks of 31P or 23Na and TH to that of the concentration of inorganic phosphate or
sodium in a solution of sodium chloride and KaHPO 4 The equations of the lines are
depicted on the graphs below and in Methods and Materials (section 111.5.4.1). Prepared
using four different sample volumes and concentrations of sodium and phosphorus, the
standard curves are linear and independent of both of these variables. A linear
regression through the data points of both of these graphs yivlds the slopes (0.0018 for
phosphorus, 0.0029 for sodium) and Y intercept (0.0001722 for phosphorus and
0.000124 for sodium).

Test solutions of various volumes, made on separate occasions, with a
concentration of CrP of 25 mM and ATP of 10 mM in a 25 mM solution of NaCl gave

rasulls almost identical 1o the slandards.
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Figure 1V.6.1.a. Phosphorus-containing metabolite calibration curve. Physiologically
representative solutions of known volume (0.648 ml, 0.916 ml, 1.023 ml, 1.250 mi)
and K2PO4 concentrations provide a ratio of phosphorus and proton NMR signals. The
ralio can subsequently be used to obtain measurements of jn vivo PCM concentrations.

0.3
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Figure iV.6.1.b. Sodium calibration curve. Physiologically representative solutions of
known volume, K2FT4 and sodium concentrations provide a ratio of sodium and proton
NMR signals. The ratio can subsequently be used to obtain measurements of jn ¥ivg
sodium concentration.



Results
1V.6.2 Receiver gain
Figure IV.6.2.a. presents the standard curve used to translate the jn yivo PCM
integration areas obtained with a receiver gain (RG) of 20 into areas at the raceiver
gain of 30 (the RG used to obtain the phosphorus standard curve). The equation of the
polvnomial is given below. The data points used to obtain this graph are given in Table
Iv.6.2.a.

0(-0.05 RG)

Peak area = 236.8906 x 1 iV.6.2.i

The graph data was oblained by taking a solution of known volume and
concenlration of NaCl and performing the previously described sodium NMR experiment
{(Methods 111.5.2., 111.5.3) at receiver gains betwesn 10 and 60. The obtained signal

areas were corrected 10 4 scans (Table IV.6.2.a.) and piotted on a logarithmic scale.

Receiver Gain Sodium Peak Area
{Arbitrary Units)

10 74.264
15 41.755
20 23.625
25 14.623
30 7.320
35 4.222
40 2.189
50 0.735
60 0.247

Tabie IV.6.2.a. Data points used in the construclion of the recotver gain calibration
curve (Figure 1V.6.2.a.).
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Figure lV.é.2.a. Bruker ‘M,SL~3‘00 receiver gain calibration curve. (n23 in ali cases)
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1V.6.3. Sodium ¢oncentrations
There was no significant difference {p>0.05, Student's paired two tail 1 test)

between sodium concentrations of control and GPA fed at any age as determined by 23Na
and TH NMRS (Table IV.6.3.2.). Nor were the grouped mean [Na]; values obtained for
control and GPA-fed animals significantly different from each other; 31.6 16.9
millimoles/liter tissue fluid (control) and 30.5£5.8 millimoles/liter tissue fluid {(GPA
fed). These means were significantly different {p>>0.05, Student's unpaired two tail t
test) from the grouped means oblained by the fiame photometry method (Table
IV.6.3.b.).

Sodium Concentration (millimoles/litre tissue fluid)

Weeks 0 1 2 3 4 5 6

control 30.2£7.0 33.5%+7.0 34.3t6.2 31.0%4.1 37.7112.9 29.914.8 25.81.2.3

GPAfed 29.5+1.1 30.4%3.7 33.2+7.2 31.41%4.3 27.112.4  33.016.3 26.714.4

Table IV.6.3.a. Total hind limb sodium concentrations (millimole/L tissue fluid} in

control and GPA-fed rats at 0, 2, 4, and 6 weeks of age as measured by 23Na NMRS.
(n=6 in all cases)

Sodium Concentration ({millimoles/litre tissue fluid)

NMRS flame
photometry
control 31.57t6.9 39.61+5.9
GPAfed 30.48+5.8 42.415.9

Table 1V.6.3.b. Mean total hind limb sodium concentrations (millimole/L tissue fluid)
in control and GPA-fed rats averaged over 0,2,4, and six weeks of age as measured by
23Na NMRS and flame photometry. (ne6 in all cases)
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IV.6.4. Concentrations of phosphorus-containing metabolites
Please refer to figure IV.6.4.a. and 1V.6.4.b. for sample phosphorus spectra of
both control and analogue-fed animals. N.B. that aged matched comparisons between
control and experimental animals produce similar and oftentimes identical results to

comparisons of pooled control and week specific experimental animals.

In Table {V.6.4.a. the concentrations (millimole/L tissue fluid (1.f.)) and
standard deviations of the PCMs at 0 through & weeks are shown for control and GPA-fed

rats. These determinations of metabolite concentrations demonstrate the following:

Relative to pooled control values (17.9 millimole/L t.f. (6 week average)),
creatine phosphate was depleted by 47% in three days, by 75% afier two weeks and by
85% after four weeks of feeding the creatine analogue GPA to the experimental group
(see Figure IV.6.4.b., Figure IV.6.4.c. and Tablg IV.6.4.a.). Similar age matched

comparisons illustrate reductions of about 80% at both 2 and 4 weeks of feeding.

Refeeding normal chow {o the experimental group caused an increase in the

concentration of creatine phosphate to the level of 8.2 +2.2 millimole/ L t.f. (45% of
results of the pooled control) (see Figure IV.6.4.b., Figure IV.6.4.c. and Table IV.6.4.a.).

A similar age matched comparison illustrates an increase 10 50% of control.

ATP levels decreased to 3.8:+.7 millimole/ L t.t. compared to the value of the

pooled controls 5.6 millimole/ L t.f. after two weeks (68% of the pooled contro!) and to
2.6 £0.7 millimole/ L t.f. {46% of the pooled control) after four weeks (see Figure

IV.6.4.d. and Table IV.6.4.a.). Aged matched differences of the same time periods produce
results of 79% and 46%.
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Refeeding normal chow to the experimental group caused an increase in the
concentration of ATP 4.2 * 0.6 millimole/ L t.f. (75 percent of control} (see Figure
IV.6.4.d. and Table 1V.6.4.a.). Aged matched differences of the same time pericds produce

results of 77%.

Correcting these results to intracellular concentrations {using the correction
factor obtained by determining the concentration of sodium per litre of tissue fluid)
increased the concentrations of the PCM by an average of 20% {(control mean CrP= 22.5
mM). The average increase in the standard deviations was approximately 2% ( Figure

IV.6.4.e., Figure IV.6.4.f. and Table IV.6.4.b.).

Differences between the concentrations of CrP and ATP in control and GPA-fed
animals were significant (p<<0.05) at every week on the dietary regime (Student’s one

tail unpaired 1 test).
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Figure IV.6.4.a. |nyivg 31P, TH, and 28Na spectra of (A) control and (B) GPA-fed rat
hind limb after 4 weeks on the dietary regime. Note the predominance of the GPP peak in
the 31P spectra of the Gp-fed animal and its absence in the control spectra.
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PCM Concentration {millimoles/ L tissue fluid)

{CrP] [ATP] [GPP]
Weeks Control GPAfed Control GPAfed GPAfed
0 21.514.7 19.6%£2.0 6.41+.4.0 5.4£6.0 0.010.0
3 days 9.6 . 5.1 7.0
1 17.213.0 8.0+ 2.0 5.6x1.0 4.2+0.8 8.1:2.1
2 21.06.4 4.6%£1.9 4.8%1.0 3.8+0.7 8.512.5
3 17.812.2 4.611.2 57%1.0 3.3+0.7 11.3+2.6
4 12.8+2.6 2.9%1.0 4.4%x1 1 2.0£0.6 10.3£2.3
5 19.3124 4.2+1.4 6.6+1.3 3.5%1.1 10.8+1.8
6 16.213.1 §.24+ 2.4 5.4%0.7 4.21+0.6 9.2+2.8
mean 17.9 5.6

Table IV.6.4.a. PCM concentrations, determined by NMRS, of animals fed ground rat
chow (control) or ground rat chow supplemented with 1% GPA (experimental}. n =6
for each group except the 3 day experiment (n=1} and the 6 week experiment (n=5}.
GPA-fed animals revert 1o the contro! diet at 4 weeks of age.

intraceliular PCM Concentration (millimoles/ L}

[CrP] [ATP] {GPP]
Weeks Control GPAfed Control GPA fed GPA fed
0 25.615.9 23.1%2.3 8.210.9 6.7+t0.8 0.0+0.0
3days 12.0 6.2 8.7
1 21.1£3.2 10.0%£2.3 5.8%+1.4 5.7t1.0 10.1x2.5
2 25.816.3 6.4+2.9 6.7x1.3 5.311.5 11.214.0
3 21.412.9 5.8%1.2 7.5%1.3 4.5%1.0 13.2£2.6
4 22.2%5.0 5.1%1.0 8.1+1.8 3.1%0.8 15.5%2.6
5 22.9%2.8 5.4%+1.7 8.3+1.7 4.5%+1.0 12.612.6
6 18.6%3.3 9.912.8 6.6+0.8 5.510.7 11.013.2
mean 22.5 7.5

Table 1V.6.4.b. PCM concentrations {determined by NMRS) corrected 1o intracellular
concentration, of animals fed ground rat chow (control) or ground rat chow
supplemented with 1% GPA {experimental). n=6 for each group except the 3 day
experimental (n=1) and the 6 week experimental {n=5). GPA-fed animals revert 1o the
control diet at 4 weeks of age.
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Figure IV.6.4.b. |nyivo 31P spectra in the region -3 to -1 ppm of the hind limb of an

analogue-fed rat at weaning through 6 week of feeding the GPA-supplemented dietary
regime. The ratios of CrP to GPP are indicated above each spectrum.
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Figure iV.6.4.c. CrP concentrations, as determined by NMRS (squares) and blochemica!
assay (diamonds), of animals fed ground rat chow (control, open symbols) or ground rat
chow supplemented with 1% GPA (experimental, closed symbo!s). n=6 for each group
excepl the 3 day experimental (n=1) and the 6 week experimental {n=5). GPA is fed 10
the expermental group for four weeks (shaded area) after which the animals rever 1o
the control diet.
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Figure IV.6.4.d. ATP concentrations, as determined by NMRS (squares) and biochemical
assay (diamonds}, of animals fed ground rat chow (control, open symbols) or ground rat
chow supplemented with 1% GPA {experimental, closed symbols). n«6 for each group
except the 3 day experimental (n=1) and the 6 week experimental (n=5). GPA is fed to
the expermental group for four weeks (shaded area) after which the animals revert to
the control diet.
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Figure IV.6.4.e. CtP concentralions, as delermined by NMRS, of animals fed ground rat
chow {control, open symbols) or ground rat chow supplemented with 1% GPA
(experimental, closed symbols). n=6 for each group except the 3 day experimental
{n=1) and the 6 week experimental (n=5). GPA is fed 1o the expermental group for
four weeks (shaded area) after which the animals revert to the control diet.
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Figure IV.6.4.f. ATP concentrations, as determined by NMRS of animals fed ground rat
chow (control, open symbois} or ground rat chow supplemented with 1% GPA
{experimental, closed symbols). n=6 for each group except the 3 day experimental
(n=1) and the 6 week experimental (n=5). GPA is fed to the expermental group for
four weeks (shaded area) afier which the animals revert to the control diet.
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V. DISCUSSION

V.1. NMRS and biochemical analysis
V.1.1. The rates and extents of PCM depletion

The rates and extents of depletion and repletion of CrP and ATP found using the
two techniques of NMRS and biochemical assay were similar, For example, NMRS
indicates an 80% depletion in CrP at the conclusion of the four week feeding regime,

while extraction and analysis indicates a 90% decrease from control values.

The NMRS monitoring of CrP depletion reveals three novel findings.

a) The time course of creatine/creatine phosphate depletion is rapid and
efficient-- after merely three days of GPA feeding, muscle CrP is 50% depleted; a
finding which would not have been observed using chemical assays without the sacrifice
of many subjects. NMRS also highlights that during the early stages the loss of CrP is
not matched by the gain of phosphorylated GPA.

b) The recovery of CrP concentrations to their normal levels upon return 1o the

normal diet is slow. Only 50% recovery is reached after two weeks refeading.

¢) The data conceming the intratissue ATP concentralions are less definite. The
50% depletion recorded by both techniques is not as dramatic as thal of the CrP as it
occurs much more gradually. Our resulls agre2 with those reported by others

(Shoubridge, 1984; Mainwood, 1985).

The difference in the time courses for the depletion of CrP and the accumulation

of GP could stem from GPA having a relatively higher affinity and lower transpont rato
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for the transport protein than for creatine. The slow recovery rate for CrP is probably

related to the slow removal/excretion of GP from the body.

The suggestion that the long term function of CrP is to "stabilize intracellular
levels of ATP and total adenine derivatives by maintaining relatively high levels of the
highly charge triphosphorylated form during surges of energy demand” (Veech,1979),
is supported by the lengthy time requirad to deplete ATP from the muscle. If this is
true, when depleted of CrP muscle concentrations of ADP and AMP would increase. This
would result in a degradation of these PCMs to inosine and other purines. The result
would be a net loss of the adenine nucleotide pool. The rate of this depletion would be
proportional to the energy demands placed on lthe muscle. This Is supported by the work

of Veech (1979) and Meyer (1986).

Still uncertain is the reason why ATP levels increase towards normal values

prior 1o tirose of CrP. Such anomalies require further investigation.

Although the results obtained by chemical analyses and NMRS expariments
mirror those found by other authors, differences between our findings and those of
others are apparent in the absolute concenirations of GPP obtained by both biochemical

and NMRS techniques and the NMRS determination of CrP.

The protein concentrations of both the control and the GPA-fed animals are

similar indicating that the growth of the GPA-fed animals is not impaired.
Our enzymatic analyses of the experimental group indicates that the total
phosphorus-containing metabolite pool shows a 35% loss at the end of the GPA feeding

regime. The resulls of our chemical analyses differ markedly from those of Meyer
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(1986) who demonstrated & thirteen percent increase in the total PCM pool in his GPA-

fed animals using similar techniques.

Similar determinations using NMRS would be tenuous as the noise surrounding
the inorganic phosphate peak of our spectra is greal and the peak is often indiscernible.
However, assuming that the contribution due to Pi is similar in both the control and
experimental groups, as supported by our results and those of Shoubridge (1984), then
our NMRS results indicate that the total phosphate pool decreases approximately 15
percent. This result is similar to Meyers who found a 10% percent decrease in the PCM

pool using NMRS.

ADP is not direclly quantifiable from NMRS spectra as the peaks of gamma and
beta ATP are very similar in size. This may be expiained to some degree by the binding
effects of ADP with proteins or mitochondrial membranes, rendering it partially
invisible to NMR {Gadian, 1982; Helzberg, 1987). For example the ADP bound to actin
in myofilaments would be immobile and consequenlly undetectable by NMR (Heizberg,

1887).

For the above reason, free ADP (unbound) concentration Is determined using the
equation describing the equilibrium constant creatine kinase reaction. Our calculated
free ADP level is 31 and 51 umoles/L. tissue fluid for control and analogue-fed animals
respectively (4 weeks on dief), assuming a creatine kinase equilibrium constant of 166
(Lawson et al, 1979). As highlighted by Meyer, these resulls are consistent with the
model which attributes the diffusion of high energy phosphates between mitochondria and
sites of ATP hydrolysis in normal muscle, 1o be due to creatine phosphate and creatine
rather than ATP and ADP. Similarly AMP concentration couid be derived from the

myokinase equilibrium equation.
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V.1.2. Compariscn of the results of NMRS and bicchermical
analysis

As the text and tables of section IV.5. and IV.6. indicate, both biochemical assays
and the Ackerman method of quantitative NMR spectroscopy provide insightful views into
the metabolite changes which occur in muscle during creatine depletion. These methods
have not previously been juxtaposed in dynamic, quantitative comparison. Cursory
comparisons of the two techniques using the summary Table \/.1.2.a. geems to indicate

that they are not capable of producing similar results.

The major portion of these discrepancies can be very simply accounted for if
one considers that there is very littie ATP present in the skin, connective tissue, tendon
and blood. Similarly there are negligible amounts of CrP in these tissues and fluids. For
this reason NMR should and does give lower values than the biochemical muscle assay
results. Averaging the differences between the two metaboliles in the above table
illustrates that NMRS determinations of ATP and CrP arrive at concentrations 33 and
20% lower than those obtained using conventirnal chemical methods. Recent
experiments conducted by G.W. Mainwood have demonstrated that 20% of total leg water
of the mature rat is associated with the skin, bone and blood.  This evidence alone could

nearly eliminata the differences in resulls seen between these two techniques.

Any remaining discrepancy between the two techniques may in part be
attributable 1o the following reasons: tissue inhomogeneity, NMR visibility, extraction

losses and inaccurate peak integration.
Tissue inhomogenelty. The rat hind limb is composed of a variety of tissue and
muscle types. NMRS examination of the hind limb is not selective and locks at all tissues

_including skin and bone as well as underlying slow twitch muscles. Biochemical assays

108



Discussion
are more tissue specific, however they are of limited size and can only be considered an

approximate representation of the hind fimb as a whole.

Extraction losses. NMRS avoids the complications and concomitant losses of
creatine phosphate associaled with muscle exposure, freezing and exiraction during the
course of the biochemical assays. Corrections applied to the biochemical techniques can

only approximate these losses.

NMR visibility. The Ackerman method of quantitation assumes that the visibility
of the protons of water and the phosphorus of the PCM is identical with their visibility
in solution. Although this is a good approximation, this assumption is not entirely

correct (Gadian, 1982).

Inaccurale peak integration. Fluctuations in a spectrum baseline or a poor signal
1o noise ratio may contribute to an inaccurate measuremants of peak area. More
accurate integrations are obtained by increasing the numbar of scans taken of of the
sample, however this also increases the length of the expariment, and is not always

possible.

The increasing discrepancy between NMRS and biochemical methods in the tounh
and sixth week strongly suggests that leg size and body size may also be influencing the
results as this is the period when both leg and body size are almosi twice their starting
values. Such evidence suggests that further investigation of the metabolic activitios in

rat hind limb should be'performed on a more refined probe.

As previously mentioned, one of the major shoricomings of tha NMRS technique ie
its low sensitivity. In this regard. as the beta peak of ATP maf be partially disloned by

its superimposition on the underlying phospholipid peak of subcutanoous fat and by He
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susceptibility to peak aberrations by noise, the accuracy of its integrated value may
suffer. This effect is compounded as its concentration decreases towards the fourth week

of NMRS experimentation,

mmoles/ | tissue fluid
NMRS Estimates Conventional assay
Week PCM n mean s.D. n mean S.D. % difference
between techniques

0 ATP 6 6.4 4.0 5 7.3 0.8 -12.3

CrP 21.5 47 207 1.8 +3.9
2 ATP [ 4.8 1.0 9 7.9 0.7 -39.2

crP 21.0 6, 22.0 2.7 -4.6
4 ATP 6 4.4 11 17 8.7 0.8 -49.4

Crp i2.8 2.5 26.0 2.1 -50.8
6 ATP 5 5.4 0.7 8 8.1 1.2 -33.3

CrP 16.2 3.1 23.1 3.8 -29.9

Table V.1.2.a. Mean control values of ATP and CrP over a 6 week observation pariod
comparing serial determinations made using NMR with cohort determinations made by
biochemical techniques.
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V.1.3. Comparison of the capabliitios of NMRS and
biochemical analysis

Despite the apparent similarities in the resulls provided by theso two tochniques
they have markedly ditferent capabilities. The relative capabilities ol those two
techniques are examined below in order to highlight our findings and the strengths and
weaknesses of these quanliiélive methods. The points of comparison Include; accurncy,
substance under investigation, time necessary for an accurale determination, and tha

number of animals required to perform an accurate sampling.

Both techniques are capabie ol measuring substrate concentrations in milimolos
per liter cellular fluid: however, neithaer yiold intormation dirocily in this lorm,
Biochemical assays yield millimoles per kilogram wet tissue weight and NMRS
millimoles per liter tissue fluid (Ackerman method). Comparison of the accutacy of
these techniques requiras a common denominator of comparison and a standard by which

to compare the resulls.

On fluid samplas, both techniques, as gocumaniod by othors {(Dawson, 1982,
Billadello, 1984) ware lound to provide similar i not idonlical resulls (Soction {V §)
It should be noted however that NMRS analysis of rat hind imb |p yiyg cannot truly be
considared a purely fluid sampie. This is highlighted in the tesulls (soction IV 8) whoro
the Q of the probe is contrasted for various sampios and dscuised in the provious sachon
of the discussion. No method of *phaniom® sample subsiitution permitiod us 10 OO
the prasence of “rat” In an jg yiyg oxpermaent. In contrast 10 thin both Wikde (1587)
and Dawson (1982} have stated thal ghin, bioo, and bone maky no Oriactatio

contributicn 1o their 3P gpecira.

Accuraie assessmen of malabolie conoonttalon it thoe poal of both of the
techniquos under @ramingion BocChomical miiayt afo Quite spoatdv. ad 1oQuitt vary
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little sample. Inherent in their nature, biochemical assays can normally be adapted to
or developed for the quantitation of most metabolites. This adaptability hinges on the
lability of the substance being quantitated; if it can be captured, it can be assayed, hence

the necessity for quick frozen samples when working with tissue samples.

NMRS is pucleus rather than metabolite specific. If the metabolite under
question does not contain a nucleus with a magnetic moment, or if the nucleus is not
present in millimolar concentrations the technique is not suitable. In sharp contrast to
biochemical determinations, NMRS requires a large homogeneous sample if results are
1o be relevant although tissue samples need not be altered in any way prior 1o

observation/analysis.

Both techniques require repefition of measurements if their findings are to be
considered significant. For example, 1o provide a completely reliable estimate of a given
phosphate in a tissue sample, one might perform five sampliné;s on five distinct animals.
NMRS aliows mulliple readings without perturbating the sample. Mistakes rasulting in
animal fatality are rare. Biochemical assays destroy sample which can limit the number
of times a sampling can be repeated. In addition, biochemical sampling is complicated by
techniques which can in turn require a great deal of time to perfect. Five samplings of
five animals using NMRS would require approximately 40 hours of NMR time. A similar

experiment using biochemical techniques would require slightly less than ten hours.

NMRS becomes time efficient when more than one metabolite can be sampled
during an experiment, as in the case of 31P NMR. For example if three metabolites are
examined simultaneously, the time saved is 66%. This economy is further accentuated if
the nature of the study is to be longitudinal or if estimations are required at different

times. One biochemical assay will destroy the sample, ils source and any longitudinality.
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Repeating measurements without influencing the culcome of subsequen! readings
is an advantage afforded to NMRS that cannol be over-emphasized. i permits subject
animals to serve as their own control, eliminating the need for indicator tracers or
specifically designed standards. As a resull of this, the axperimenter Is able to ascertain
how "non-perturbing® the procedure is by comparing starting and end point dala. This
feature is especially important in jp yivo experiments as it permits the comparison of
resulls obtained from the resting and aclive muscie/organ stataes in one subject.

Quantitative NMRS techniques in turn enhance these results.

V.1.4, Technical considerations
In the Materials and Methods Section (Table 11.5.2.8) a numbar of the tachnical
aspects ot the NMRS experiments are outlined. Their importance to the final outcome of

the experiments should be briefly considered.

Cur decision to use a probe which could be tuned 10 three frequencies provided
more information and permitied a grealer degree of flaxibility compared to singly tuned
coil. This includes tuning and maiching samples of various sizes and conductivitios. A
multiple-tuned coll may have provided a belter means of obtaining the same information

(Ackerman, 1980; Blicharski, 1981; Styles, 1985)

Presaturation pulses ware no: applied before any NMRS exporimonia. Somg
authors (Meyer,1986) believe that these help 1o equalize the contribution of each FID
the final spectrum. This consideration is of little conoorn if spocira bre aOQuited with

recycle delays greater than 3Ty (Gadian, 1882). as in our exporiments.

Pre-amplifier and probe tuning checks were periormed priot 10 each
experiment for each nucieus. Those woro 855Umed 10 be CONSIAN! Over the Courss of the
experment. If this assumption is nol valid, some variabilty ang nupnhsitivity n the
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results would arise. Performing experiments on standard solutions before and after the

experiment would provide a check of inter-experiment reproducibility.

The changes in filling factor which are the result of different sized rats also
influence probe Q and in turn, probe sensitivity. Only coil design can alleviate this
problem (Bendall, 1986). A small surface coil might seem a suitable recourse,
however this solution would certainly lower the signal to noise ratio and produce other

problems associated with coil shape (Section 1.3).

All the phosphorus spectra recorded include a standard peak of
dimethylmethylphosphonate. Originally this internal standard was also to serve as a
calibration signal for the 31P experiment. The inter-experiment variability in the
peak height and area expressed by this capillary forced the authors 1o abandon its use as

anything other than a chemical shift referencs.

Internal capillaries must be hermetically sealed, securely fastened, removable,
verifiable, and positioned as close to the center of coll as possible. If all of these
conditions are met then perhaps standards of this sort might be used as calibration
signals. However, fluctuations in sample size and position radically influance shimming
which will in turn infiuence the amount of signal obtained trom the standard. This will
markedly influence the usefulness of these capillaries as standards for any quantitative

work.

Follow up experiments, similar to these, should be performed to evaluate the
utility of surface coils of different dimensions in this type of work. Tailored pulse
sequences should also be established in order to determine the contents of CrP, GPP, Pi

and ATP with only one serigs of experiments.
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The next phase of our experimentation should address the problem of quantilation
of PCM after and/or during a muscle contraction. Such experimenis will facililate a
more detailed understanding of the energy sources and costs involved in eliciting muscle

contraction.

In this regard both chemical and NMRS daterminations should be attempled.
Technically both experiments would be difficult. The NMR work will require
electrically isolating the muscle stimulation and tension transduction apparatus. Our
muscle whole-calf-tension transducer (Appendix V1.5) has been dasigned for these
investigations. The chemical approach will be limited by the speed at which the muscle

tissue can be frozen and, as previously discussed, by the lack of suilable controls.

Caution should be exerted in chemica! determinations of PCM In contracling
muscle. Sabina's (1983} findings indicate thal during letanicaily-stimulated conditions
normalization of PCM concentralions by wet weight yielded 25% lower results than the
other methods. This variation is thought 1o be due 10 increased blood and water content of
the muscle following exercise. Under resting conditions, coellicients of varialion were
similar when the metabolile data were normalized by any of: wat weight, tota! protein or

total creatine values.

V.1.5. Comparison of the currenlly used methods of
quaniitating NMRS specira

Ottentimes experimenters provide too little information on their dala processing
technigues to allow adequate assessment of their mathodology. This is espocially common
whan Sine-Bell or Gaussian lineshape enhancemaent is used withoul provision ol specific
and important details. The drastic efects on signal size and Enoshape regylt in very
impressive specira but leave no point against which other invesligalors can compate
their resulls. When quantitative data are being given this point neods sfention
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For this reason we attempted only to quantitate PCM which were well separated
from other peaks and used no processing apart from line broadening on the data. Wray
and Tofts (1986) used a similar approach. The measurement of the areas of the peaks of

CrP and GPP necessitate the removal of the broad underlying peak of phospholipid.

Removal of broad peaks and separation of overlapping peaks are both problems in
NMR studies.' These two effects can be dramatically reduced by using FID processing.
Examples of this type of processing include Gaussian and Lorentzian lineshape
modification as used in recent investigations into the relaxation times of cancer cell
proteins. Similar methods are described by Komoroski (1974). Such processing can
affect some peak areas more than others since the effect is line shape dependent. For this
reason a simple pulse sequence was used to eliminate the contribution of the fast

relaxing phospholipids.

One intrinsic limitation to the accuracy of the Ackerman method is that the value
of the concentration of NMR visible water protons must be known (Wray and Tofts,
1986). If any tissue water is bound it will not be seen in the 1H water peak. We found a
good agreement between our calculated TH concentration and values obtained from the

literature. This suggests that the protons we observed are indeed from unbound water.

Future experiments will investigate the potential of combining NMR
spectroscopy and magnetic resonance imaging to provide a more quantitative alternative
to the Ackerman method of quantitating protons. This method will measure the true in

yivo value and may be used for non-excisable tissues.

The technique adapted by Barany (1982) and Billadello (1984) uses the
- hydroxy! resonance at 69 ppm, uncontaminated by other muscle carbon resonances and
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can be used to directly measure the lactic acid content of muscle. At the pH of muscle.
this resonance appears ~1 ppm downfield from that of lactate (pH 3.8) placed in a
capillary and inserted into the muscle sample. From the known quantity of lactate in the
capillary and from the ratio of the lactate standard signai to that of the muscle lactate
signal (assuming all lactate can be seen), the lactate content of the muscle can be
calculated. This technique has the advantage of permitiing quantitation directly within

one spectrum.

A similar technique was attempted for our experiments. Experimentation using a
great number of phosphorus-containing standards demonsiraled that a caplilary could
not be suitably placed to assure its complete and/or regular inclusion within the spacira
of the hind limb. Possible explanalions include attenuation of the signal from the
capillary by the sample surrounding it, or heavily weighted shimming which would
make the capillary transparent 1o the NMR signal or diminish its relative intensity. If a

suitable standard were found it would be betler suited 1o [n ylyQ quantitation it it wero

present in both the proton specira and phosphorus speclra.

As previously discussed, the most commonly used quantitation technique oquates a
peak area within the spectra to the concentration of an indopendently maasured froaly
mobile metabolite. Concentrations of the other metabolites are calculated as a mole
fraction of the 1otal pool of the NMR.sanslive matabolites. This method may have some
useluiness in experiments whata a measuremaent of the concentration of B-ATP is oasily
obtained and when il can be assured that It is not changing. However, in humans in

disease states, or dynamic mus<le conlraction situations, this is nol the case.

A drawback common o all NMRS gquantitation tochniques sioms trom spocital
integration. The integration of peaks with a low signa! 1o noize ratio (st concent’aled
metabolites) resulls in comparatively loss reliable resultt  Fot this reason, although
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the peaks of ATP were less manipulated by NMR techniques prior to integration, their
inherent variability may be higher. This trade-off may not be influencing our results
as the variability in CrP results was indeed higher than that found for ATP (Results

1V.6).

V.2. Animal Growth
V.2.1. Weight and Cross Sectional Area

Ad Jibitum GPA feeding has been shown 1o influence a number of physiological
properties in rats and mice. Among those cited are decreased food intake and weight gain
(Shields and Whitehair, 1973), decreased type |l fibre size of gastrocnemius muscles

(Shields et al, 1975}, and decreased muscle size (Fitch et al, 1978).

It is clear from the resulls presented in Table 1V.1.2.a that leg cross sectional
area in GPA-fed animals was found to be significanily lower than control at four and six
weeks of feeding from that of control animals (Table IV.1.2.a). The 6% difference, at
age four and six weeks, in the mean body weight of the experimental group compared to

the control group was found not to be significantly different (Table 1V.1.1.a).

The difference in leg cross sectional area between control and analogue-fed
animals indicates that GPA feeding may be interfering with muscle growth in some
manner. The similar mean body weights between these two groups supports this
hypothesis. These experiments do not provide us with information concerning the

mechanism of inhibition of muscle growth.

Moadifications to the present protoco!l which could be implemented 1o remove any
remaining variability between control and experimental groups include: (a) feeding less

chow to each group for the first three days of the experiment as GPA-fed animals eat less
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than the controls at this time. This modification in feeding regime might serve to
eliminate any possible disparily in mean body weights evidenced later in the exparimenl.
(b) leg cross seclional area could possibly be measured by measuring the area in
amputated hind limbs (Armsirong, 1984). This procedure would provide an accurale

determination of the musclie area and the ratio of muscle to bone in thase animals.

More accurate and quantitative measurements of muscle volume could be made
using invasive techniques. In order to determine the means by which GPA teeding is
exerling its negative effect on muscle growth, more experimants must be performed.
Experiments with cullured muscle cells might help 1o provide information in this
regard; elucidatling substrale requirements for growth in muscle cells and delermine

whether the lack of crealine or the preponderance of GPA is hindering muscle growth,

v.2.2. NMRS Measuremenis of Volume

No ditferences between the leg volumes of the control and experimental groups,
measured by YH NMRS were found at any age. The unexpected tailure of TH NMR 1o
monilor limb growth was perhaps afiributable to the NMR hardware used in thoso
experiments rather than 1o a failure of the technique itlsolf. For examplo, it the calt
muscle filis the coil's sensitive volume the proton area would nol increase. This could be
a resull of shimming or occur as a corollary of the shape of the solenoid coil. Tests in
which the volume of sample is calibraled by changing the size of the flukd/waler
containing cylinder as opposed 1o changing the volume by maans of increasing or
decreasing the size of the cylindrical Teflon insen could provide some insight inlo this

hypothesis.

The disparity betwaen the NMRS resulis and those oblained by more standard

methods is clearly not a result of the proposod diferencet in water phase postulated by
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Hazlewood and Pocsik! as spectra were obtained at five second intervals {ample time to

permit full relaxation of the proton magnetic moment),

it is important to note that the 90° pulse width did not change over the course of
the experiment, nor was it significantly differant from one rat or one week 1o the next.
All rats were placed in the probe in an identical manner; the axis of their body ran
parallel 1o that of the probe, while the axis of their calf was held in a fixed position,

perpendicular to the axis of the probe.

v.2.3. NMRS Measurements of Fat Content

As mentioned in Section lll, the proton NMR spectral area attributable to
subcutaneous fat was subtracted from the total proton NMR spectral area of the rat hind
limb. Our resulis indicated that the average fat content of normal rat hind limb {8.6%)
is on average 1.7% higher than that of the GPA-fed animals. These findings were

statistically significant only after 4 weeks of feeding.

The research of Yoshikawa and Ohsaka on Wistar rats {150 g, approximately 9
weeks of age) has shown that the major component of the lipid peak is triglyceride. This
peak represented 28 percent of the observable proton signal of skin, which is perhaps

higher than expected given that their animals were fed rat chow ad libitum.

Similarities in measured fat content, or use, between the experimental groups

also indicates that GPA may exer its effects primarily on muscle tissue. In Shields

1 Hazlewood {1974) postulales two types of water free and bound. Bound water (4-5% of
total) responds to relaxational sinks, it interacts strongly with protein {macromolecules} and
has shont relaxation times. The major phase, oriented multi-layer, has a longer relaxation
time. This could be due to (a) paramagnetic impurities and or to diffusion of protons across
local magnetic field gradients. or b) the water is free and in fast exchange with with a small
fraction. The absorption line of the major fraction is10 times as broad as the line width of
pure water. This suggests that water molecules are at least partly bound.
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(1975), GPA-fed animals show a decreased food intake and body weighl. This lends
support o the hypothesis that these animals are being forced to meet some of their
nutritional needs (it indeed they are the sgma as those of normal animals) by other
means (ie. fat stores}, later in the feeding regime. This, coupled with the accuracy of
the technique and the changing nutritional requirements and ongoing maturation
processes of these young animals may be masking any true significant difference in limb

fat utitization.

The NMRS method for estimating the water content of muscle is, at best, accurate
1o within 10 %. More accurate delerminations are possible if specilic chemical assays
are performed on the control and experimental animal tissues. Alternatively, estimales
of water content made from NMR jmages of the tissue volume In conjunclion with
simultaneously obtained spectra from other nuclei would provide more accurate tissue
and intracellular concentrations of these nuclei, as they would not be complicated by the
proton signals of fat or influenced by possible edema. Experiments of this nature,
although more complicated and more costly, have been performed by Hayes et al (1882).
Similarly, more accurate eslimations ot fal conlent / true waler content may be possible
it more scans are taken during the proton experimants or il specific pulse sequencos are
designed to eliminate the contribution of the protons of fal from the spectra. This Is not

necessary for the purpose of these experiments.

V.3. Muscle Sodium and Potassium Determination

Our results indicate that although there is noc significant difference In the sodium
concentrations of the two experimental groups, there is a significant ditference botwegen
the sodium concentrations obtained by NMRS and those obtained by fiame photomatry
(Table 1V.6.3.b). The flame photomelric results yield concentralions which arg 20 and

28% higher than NMRS for control and GPA-led animais respoctivaly.
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This disparity may be due fo the state of sodium ions in their cellular
environment which is thought to be significantly different from their state in free
solution (Ling,1862; Civan,1983). Although our resuits differ quantitatively from
those of Chang and Woessner (1977) and Cope (1970) who conclude that approximately
65% of tissue sodium is invisible to NMRS, all of these experiments support the
hypotheses of Ling and Civan. Cope explains that the sodium hidden from NMRS is in part
a result of quadrupolar effects and in part because a significant proportion is bound to

proteins.

Our NMRS results (approximately 30 mmolesflitre tissue fluid) are twice the
value Cope obtained. They correspond well to the concentrations obtained by Cope after
ashing. Performing flame photometric and NMRS analysis of ashed muscle samples

would help to determine whether the comparatively high jn yivo sodium concentration

which we obtained by NMRS was spurious.

if sodium NMR is to be used as a method of determining intracellular metabolite
concentrations then the standard deviation must be significantly decreased below the
current value of 20%. Improvements should include a more easily tuned and matched
probe, facilitating spectral aquisition. In addition, more accurate estimations of the
ratio of intracellular and extracellular volume w';:uld also improve our resuits.
Experiments which influence ion balance would be useful to determine the sensitivity of

the technique.
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V.4. Anaesthesia

Another series of very important observations were made concerning the use of
different forms of anaesthetic. Two types of anaesthelic were used; Somnotol (sodium
pentobarbital) and a combination of ketamine and xylazine. Although many advocale the
administration of Somnotol in a dilute form, an injection of the concentrate produces
more rapid anaesthesia. Unforiunately, overdosing animals with Somnolol is very easy.
however accurate dosing produces anaesthesia for upward of one and one half hours.
Tolerance appears to develop in animals given repeated doses of this drug (data not
shown). It should be noted that Somnoto! is extremely susceplible 1o contamination.
This was evidenced by the rapid appearance of bacterial growth in the vial, and constant
decline in potency of the anaesthetic. This occurred daspite constant refrigeration and

attempts to keep light from entering the vial when not in use.

The ketamina-xylazine combination was very effective at producing rapid
anaesthesia. Animals given an intra-peritoneal injection ot these drugs, using the
method of Green et al. (1981), remained unconscious for approximalely ona hour,
Overdose is possible but a rare occurrence. These animals always regained
oonsciousness. Repeated administration did not seem to produce tolerance in our animal
subjects. Concern of muscle rigidity and/or increased muscia tension with this
combination does not seem 1o be valid. It our NMRS experiments could have beon
completed in three quariers, of the time use of the Ketamine-Xylazine combination is

recommeanded.

Somnotol was used in all of our exparimants. All contaminalion probloms worg
overcome by cold storing the anaesthetic in the dark and discarding opened bottios aftet

they had been used tor three weeks.
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V.5. Concluding Remarks

All of the investigations indicate that, if used wisely, NMRS can be an invaluable
tool for the investigation of muscle metabolism in vivo. Our results lead us 1o conclude
that the Ackerman method of quantitation by NMRS is an accurate and reliable method for
measuring the concentrations of phosphorus-containing metabolites of muscle [n yivo.
In addition this technique has marked advantages over chemical determinations and the
Ratio method (Table V.5.a.) that make it the only technique suitable for jn vivo

experimentation, longitudinal studies, or repeated measurements on muscle tissue.

h ntitation

Problem or concern Biochemical Metabolite Ackerman
Ratios

Invasive to animal YES NO NO
Deleterious to animal YES NO NO
Based on a potentially NO YES NO
fluctuating internal
standard
Valid for all coil shapes NO NO YES
Accurate in systems where NO NO YES
metabolites are short lived
or changing {muscle
contraction)
Useful for the quantitation YES/ NO NO YES
of many and different
metabolites simultaneously
Able to provide YES NO YES
intracellular
concentrations

Table V.5.a. Comparison of the suitability of the metabolite quantitation techniques of
Biochemical Analysis, the NMRS Metabolite Ratio Method and the Ackerman Method.

124



VI. APPENDICES

VI.1. Sodium 23NMA Speciroscopy

A nucleus with nuclear spin | greater than 1/2 has asymmatric (hon Ephetical,
elliptical) charge distribution of the electrical chargas. This proparty gives thoso
nuclei (eg 23Na spin 32, 39K spin /2. 2H spin 1.'5N spin 1. 170 spin 572) a
quadrupole moment in addition to 8 nucloar magnetic moment (Foster, 1983}
Molecular motion of thasa nuclei can cause field fluctuations, honce enhancod rolaxation
rates. The units depicting the magnitude of the moment are in chame imes Aatca
however, they are usually related only by area whore one unil is 1024 cm? Thia s

equivalent 10 1 barn (Fukushima, 1981).

I a quadrupole nucleus is in close proximily 10 a positive charge ot an alecttic
field gradient that nucleus will position itsell according 10 eloctroslalic forcas in tho
orientation of highesl stability. This orientation will sarva 10 augmaont the intaraction
between the magnetic dipole moment and the magnetc fickd which is prodicaling the
Larmor precession. This incraased inleraclion incraasos tho rale of precassion of the
nuclear moment, decreases the pulse length requited for @ 90" putsa, and ofen inczeases
line widih (Fostar, 1983). As the iotal numbor of enatly lavels gows as 21 « 1,
quadrupolar nuclei have more than two allowod enargy levels This provides those nudie
with a rapid means of relaxalion. Those onorgy levels aro not ovenly spatod and ehorgy

lavel transitions may occut betwecn any and all lovels (Boeall, 1984)
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Vi.2. Components of an NMR spectrometer
Vi.2.1. The magnet

Magnetic field homogeneity and consistency is extremely important in pulse NMR
spectroscopy. Small variations in field strength will produce a range of values of V at
which a particular resonance occurs, and hence yield broad lines, which can obliviate
fine spectrum structure. The homogeneity is assured by providing a relatively large gap
between the pole faces of the magnet. The size of the heterogeneous region can be
reduced, and the entire field corrected for much of its inhomogeneity by the use of
current shims attached to the pole faces of the magnet or onto the probe (Fukushima,

1981).

For biological samples sensitivity is increased by using magnets of very high
field strength. To obtain these high fields it Is necessary to use a superconducting
magnet which is in many ways similar to a standard permanent magnet. Such a device
consists of a coil, usually composed of niobium-titanium wire, placed in an insulated
flask of liquid helium. At this temperature NbTi has no resistance and a current , once

set up, continues to flow indefinitely (Fukushima, 1981).

vi.2.2. The probe: coll and circultry design

The NMR probe has three basic components the housing, the circultry and the
coil. All three components should be made of non-ferrous materials. Plastics and
plexiglass and low grade solder should be avoided in probe construction. Protoboard
{printed circuit (pc) board) and Teflon (except in experiments with 19F) are both
very good building materials. The housing (can) is most often made of a rigid aluminum

cylinder (Fukushima, 1981).
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The tank (iune and match} circuit in conjunction with the coil should luhe easity
lo the desired frequencies and maich the impedance of the rost of the spectrometer
circuitry. This normally requires a8 variable capacitor for each of these funclions in
addition to a lank capacitor which brings the circuit within close range of Ihe dosred
luning frequency. Capacilors must be capable of handing a large wattage without powet
loss or "arcing®. In addition the tank circuit should ba physically and elocirically
isolated from the portions of the probe which contain the sampio and, in the case of |n
YivQ experiments, the equipment used for physiological maintenance. Whon constructing
this tank circuit it is extremely important that all of the connections lrom tha coil 1o the
circuit capacitors be as shorl and as clean as possiblae (Fukushima, 1981, Brady,

1986).

Due to the inherent low sensitivity of the NMR axpariment optimization of proba
hardware is exiremely importan!. In experiments wilth biological samplas thate can be
significant power loss al the time of rf pulse application, through ‘addy cutrents®
established within the ¢ lield (Fukushima, 1981). This loss is due 10 tha conduciive
nature o! biological fluids termed “lossiness” rosulls in docressed probe sonsHivity
{(Hoult, 1979; Gadian, 1979; Gadian, 1982). Ono can compensalg for the dogtadation
ol sensitivity by reducing dielectric losses, induced by | ylyQ tissues on singio tunod
probe circuits and by using Faraday shigids 10 furthot isoiale the apecimen tom the ool

and tank circuitry (Fukushima, 1981; Kellor, 1985)

The signal 10 noise ratio oblained during an NIMR ¢ipariment is larpety
deleminedbymmwiuooﬂ Faciors 10 consider whoen dasigning 8 ool to
optimize this ratio include the coiis filing lactor (how much of the area In the aod
being sampled). tha nuciear magnetlizaton. the Cuality tacsr of thoe ood. the Larmrww

angular frequency and the e 6! ™o tenutive volume of the ol (Feytheny 1381
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The Quality or Q factor is one of the most important parameters to optimize when
designing a coil and a probe. Q is directly related to inductance and frequency and

inversely related to resistance:

2pV0 L
= R .

vi.2.2..

Maximizing Q serves to increase the sensitivity of the coil and maximize the
effect of the application of the rf pulse. High Q's are normally obtained by increasing
coil inductance and decreasing power loss however, the inductance is only obtained at the
expense of resistance. Normally not a problem in jn vivo experiments, excessively
large Q's bring about long ring down times which are counterproductive to effective

experimentation and should be kept below 10 ms (Fukushima, 1981; Shaka, 1985).

Coil conduction media is a large determinant of coil Q. It is often advantageous to
use flat {sheet) stock (metal} rather than cylindrical (wire) stock to make the coil.
The material should be highly conductive, frae of corrosion, and pliable. We have found
that the coil should be smooth and free of kinks, this minimizes the possibility any
arcing and subsequent power loss at kink points on the surface of the coil {Brady,

1986).

When considering a coil design for in yivo expsrimentation the main
consideration is accessibility of the coil to the area of study, however attention must be
given to assure that the sensitive volume of the coil corrasponds to the volums under
investigation (Fukushima, 1981). Two basic coil shapes are used in physiological
experimentation; the surface coil and the solenoid coil. These are illustrated in Figure

Vl0.2.2.a.
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The solenoid coil normally performs both the transmission and the reception of
the rf signal on the same coil. The single surtace coil set up funclions simitarty. The
second surface coil configuration, the cross coll, has two coils arranged in olthar a
perpendicular or {in most cases) a concentric fashion (the largor diamatar coll
encircling the smaller). During experimantation one of the colls transmits, normally

the larger, while the other, smaller coil, receives (Bendall, 1984).

There exist several advantages 10 the use of a single surinco ooil vorsus o Cross
coil configuration (Ackerman, 1980; Shaka. 1985). The two mos! important ato the
limited space requirements of the single coil design and s comparatively lowor
suscepltibility 1o microphonics and movement during experimentation (Bendall. 1984)
Howaever, it is impossible to obtain a unitorm, isolated sonsitive volume using jusl
inhomogeneous B1 methods and a single inhomogeneous r coll. Due to this, rl absomtion
is not the same throughout the sample. The resull of this is that puise angles will diffor
throughout the sample { Ackerman, 1980: Shaka, 1985). Thus a minimum of two
inhomogeneous i coils is needed or al leas! one pulsed fieid gradient 1o reduce of
gliminate signals from regions where the sensilive volumo curvas back into the sample
surface making results unreliable. A further limitation is that only the dopth and the
thickness of the sensilive volume can be controlied by varying the i1 puteo mathod

(Bendall, 1886).

Alternatively, multi- pulse lechniques, aiso known ss dopth pultes, can boe veed
10 eliminate such signais. Thete gains are not free trom inconveniencs. thote ks
approximately a 20 parcent loss in measured signal inlonsity whon those Dulse
sequences are used (Bendall. 1986). Recen! modihications of this configuration ware
made by Bendall (1984) wharein both coilt are used 10 tansmil whil only the srmabior
coil is usad 10 receive purports 10 aboviale Mmost of the problom of the curvatute of the
sensilive transarial volume.
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In contrast 1o the types of problems which exist with the surface coil, the
solenoid coil has problems of positioning. The solenoid, as a result of its shape, has a
sensitive volume, in direct contrast to that of the surface coil (Figure VI.2.2.a.),which
is confined to its interior (Gadian, 1982). As a result of this any specimen o be
examined using a solenoid must have a somewhat cylindrical shape for example a limb or
a test tube. This difference alone makes the solenoid coil considerably easier to use than
the surface coil as no elaborate pulse sequsnces or NMR techniques are needed 10 obtain

accurate and reproducible results.
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Figure VI.2.2.a. Three lurn soienoid (A) and surface {B) coiis and ther fielkd shapes
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When constructing a coil several factors must be considered (Fukushima,
1981). First, the length of coil and number of turns is one of the predominant effects of
the Q of the probe and the probes resonance circuit frequency. Generally the number of
turns needed in a coil will make the length equal to 70% of the diameter (Q increases
very slowly after length exceeds diameter). Faclors determining length of the coil in i
vivo experiments include the size of the sample, its concentration, and its accessibility
to position of the coil. In addition the wire diameter should be equal to the spacing
between the turns {Fukushima, 1981). Alternatively the number of turns can be
approximated using the following equation where a is the diameter and b the length of the
coil (inches) and L is the inductance in microhenries:

. —n%a?
= [9a+10b) -

vi.2.2.i.

In considering a coil shape for our experiments we also had to consider future
experiments which would be performed with our probe, and the apparatus which would
be used in these investigations. We chose to use a solenoid coil because of a) the
homeogeneous nature of that type of coil b) the shape of the limb and the relative
homogeneity of its muscle types. ¢} our desire 1o facilitate the acquisition of spectra in a
short period of ime and d) because our animals would be growing fairly rapidly and a
the coil chosen would have to be suitable for all ages and sizes of rats. This orientation
would force the surface coil into a folded/bent configuration which has certain

disadvantages.



Appondicos

V1.3. Pulse sequences

For NMR pulse experiments H1 and 1’ are usually chosen in such a way that &
precession angle of T /2 resulls, thus maximizing Mxy (Bockor, 1979). This 1s
accomplished by applying a pulse in a direction perpendicular 10 the magnetzaton
vector. For example if the nuclear magnetization is paraligl 1o the stalic magnalic fild
H at thermal equilibrium, when a pulse is applied along the X direction it 10-Orionts the
magnetization into the Y piane. When the pulse is switchod oft Il wili cause a nucloatr
induction signal in the pick up coil {Meyer, 1982). As time clapsos the magnatization
continues 1o precess in the XY plane while it continues gradually 1n gain magnatization

along the Z axis with a rate consiani R1 as described below.

The total magnetization vector al any time Is the sum o! smallor magnotization
veclors. The contribution 10 the magnetization which arises from ona such small segmant
is called a spin isochromal. An isochromat arises from a small volume oxporiencing a
homogeneous fields (Foster, 1983). Atter a 90" pulse, each of thase componants of the
magnetization will precess at its own characteristic Larmor froquancy. Therolore, the
magnetization from those portions of tha sample with slightly largar magnetic figkts will
precess fasler than those which are in a smaller fiold. The rasult of this is that tho
dilferent contributions of the magnetization wilt dephase from oach othat (Figure

V1.3.a.) (Meyer, 1982).
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t=0 t = T2° t>> Te°

Y Y'

X X X

Figure V1.3.a. The results of a pulse applied along x' (rotating reference frame) to a
magnetization vector along Z' in an inhomogeneous field (Fukushima, 1981).

Application of a second or a series of pulses to the recovering nuclear
magnetization will deflect the magnetization vectors in a manner similar to that
described above. As the relaxation process is occurring, the number of directions in
which the magnetization will be deflected as a result of these new pulses will increase
until the magnetization is fully relaxed and no longer susceptible to anything but a pulse
applied in a perpendicular direction (Gadian, 1982). This technique has some very

important applications, one of which will be discussed below.

In instances where nuclei of a sample exists within markedly different magnetic
environments with consequently greatly different T2* s it is possible to remove the
effect of the inhomogeneity by the use of a composite pulse sequence (Bendall, 1984;
Wray and Tofts, 1986). Similar techniques are used to remove the contribution of one

nuclei to a specira if it has a markedly different T2 from the other molecules containing
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the nuclei of interest. One such method is the Hahn echo pulse sequence (Fukushima,

1681) which is schematically drawn and explained below (Figures VI.3.b. and VI 3.c)

slower
X' X X'
T/ 2 pulse and 7t pulse
dephasing
/2 n

rf pulses

—
—

Amplitude of magnatization in
the XY plane

Figure VI.3.b. Magnetization in the rolating framae as a consequence of the application of
the Hahn spin echo pulse sequenca.

Shortly atter the application of a $0° puise aicng X', & 180" puise is applied
trom a similar direction. The pulse separation, T seconds. aliows for 8 dephasing of the

magnetizaticn in the XY plane.  Any magnelizalion in the Z Guection at the tims of the

seccnd pulse goes inio the -7 dwection  Similarty, any magnelization in the XY pigne

Jas
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is rotated 180%, with no consequence to the overall net magnetization. As a consequence
of this 180° inversion any of the faster isochromats are now follow the slower
isochromats instead of preceding them. As a result the isochromats head back towards
the -Y axis. This refocussing agglomerates all of the isochromats. Consequently it

enhances the signal from the normally rapidly dephased sample. The reunion of the

magnetization takes place 23 after the original time of application of the 90° pulse.

In the case of jnyivg phosphorus spectra taken from tissues either jn yivo or
In vitro, the Hahn echo pulse sequence will, if 'I‘ is properly chosen, remove the broad
resonance contribution of phospholipid and bone from the spectra of the other
phosphorus-containing metabolites (PCM) such as ATP and creatine phosphate
(Thulborn and Ackerman, 1983; Helzberg, 1987). This removal is desirable if
quantitative measurements of any sort are to be made from the phosphorus spectra

(Meyer, 1982; Wray and Tofts, 1986).

Improperly choosing the tau value batween rf excitation pulses effects the peak
height of the beta peak of ATP (Figure V1.3.d.). This highlights the remarkably short To
of ATP (Beall, 1984). its brief life span made accurate To measurements impossible.
This fact necessitated the use of a second pulse sequence to reliably integrate the area of

the beta peak of ATP,
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PR

B (B (B @

E F G H

Figure V1.3.c. The relaxation process of a spin isochromat orianted along the Z axis
after the application of a 90° pulse along a perpendicular axis. The diagrams A-H
depict, in chronological order, the loss of magnatization along the Z' axis {hub) and the
simultaneous increase of magnaetization along the X'Y' plane (spokes and rim), which
occurs with the application of this pulse. As time elapses the Z' component is regained
and the X'Y' component is lost.
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Figure VI.3.d. 31P jn yivo spectra of the hind limb of a rat taken (A) with an inter-

pulse tau of 2 ms and {B) with an inter-pulse tau of 1 ms. Note the difference in the
peak heights of the beta peak of ATP.
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Vi.4. Schematic diagrams of early probes

The following diagrams illusirate the rat hind limb probe (funcilional end) at ithe
first stages of experimentation. QOur zealous etlorts to altempl 1o lollow the strength of
muscle contraction during tetanus while monitoring the changes in PCM concentrations
were not well rewarded. These invesligations yielded a very funclional transducor (soe
appendix VI.5.) and method of immobilizing the hind limb for stimulation. The surgical

methods necessary for nerve stimulation were also perlected.

Briefly, Figure Vi.4.a.i. diagrams the probe head (lop view), spacifically the
positioning of all of the holes through which the level of the leg was adjusted o suil rals
of diffierent sizes. Figure Vl.4.a.ii lllustrates the provides a lateral view of the probe,
illustrating the transducer on the underside of the probe. The transducers tension
monitoring leads ar also shown. In addition the plexiglass horseshoe used 10 slabilize tho
foot is drawn. Above the plane of the probe, the threaded nylon rod which holds the leg
stabilizing apparatus firmly 1o the proba (depicted in Figure VI.4.b.} is clearly visible.
Similarly Figure VI.4.a.iii illustrates the probe head from the rear. In this view the
coil and its accompanying protective Telflon cover, the nylon slabilizing rod, the narva
stimulation leads and the transducer are clearly visible. In addition the plexiglass

inserts, used to adjust the level ot the horseshoe and lransducer are also shown.

it should be noted thal invesligation inlo tha energy Costs of muscle contraction
are possible with this "set up™. Lacking is a simple method 10 assure the elocitical
isolation of the stimulation apparatus from the coil. This should guarantee °glitch” lree
spectra. Subsequent probe head designs have partially solved this problom as thay are

were constructed entirely o! PC board, and Tefion as opposad 10 plexiglase.

1
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—== ° 0
€3mm
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LT

Figure Vl.4.a. Schematic diagram of the first probe head used in our NMRS
investigations. All measurements are in millimetres. (A) Top view of the plexiglass
probe head. (B) Lateral view of same. (C) Hind view of same. Components are labeled

in figure V..5.e.
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VI.5. Schematic diagrams of the tension transducer

The foliowing figures depicl the tension transducer and all of ils component parts
The transducer was constructed entirely of aluminum and plexiglass. Il was sensitive
below a gram and was very easily calibrated. Please see the legends accompanying vach

figure for a complete description ol the transducers components.

The key descriptors of the slrain gauge are dolermined by the anatomy of the tats
which will be used during experimentalion. These include the longth of tha ransducor
and the estimated force the rat will be abie lo gencrate. Once thase have boen dotermined
the transducer beams malerials and their dimensions can be salocied. Tho aclivo langth
of the gauges is entirely dependent on their nature and size. Thair positioning on the

beam is also critical 10 their ability to operate accurately.

The length of the beam mus! be approximately one inch. The width of the boam
mus! be approximately one hall inch. These maeasurements are a funciion of the rats
anatomy and available space. The beam was made of aluminum as it is kght, oasy 10 work

with and non-magnelic.

A stock aluminum stnp moasuring 3’4 of an inch wide was chosen and cut down
leaving an aclive length of 7/8 of an inch. Experimentallon delermined thal at lotanus
the rat hind limb generates approximalely one pournd ol force. Tho applicglion ol this
force should produce a measurable deflaction of the baam at both the point of pressute
application and the location of tha sirain gauges. A 2mm defloction &t the Sormet point

seemed possible.
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Equation Vi.5.i. expresses the thickness of the beam as a function of the other
beam descriptors.

wL312

3 .
H® = 3EBD -

VI.5.i.

Where L is the length of the beam from fixed end to the point of pressure
application. W is the magnitude of the applied force. E is Youngs modulus for aluminum
(E is 10 x 108). B is the width of the beam. D is the deflection at the point of pressure
application (2 mm or 7.87 thousands of an inch). (figure VI.5.a., VI.5.c. and depicts

these measurements)

Substituting known values H is found to be 35.67 thousands of an inch. Adjusting
the equation for available stock thickness (only 40 one thousands was available in that

range) the width of the beam required adjusting. It was cut back to 0.532 inches.

The abllity of the strain gauges to measure deflection determines the sensitivity
of the transducer. At their point of attachment the strain on the gauges is determined by

equation VI.5.ii.

0= =1 VI.5.ii.

where @ is the strain in pounds per square inch, M is movement at the location of
interast, Y is the vertical displacement distance from neutral 1o the point of interest
(maximum at H/2 or 0.020" in this case), and | is the section movement in inches? or

BH3/12. (see figures V1.5.a., VI.5.b. and VI.5.¢c)
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Substituting into equation VI.5.ii. o is found to be 5284 psi at the paint of
maximum deflection. £ or the amount of slrain at that location is described by equation

VLS.iii. or in this instance 529.4 pstrains at the point of pressure application

o
E - E- VLS.,

It the signal from the four arm bridge is 500 {1 at 10V excitation (input}) then

the voltage read {outpul) is 10.6 mV.

At the centre of the point of attachment of the strain gaugas tho forco will bo
proportionately less. The mitigating facior will be the length of the moment arm. The
location of the gauges is 0.882 inches behind the poim of force application. Stross at

gauge will be 4667 psi.
Based on this information, using the alorementioned equations and a 6V excitation

voltage and a gauge factor ol 2.07 (four aclive arms) tho oulgoing voliage will bo

approximately 9.19 mvolls.
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i i hich serves as the base for
Figure Vi.5.a. (A) Top view of the aluminum cantilever W the
str%in gauge'an(d plexiglass pedal attachmenits. (B). Tog view of same depicting the
position of the strain gauges. All measurements in millimetres.
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Figure VI.5.b. (A) Top and lateral view o! plexiglass pecal. The pedal fits \nio the
horseshoe used lo stabilize the fool. (B) The clamp and spacer used 10 securs the
aluminum cantilever and accomPanying apparatus 10 the horseshos shaped foot suppon.
All measurements in millimetres.
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Figure VI.5.c. (A) Top view of aluminum cantilever depicling the position of
transducers, plexiglass foot pedal and spacing clamp. (B) Laleral view of same.
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Red +Excitation
Green -Signal

Black -Excitation

White +Signal

Figure VI1.5.e. Whealstone bridge dapicting the circuitry of the 4 arm transducer. Eoch
gauge is depicted as a resister. Note thal the gauges are MM typa EA-13-062AP-120.

120 0, G.F. 2.07. Their sensitivity is 9.2 mV for 1 Ib. force applied one inch from
clamped edge and 6V excitation.
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Figure V1.5.d. Bottom view of the completed force sensor. Depicted are a) tuning rods,
b) sensor, ¢) electrical leads and (d) connector from sensor, e) electrical lead for nerve
stimulation, f) screw to which weights are attached for gauge calibration
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63mm

b-20 -+
42
Vi.5.e. (A) Lateral view of the completed force sensor.in position within the stabilizing
horse shoe. (B) Rear view of same. (C) Top view of same. Depicled are 8) tuning rods,

~ b) sensor, c) electrical leads and (d) connector from sensor, 8} elacirical lead for nerve

stimulation, ) nylon post o which a stabilizing piece of plexiglass is attached 1o
stabilize the knee and limb. g} coil. All measurements in millimatres.
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VI.6. Estimation of the metabolile concentrations of rat hind limb

muscles

Each of the muscles of the hind limb has its own specific fibre type composition
(see Table VI.6.a.) and concommitantly its own distinct concentrations of CrP, Cr and
ATP (as determined by Mainwood, 1987). The EDL and soleus have predominently one
fibre type hence, if equations were developed to express their metabolite concentrations

in relation to their fibre type compostion they would be similar to those provided below.

In the equations describing EDL and soleus F and S represent Fast and Slow twitch
fibres respectively. The number preceding these letiers represents the percentage
contribution of this type of fibre to each of these muscles. For example EDL is thought to

be 100% Fast twitch while Solsus is 13% fast and 87% slow.

In the equations dascribing the gastrocnemius and hind limb X, Y, and Z represent

the unknown molarities of each of CrP, Cr and ATP.

EDL Soleus &

100 F = 21.7 mmoles CrP/kg wet weight 13 F + 87 S = 11.7 mmoles CrP/kg wet wgt
100 F = 26.7 mmoles Cr/kg wet weight 13 F + 87 S = 21.2 mmoles Cr/kg wet wgt

100 F = 6.0 mmoles ATP/kg wet weight 13 F + 87 S = 3.9 mmoles ATP/kg wet wgt

Gastrocnemius (mixed) Hind limb
83 F + 7 S = X mmoles CrP/ kg wet wgt 923 F + 7.7 8 = X mmoles CrP/ kg wet wgt
93 F + 7 S = Y mmoles Cr/ kg wet wgt 923 F + 7.7 S = Y mmoles Cr/ kg wet wgt

93 F + 7 8 = Z mmoles ATP/ kg wet wgt 923 F + 7.7 S = Z mmoles ATP/ kg wet wgt
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After solving the EDL equation for F, F can be substituted into each of the soleus
equations to give a value for S in the equation for each metabolite. Subsequently these
values for F and S are substituted into the corresponding gastrocnemius and hind fimb
equations in order to determine their concentration

of CrP, Cr and ATP.

Using CrP as an example, the substitutions result in the following equation.

21.7
AR (11.7 - 113 ( ) 1)

93 (359, ¢ 55 ) = 20.9 mmoles CrP/kg wet weight
Estimated mass (mg) of the following
e . . .
G L€ 0
Plantaris 155 206 25
Soleus 19 0 149
Gastrocnemius (R) 76 12 47
Gastrocnemius {W) 10 106 0
Gasltrocnemius (M} 310 1372 82
Tibialis anterior (R) 63 86 5
Tibialis anterior (W) 85 519 2
Extensor digitorum longus 40 157 2
Tibialis posterior 24 59 2
Flexor digitorum longus 14 34 2
Flexor hallicus longus 104 449 10
Peroneals 127 229 30
Sum 1027 3229 356
Percentage 22.3 70.0 7.7

Table VI.6.a. Fibre type composition by mass of each of the muscle of rat hind limb
{Armstrong and Phelps, 1985).
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