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of western blot and native gel activity assays would be used to analyse the tissue

lysates from normal and McArdle’s affected sheep.

5.4.2.1:Glycogen phosphorylase isoforms expressed in muscles selectively

spared in McArdle’s disease.
5.4.2.1.1: Heart
It is well accepted in the literature that McArdle’s patients do not suffer from heart
problems. This has been attributed to the retention of brain glycogen phosphorylase
activity (>50%) in the hearts of McArdle’s patients (see ref’s within [17]). Like their
human counterparts, the ovine sufferers of McArdle’s disease do not display heart
problems (J. Howell, personal communication). Glycogen phosphorylase assays,
reveal that McArdle’s affected sheep retain approximately 50 + 18% of the
phosphorylase activity of normal heart (Fig. 5.4.6, Table 5.4.2). Using western blot
analysis, all three glycogen phosphorylase proteins (pygm, pygb and pygl) were
detected in normal heart (Fig. 5.4.8), however by native gel activity assay only the
pygm and pygb enzymes and their hybrid were detected (Fig. 5.4.7). This would
appear to indicate that the level of pygl expression in the heart is very low compared to
pygb and pygm and therefore only detected by a sensitive technique such as western
blot analysis. Based upon native gel activity assays, the residual glycogen
phosphorylase activity that is detected in McArdle’s affected heart is predominately due
to the expression of pygb (Fig. 5.4.7). Neither the pygb protein or enzyme activity
appear to be up-regulated in McArdle’s affected heart (Fig. 5.4.7 & 5.4.8). These
findings indicate that expression of pygb at approx. 50% of the normal total
phosphorylase activity is sufficient to protect the ovine heart from McArdle’s disease,

as has been seen in human McArdle’s patients [17].

5.4.2.1.2: Extraocular muscles
Extraocular muscles are a fundamentally distinct group of muscles when compared to

other skeletal muscles. They display a high resistance to fatigue and are involved in
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the rapid and precise movement of the eye. It is these unique properties that make
them vulnerable to certain disorders, but at the same time, appears to protect them
from other disorders including: muscular dystrophy and motor neuron disease [279,
280]. Histochemical analysis of extraocular muscles from McArdle’s affected sheep
revealed the retention of glycogen phosphorylase within intrafusal and extrafusal
muscle fibres. Phosphorylase activity was strongest in the intrafusal fibres of muscle
spindles (Fig. 5.4.9), while the phosphorylase activity in the extrafusal fibres was
segmental and of a lesser intensity (C. Huxtable, personal communication and
unpublished data). The intrafusal muscle fibres of muscle spindles have been
demonstrated to express developmental myosin heavy chain isoforms. While
developmental myosin heavy chain isoforms are expressed in the prenatal precursors
of both intra and extrafusal muscle fibres, in mature muscle they only persist in the
intrafusal fibres. It has been reasoned that the shortening velocities characteristic of
the developmental myosin heavy chain subunits are required for the precise calibration
of muscle contraction by the spindles [281]. Immunohistochemical analysis of tissue
sections from McArdle’s affected extraocular muscle demonstrated the expression of
pygb in the intrafusal muscle fibres (Fig. 5.4.10). The pygb protein could also be
detected in scattered extrafusal muscle fibres. In addition to its expression in the
cytosol of muscle fibres, pygb could also be detected in some nuclei. Nuclear
localisation of pygb has previously been demonstrated immunohistochemically by Uno
et al., (1998) in some human patients [154]. The specificity of the polyclonal antibody
against the pygb antigen was confirmed by the use of a peptide-adsorbed antibody

control as described in Ignacio et al., (1990) [192] (Fig 5.4.10).

Western blot analysis and native gel activity assays reveal that both pygm and pygb
are expressed in normal extraocular muscle, however the pygm enzyme is the most
abundant (Fig. 5.4.12 & 5.4.13). Analysis of the level of phosphorylase activity in
normal and McArdle’s affected extraocular muscles revealed that affected extraocular

muscle only retains approximately 2.1 + 0.8% of the normal level of phosphorylase
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activity, which is in the form of the pygb enzyme (Table 5.4.3, Fig. 5.4.11 & 5.4.12).

The low levels of retained phosphorylase activity would appear to indicate that the
preferential sparing of extraocular muscles in McArdle’s affected sheep is not due to
the expression of pygb. A study by Porter et al., (2003) comparing gene expression
profiles in extraocular muscle with skeletal muscle via microarray analysis
demonstrated that the enzymes involved in glycogen metabolism appear to be down—
regulated in extraocular muscle [282]. Unlike cardiac muscle, it would appear that the
utilisation of an alternate energy substrate other than glycogen might account for the

extraocular muscle’s protection from McArdle’s disease.

5.4.2.1.3: Smooth muscles: Bladder and Intestine

Histochemical analysis of bladder and intestinal tissue from McArdle’s affected sheep
revealed the presence of glycogen phosphorylase activity (C. Huxtable, personal
communication and unpublished data). Western blot and native gel activity assays
revealed a predominance of the non-muscle isoforms of glycogen phosphorylase (pygb
and pygl) in bladder and intestine. Only very low levels of pygm activity were detected
in these tissues of normal sheep (Fig. 5.4.14, 5.4.15, 5.4.16 & 5.4.17). The low level of
pygm activity detected in normal animals indicates that the sparing of smooth muscles
such as bladder and intestine is due to the preferential expression of the non-muscle
isoforms in smooth muscle compared to striated muscle. Interestingly, pygb appears to
be slightly up-regulated in McArdle’s affected bladder at the protein and enzyme level

(Fig. 5.4.14 & 5.4.15).

In comparison to the up-regulation of utrophin that is witnessed in the skeletal muscle
of boys with Duchenne Muscular Dystrophy [269] and the up-regulation of cardiac actin
in the skeletal muscle of skeletal actin knockout mice [270] and human patients (N.G.
Laing, personal communication); the ovine model of McArdle’s disease does not have
a naturally occurring mechanism that up-regulates the non-muscle isoforms of

glycogen phosphorylase (pygb and pygl) in the absence of pygm.
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5.4.2.2: Western blot analysis of hormal and McArdle's affected tissues with

isoform specific glycogen phosphorylase antibodies.

Brain glycogen phosphorylase (pygb):

The pygb protein is detected in almost all tissues except for normal semitendinosus
muscle (Table 5.4.4 and Fig. 5.4.18 (A)). In both normal and McArdle's affected
tissues, pygb is expressed at the highest levels in brain (including spinal cord) and
cardiac tissues. As would be expected due to the physiological function of cardiac
tissue, the highest levels of pygb were detected in the ventricles, with only low levels of
pygb detected in the vena cava. Moderate levels of pygb were detected in extraocular
muscle, lung, kidney, and the smooth muscles: bladder, intestine and aorta. Very low
levels were detected in the striated skeletal muscles and in liver tissue; however such
low levels of pygb protein would most likely have no physiological effect. The McArdle's
tissues appear to have slightly more pygb protein than normal tissues, when analysed
visually. However this difference is most likely due to slight variations in the gel loading

of samples for electrophoresis.

Muscle glycogen phosphorylase (pygm):

As was discussed in 5.4.1.1, no pygm protein was detected in any of the McArdle's
tissues. In normal tissues, the highest levels of pygm protein could be detected in the
semitendinosus and cremaster muscles along with the oesophagus. High levels were
detected in the ventricles and the other striated skeletal muscles (soleus, larynx,
masseter, temporal (facial)). Moderate amounts were detected in all regions of the
brain analysed, including the spinal cord (Table 5.4.4 and Fig. 5.4.18(B)). Negligible
levels of pygm were detected in the aorta and bladder, while no pygm protein was

detected in intestine, lung, kidney and liver.
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Liver glycogen phosphorylase (pygl):

There were no detectable differences in the expression patterns or levels of pygl
protein between normal and McArdle's tissues. The highest levels of pygl protein were
detected in the liver, followed by heart (ventricles), lung and the smooth muscles:
bladder, intestine and aorta. All regions of the brain (with the exception of the spinal
cord) expressed the pygl protein at low levels, while very low levels were detected in
the kidney and oesophagus (Table 5.4.4 and Fig. 5.4.18(C)). The pygl protein was not
detected in extraocular muscle, vena cava, spinal cord and in all of the striated skeletal

muscles (with the exception of the oesophagus).

5.4.2.3: Native gel activity assays of normal and McArdle's affected tissues

A summary of the results obtained when tissue lysates from normal and McArdle’s
affected sheep were analysed by native gel activity assays in the presence of the
allosteric effectors 5mM AMP and 0.7M Na,SO, (which activates all three isoforms of
glycogen phosphorylase, even in their non-phosphorylated or inactive state) is
presented in table 5.4.5. In order to facilitate the identification of the isoforms in the
tissue lysates the samples were first analysed in the presence of 5mM AMP alone
(which is known to preferentially activate pygm and pygb and only weakly activate pygl
- data not shown) and then in combination with 0.7MNa,SO, (which is known to

activate pygl strongly).

5.4.2.3.1: Expression of glycogen phosphorylase isoforms in normal
sheep.
In normal tissues, the striated skeletal muscle group (semitendinosus, soleus,
extraocular, cremaster, temporal (facial), oesophagus, larynx) express the highest
levels of pygm activity. In some muscles such as the soleus, extraocular and
oesophagus, very weak muscle/brain hybrid activity could be detected (Table 5.4.5 and
Fig. 5.4.19). In addition to the striated skeletal muscle tissues, liver (which expressed

strong pygl activity), was the only other tissue that predominately expressed one
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isoform; all the other tissues analysed contained a combination of the isoforms (Table
5.4.5 and Fig. 5.4.19). In the heart (ventricles), pygm, pygb and the muscle/brain hybrid
were strongly expressed along with very weak brain/liver hybrid activity. All regions of
the brain expressed strong pygm, pygb, pygl and hybrid isoform activity. Lung tissue
and the smooth muscles (bladder and intestine) expressed weak pygm activity, but
strong pygb, pygl and hybrid activity. Ovine kidney did not appear to express pygm
activity, but expressed low levels of pygb and pygl activity. While in contrast to the
regions of ovine brain analysed, spinal cord expressed strong pygm and pygb activity

but no pygl activity (Table 5.4.5 and Fig. 5.4.19).

5.4.2.3.2: Expression of glycogen phosphorylase isoforms in McArdle’s
affected sheep.
As was described in 5.4.1.1, in McArdle's affected sheep, pygm activity was not
detected by native gel activity assay. The only significant difference between the
normal and affected tissues analysed was the absence of pygm activity (Table 5.4.5
and Fig. 5.4.19). In some tissue lysates such as the ventricles, pygl activity was easier
to detect by native gel activity assay than in the corresponding tissue lysate from

normal sheep (Table 5.4.5 and Fig. 5.4.19).

5.4.2.4; Summary of isoforms identified in normal and McArdle's affected

tissues:
While the mammalian phosphorylases are named after the tissues in which they are
predominantly expressed, with the exception of adult muscle and liver it is generally
accepted in the literature that other tissues express a combination of glycogen
phosphorylase isoforms [136](see ref's in [134, 167]). The tissue-specific expression of
glycogen phosphorylase has been investigated in a number of species including
human [36, 136, 168-173], rabbit [134, 168, 169, 174, 175] and rat [132, 134, 135, 167,
171, 176-189], with there being considerable variability in isoform expression reported

in the literature. For example, it appears as though the pygb isoform is the predominate
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isoform expressed in rabbit tissues, while pygl is the predominate isoform in human
tissues [169]. This is further confounded by the studies of Kato et al., (1989) [173],
which found widespread moderate to high expression of the pygb protein in human
tissues by immunoassay. Whether the differences observed in the literature are due to
species-specific differences in isoform expression, or whether they are due to the
techniques that have been used to analyse the isoform expression, remains to be
seen. This variability is reflected in some of the data presented in this thesis work.
Curiously, the pygl isoform was easier to detect in some tissues by native gel activity
assay than western blot analysis e.g. the ovine brain samples (Fig. 5.4.18 C & 5.4.19).
While conversely, the pygl isoform could be detected more readily by western blot
analysis than native gel activity assays in e.g. the ovine heart samples (Fig. 5.4.18 C &
5.4.19). As native gel activity assays do not represent the actual in-vivo activity of the
isoforms (as they are artificially activated by allosteric effectors and pH modification),
these results in the ovine brain and heart lysates are curious, but most likely do not
represent a physiological function. These contradictory results demonstrate the
importance of using more than one technique to analyse the expression of the

glycogen phosphorylases.

Despite the variability in the results presented in the literature, the majority of the
glycogen phosphorylase isoform expression in ovine tissues reported in this thesis
appears to agree with the literature. Via native gel activity assays, semitendinosus
muscle and liver express only one isoform (pygm and pygl respectively) in accordance
with the literature [136](see ref's within [167] and [134]). While very low levels of pygb
protein could be detected in muscle and liver by western blot analysis, the levels are
such that they are unlikely to have any physiological effect; and are in agreement with
the detection of pygb protein in the liver and skeletal muscle of humans by
immunoassay [173]. As per the literature, all other ovine tissues analysed contained a
combination of isoforms (see ref’'s within [134] and [167]). In smooth muscles such as

the bladder and intestine the non-muscle isoforms of glycogen phosphorylase (pygb
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and pygl) were predominately expressed, while in contrast to the findings of other
authors, ovine brain and heart tissue expressed all three isoforms at significant levels.
While pygl has previously been detected in rabbit heart [168], it has not been detected
in human or rat heart using native gel activity assays and western blot analysis [135,
169]. It is generally accepted that heart expresses pygm and pygb (see ref’s within
[167] and [134]), however curiously the mRNA for PYGL has been detected in
macaque heart [172]. Studies on the glycogen phosphorylase enzymes expressed in
human, rat and rabbit brain indicate that pygb and pygm are the only isoforms
expressed [134, 135, 167-169, 175], with the pygl isoform not having been detected.
However, like heart, the mRNA’s for PYGL have been detected in human and rabbit
brain [150, 167, 172, 175]. The failure to detect the pygl enzyme in heart or brain by
other researchers may be due to problems associated with the pH sensitivity of pygl
activation, or it could possibly indicate that liver glycogen phosphorylase is regulated
post-transcriptionally in the heart and brain allowing detection of PYGL mRNA but not
the protein. Further studies are needed to determine the glycogen phosphorylase

expression at both the mRNA and protein levels within other species.
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Figure 5.4.1: Northern Blot Analysis of Total RNA extracted from ovine semitendinosus
muscle.

Figure 5.4.2: Western Blot Analysis of total protein lysates from ovine semitendinosus
muscle.

Figure 5.4.3: Native Gel Activity Assay of total protein lysates from ovine semitendinosus
muscle.

Figure 5.4.4: Kinetic analysis of glycogen phosphorylase activity in normal and carrier
semitendinosus muscle.

Table 5.4.1: Glycogen phosphorylase assay of normal and carrier semitendinosus
muscle.
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Figure 5.4.5: Native gel activity assay of control tissue lysates.

Figure 5.4.6: Kinetic analysis of glycogen phosphorylase activity in normal and
McArdle’s affected heart.

Figure 5.4.7: Native gel activity assay of heart from normal, carrier and McArdle’s
affected sheep.

Table 5.4.2: Glycogen phosphorylase assay of normal and McArdle’s affected heart.




180



181
Figure 5.4.8: Western blot analysis of heart from normal, McArdle’s affected and carrier
sheep (n=3) with polyclonal antibodies against A) pygb, B) pygm and C) pygl.

Figure 5.4.9: 6um frozen section from McArdle’s affected extraocular muscle stained for
glycogen phosphorylase.

Figure 5.4.10: Inmunohistochemical analysis of 8um frozen sections of McArdle’s
affected extraocular muscle with a polyclonal antibody specific for pygb.
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Figure 5.4.11: Kinetic analysis of glycogen phosphorylase activity in normal and
McArdle’s affected extraocular muscle.

Figure 5.4.12: Native gel activity assay of extraocular muscle from normal, carrier and
McArdle’s affected sheep.

Figure 5.4.13: Western blot analysis of extraocular muscle from normal, McArdle’s
affected and carrier sheep (n=3) with polyclonal antibodies against A) pygb, B) pygm and

C) pygl.

Table 5.4.3: Glycogen phosphorylase assay of normal and McArdle’s affected extraocular
muscle.
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Figure 5.4.14: Native gel activity assay of bladder from normal, carrier and McArdle’s
affected sheep.

Figure 5.4.15: Western blot analysis of bladder from normal, McArdle’s affected and
carrier sheep (n=1) with polyclonal antibodies against A) pygb, B) pygm and C) pyg|.

Figure 5.4.16: Native gel activity assay of intestine from normal, carrier and McArdle’s
affected sheep.
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Figure 5.4.17: Western blot analysis of intestine from normal, McArdle’s affected and
carrier sheep (n=1) with polyclonal antibodies against A) pygb, B) pygm and C) pygi.

Figure 5.4.18: Western blot analysis of tissues from normal and McArdle’s affected sheep
suing polyclonal antibodies against A) pygb, B) pygm and C) pygl.
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Table 5.4.4: Summary of glycogen phosphorylase isoforms detected in normal and
McArdle's affected tissues determined by western blot analysis with isoform specific
antibodies.

Tissue Normal McArdle's
PYGM | PYGB | PYGL | PYGM | PYGB | PYGL

Left Ventricle +++ ++++ ++ - ++++ ++

| Right Ventricle +++ ++++ ++ - 4+ ++
Vena Cava - + - - + -
Aorta + +++ ++ - +++ ++
Extraocular +++ ++ - - F++ -
Bladder +/- +++ ++ - . +
Intestine - ++ ++ - ++ ++
Lung - ++ ++ - ++ ++
Kidney - + +/- - ++ +/-
Semitendinous ++++ +/- - - +/- _
Soleus +++ +/- - R +/- N
Masseter +++ +/- - R +/- N
Cremaster ++++ +/- - - +/- B
Temporal (facial) +++ +/- - - +/- N
Oesophagus ++++ +/- +/- - + +/-
Larynx +++ + - - + _
Occipital Lobe ++ ++++ + - 4+ T
Frontal Lobe ++ ++++ + - F+++ T
Temporal Lobe ++ ++++ + - 4+ T
Cerebellum ++ ++++ + - +4+++ +
Spinal Cord ++ +4+++ + - S+ _
Liver - +/- ++++ - +/- 4+
Key:

Largest amount: ++++
High amount: +++
Moderate amount: ++
Low amount: +
Negligible: +/-

Nil: -

NB: Please note no comparison is made about the relative amount of each isoform
composing a tissue as the antibodies have different binding affinities. Instead this table
shows a determination of which tissues have the highest levels of expression of a
particular isoform.
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Figure 5.4.19: Native gel activity assay of normal and McArdle’s affected ovine tissues.
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Table 5.4.5: Summary of glycogen phosphorylase isoform activity in normal and

McArdle's affected tissues as determined by native gel activity assay in the presence of

5mM AMP and 0.7M Na,SO,.

Tissue

Normal

McArdle's

Left Ventricle

Very strong muscle, brain and
brain/muscle hybrid. Weak
brain/liver hybrid.

Strong brain and brain/liver
hybrid. Weak liver.

Right Ventricle Very strong muscle, brain and Strong brain and brain/liver
brain/muscle hybrid. Weak hybrid. Weak liver.
brain/liver hybrid.

Vena Cava Weak brain, liver and brain/liver | Weak brain, liver and brain/liver
hybrid. hybrid.

Aorta Weak muscle, brain/muscle Strong brain, liver and brain/liver

hybrid. Strong brain, liver and
brain/liver hybrid.

hybrid.

Extraocular

Very strong muscle, weak
brain.

Weak brain.

Bladder Weak muscle, brain/muscle Strong brain, brain/liver hybrid
hybrid. Strong brain, brain/liver | and liver.
hybrid and liver.

Intestine Weak muscle, brain/muscle Weak brain and brain/liver
hybrid, brain brain/liver hybrid. hybrid. Strong liver.
Strong liver.

Lung Weak muscle, brain/muscle Weak brain/liver hybrid. Strong
hybrid, brain brain/liver hybrid. liver.
Strong liver.

Kidney Weak brain, brain/liver hybrid Weak brain, brain/liver hybrid

and liver.

and liver.

Semitendinosus

Very strong muscle.

Soleus

Strong muscle. Weak
brain/muscle hybrid

Very weak brain.

Masseter Strong muscle. Very weak brain.

Cremaster Strong muscle. Very weak brain.

Temporal (facial) | Strong muscle. Very weak brain.

Oesophagus Very strong muscle. Weak Very weak brain.
brain/muscle hybrid

Larynx Strong muscle. Very weak brain.

Occipital lobe Strong muscle, muscle/brain Strong brain, liver.

hybrid, brain and liver.

Frontal Lobe

Strong muscle, muscle/brain
hybrid, brain and liver.

Strong brain, liver.

Temporal Lobe

Strong muscle, muscle/brain
hybrid, brain and liver.

Strong brain, liver.

Cerebellum Strong muscle, muscle/brain Strong brain, liver.
hybrid, brain and liver.

Spinal Cord Strong muscle, muscle brain Strong brain
hybrid. Weak brain.

Liver Strong liver Strong liver




194

5.5: Conclusions and Future Work

This thesis work has demonstrated that the disease-causing splice-site mutation in the
ovine PYGM gene, originally reported by Tan et al., (1997) [1], results in the
transcription of PYGM mRNA, but the amount is greatly reduced (approx. 20.4% of
normal). This PYGM mRNA is most likely unstable having been marked for
degradation by the cellular machinery, and as a result, no pygm protein is translated
and hence there is no residual muscle phosphorylase enzyme activity. This correlates
well with human McArdle’s patients where it has been shown that despite the genetic
heterogeneity of the disorder, approximately 90% of sufferers have no detectable pygm
protein [91, 92]. Analysis of both semitendinosus muscle from carriers and heart tissue
from McArdle’s affected sheep demonstrates that glycogen phosphorylase levels
approx. 50% of the normal mean level are sufficient to protect muscle from the
symptoms of the disease in agreement with human patients [17, 89, 94]. In the case of
heart and the smooth muscles it is the expression of the non-muscle isoforms (in

particular pygb) that spares these muscles from the disease.

Analysis of the expression of glycogen phosphorylase isoforms in tissues from normal
sheep, using western blot analysis and native gel activity assays, revealed that in
agreement with the literature mature skeletal muscle and liver were the only tissues in
which one glycogen phosphorylase isoform was predominately expressed (very low
levels of pygb and pygl could be detected in skeletal muscles and very low levels of
pygb could be detected in the liver, but they are unlikely to be physiologically relevant)
[136](see ref's in [134, 167]). All other tissues expressed a combination of the isoforms
in varying amounts. All three glycogen phosphorylases could be detected in ovine
heart and brain. The most significant difference in the glycogen phosphorylase
expression patterns between normal and McArdle’s sheep was the absence of pygm.
In comparison to the up-regulation of utrophin in muscular dystrophy patients [269] and

the up-regulation of cardiac actin in skeletal actin knock-out mice [270] and human
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patients (N.G. Laing, personal communication), there are no naturally occurring

mechanisms that up-regulate pygb in skeletal muscle of McArdle’s affected sheep.

The ovine model of McArdle’s disease has been fully characterised for the first time
and the pathogenetic mechanism of the disease-causing mutation has been
elucidated. The characterisation of the ovine model reveals that it closely resembles
the human disorder and taken together with the fact that sheep have a similar muscle
mass to humans, emphasizes the importance of this animal model as a test-bed for
therapeutic strategies aimed at finding an effective treatment for human McArdle’s

disease.

A manuscript is currently in preparation based upon the work in this thesis chapter:

K.R. Walker, A.O’Hara, J. Mc Howell and Laing N.G. Characterization of the Ovine

Model of McArdle’s Disease. (In preparation).
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Chapter 6

Time-course of Expression of Glycogen
Phosphorylase in Ovine Fetal Skeletal

Muscle.
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Chapter 6.0: Time-course of Expression of Glycogen Phosphorylase in

Ovine Fetal Skeletal Muscle.

6.1: Summary
In this thesis chapter the developmental expression of glycogen phosphorylase, in
particular the brain isoform was investigated in normal ovine fetal skeletal muscle. It
was demonstrated that the muscle isoform of glycogen phosphorylase was expressed
in ovine fetal skeletal muscle from 50 days gestation onwards increasing in expression
throughout gestation and was regulated at the transcriptional level. The brain isoform
of glycogen phosphorylase was detected in ovine fetal skeletal muscle and appeared
to be regulated at the post-transcriptional level, with the level of expression of the pygb
protein decreasing throughout gestation. This work demonstrates that pygb is present
in developing ovine tissues until a mature tissue specific pattern of glycogen

phosphorylase is set.

6.2: Introduction

6.2.1: Growth and Development of the sheep fetus

Sheep (ovis aires) have a gestational period of approximately 148-150 days [283]. This
is characterized by a comparatively long pre-implantation stage, with considerable pre-
implantation development when compared to small mammalian species such as
rodents [284-286]. Ovine fetal development can be divided into three characteristic
phases: the ovum, the embryonic and the fetal periods [284, 285]. By the end of the
embryonic period (up to 34 days gestation) the majority of organ systems have formed
and it is the fetal period which sees further growth and differentiation of tissues [284,

285].
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6.2.1.1: Ovine fetal skeletal muscle development

Small animals, such as rodents, display a biphasic scheme of muscle development,
where each primary myotube serves as a scaffold for the formation of five to ten
secondary myotubes. In large animals, such as sheep, which have a ratio of adult
muscle fibres to primary myotubes of 70:1, an alternative mechanism of myogenesis
occurs. In this large animal scheme there are sequential generations of myotube
formation, where secondary myotubes form on primary myotubes, and then serve as a

scaffold in turn for tertiary myotubes [287].

Studies on the ovine hind-limb skeletal muscle, tibialis cranialis, by Wilson et al., (1992)
[287] reveal that in the sheep fetus, primary myotubes are first visible by 32 days
gestation, reaching their maximum number by day 38 of gestation, at which point
secondary myotubes first become visible. Tertiary myotubes were found in the tibialis
cranialis muscle by day 62 of gestation (which is equivalent to approx. 40% of the
normal gestation period). As reported by Wilson et al., (1992), this pattern of
myogenesis closely follows that of human fetuses, which have been reported to display
tertiary myotubes at 16-17 weeks gestation, corresponding to approx. 40% of the

normal gestation period in humans [287].

Large mammals, in particular precocial species such as sheep, also differ from their
smaller counterparts (many of which are altricial) in that they are considered to be
mature at birth with respect to muscle fibre differentiation, even though their fast and
slow myosin heavy chain isoform profiles are not fully complete until 20 days postnatal
[287, 288]. The exact mechanisms responsible for complete muscle fibre differentiation
in sheep are not well understood. Unlike altricial species such as the rat and cat in
which muscle differentiation appears to coincide with learned motor activities, muscle
differentiation occurs in fetal sheep without these learned motor activities and studies
by Walker et al., (1995) have shown that muscle fibre differentiation in fetal sheep is

not dependent on physical connection with the brain and upper spinal cord [289].



201

While myogenesis begins early in fetal sheep development, it is not until after 90 days
gestation that the skeletal muscle begins to grow rapidly [284, 285, 287]. A number of
studies have focused on myofibre number as a determinant of meat content in farmed
sheep. It is generally accepted that myofibre number and size is directly related to the
surviving number of secondary myotubes that can serve as a scaffold for further
generations of myotubes. As a result, it is during this period of secondary myotube
formation that environmental factors such as maternal nutrition play an important role

in ovine skeletal muscle development [287].

6.2.2: Muscle maturation and differentiation

The biochemical changes that occur during myogenesis have been studied extensively
both in-vitro and in-vivo in a number of animal species. During myogenesis contractile
proteins (e.g. actin, myosin light and heavy chains, troponin and tropomyosin) as well
as proteins involved in energy metabolism (e.g. glycogen phosphorylase,
phosphofructokinase, creatine kinase, adenylate deaminase, phosphoglycerate
mutase, lactate dehydrogenase and aldolase) exhibit developmental and tissue

specific regulation [290, 291].

It is generally accepted that post myoblast fusion and during myofibre differentiation,
muscle-specific genes are expressed and non-muscle (or embryonic) genes are
repressed. This programmed switch to muscle-specific gene expression is dependent
on myoblast fusion and myocyte differentiation [292]. Studies by Endo et al., (1987),
blocking myoblast fusion, have shown that contractile proteins can be regulated at
three levels: transcriptional, post-transcriptional and translational, depending on the
agent that is used to inhibit fusion. In the absence of fusion and differentiation, muscle
specific contractile proteins will be not be expressed [292]. Muscle differentiation is
marked by the expression of basic helix-loop-helix transcription factors also known as

the myogenic regulatory factors: myoD, Myf5, myogenin, MRF4 and Mef2. Generally,
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normal muscle development is characterised by the expression of MyoD and myf5,
followed by the expression of myogenin and MRF4 at the latter stages of differentiation

[293] (see ref's within [294]).

Both in-vivo and in-vitro (muscle culture) studies have also shown that enzymes
involved in energy metabolism (including glycogen phosphorylase, creatine kinase,
phosphorylase kinase, protein kinase, phosphofructokinase and aldolase A) are
dependent upon myoblast fusion and myocyte differentiation for increased expression
[15, 290, 291, 295]. However in-vitro, in the case of enzymes such as glycogen
phosphorylase, innervation is a key event required for the expression of mature muscle
specific isoforms and the repression of non-muscle (or fetal) isoforms [194, 296]. As
with the expression of muscle specific isoforms of the contractile apparatus, expression
of muscle specific isoforms of metabolic enzymes are key markers of the status of

muscle differentiation [297, 298].

Skeletal muscle displays a high degree of plasticity with regards to the expression of
genes characteristic of muscle fibre type such as contractile proteins and metabolic
enzymes. Gene expression profiles in muscle are markedly altered in response to a
variety of stimuli including muscle contraction (denervation, endurance exercise,
paralysis and electrical stimulation), loading (resistance training, hypertrophy) nutrition

and aging [299, 300].

6.2.2.1: Regulation of muscle glycogen phosphorylase (PYGM) during
myogenesis
Due to the co-ordinated expression of a number of metabolic enzymes, it was originally
thought that PYGM was temporally regulated along with creatine kinase and
phosphorylase kinase, by trans-acting factors [182]. However, studies have shown this
hypothesis to be incorrect. A regulatory region required for PYGM expression has been

isolated to a 1.129 kb region upstream of the 5’ end of the PYGM gene [301]. Within
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this regulatory region a CArG like element and 4 E-box motifs have been identified.
Deletion studies by Froman and co-workers have shown that while the E1 box motif is
required for expression of PYGM, none of the identified E-box motif's or the CArg like
element is involved in the developmental expression of PYGM [186, 302]. However it
has been shown that as yet unknown regulatory elements within the —211 and —62 nt
region of the rat PYGM gene are required for the developmental expression of PYGM
in C2C12 cells. A classical enhancer element has also been identified between —839
and —667nt of the rat PYGM and it displays high homology with the comparable region
within the human PYGM promoter [186]. An interesting study by Reynet et al., (1996)
in rats with experimentally induced diabetes, demonstrated that insulin had a direct
effect on the expression of PYGM mRNA levels and was capable of activating the
PYGM promoter [187]. The authors suggest that insulin and epinephrine may
participate in the induction of PYGM during myogenesis. However, curiously, an
analysis of the PYGM regulatory region failed to identify any of the known insulin
responsive elements [187]. A recent study by Ferrer-Martinez et al., (2004) has
implicated the chicken ovalbumin upstream promoter-transcription factor (COUP-TF)

repressor in the repression of the human PYGM promoter in myoblasts [303].

6.2.3: Developmental expression of glycogen phosphorylase

The developmental expression of glycogen phosphorylase has been studied in a
number of species including: slime-moulds (Dictyostelium) [304], fruitfly
(D.melanogaster) [195], rat (R.norvegicus) [176, 178, 216], rabbit (O.cuniculus) [175]
and human (H.sapiens) [15, 35, 168, 217]. The maijority of these studies have focused
on the identification of the isoenzyme composition by native gel activity assay [136]
(see ref's within [134, 167]), rather than other standard protein analysis techniques
such as western blot analysis [193]. This has presumably been due to the scarcity of
isoform-specific antibodies. Of the published studies, several have attempted to

analyse the expression of glycogen phosphorylase isoforms at the mRNA level in
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different species throughout development or at discrete points during gestation [136,

172,175, 182].

It is generally accepted in the literature that the muscle (pygm) and liver (pygl) isoforms
are the predominant isoforms of glycogen phosphorylase expressed in mature skeletal
muscle and liver respectively. During fetal development, a ‘fetal’ isoform of glycogen
phosphorylase is the predominate isoform expressed in fetal tissues and during
gestation. This ‘fetal’ isoform is down-regulated in tissues such as muscle and liver and
their mature tissue-specific isoforms (pygm & pygl) are expressed [194]. One of the
first demonstrations of this phenomenon was by Sato et al., (1976) who reported that in
embryonic rats at 21 days gestation, a ‘fetal’ isoform could be detected in skeletal
muscle and liver along with the pygm and pygl isoenzymes [178]. Studies have now
identified this ‘fetal’ isoform as being the brain (pygb) isoform of glycogen
phosphorylase, and have also implicated its re-expression in carcinomas and

regenerating muscle fibres [194, 217, 272].

However, while the predominance of pygb in fetal tissues is a well-accepted
phenomenon [136, 194], there appears to be significant contradictory data in the
literature regarding the developmental expression of pygb. This is illustrated in the
studies of the developmental expression of glycogen phosphorylase in embryonic rat
skeletal muscle. While Sato and colleagues using native gel activity assays reported
that they could detect the pygb (fetal) isoform until 2 weeks after birth [178], Richter
and co-workers [180], also using native gel activity assays, found that it could not be
detected 2 days after birth. There is also considerable conjecture over the
developmental expression of PYGB in human fetal skeletal muscle. Only four
published studies have attempted to detect the presence of glycogen phosphorylase
isoforms in human fetal skeletal muscle [35, 168, 172, 301]. The two studies which
used native gel activity assays gave conflicting results with Proux et al., (1973) failing

to detect the pygb isoform in 3 month old skeletal muscle [168], which is in contrast to
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DiMauro and colleagues who were able to detect the pygb isoform in fetal skeletal
muscle at approximately 4 months gestation [35]. In support of the results obtained by
DiMauro and colleagues, Lockyer et al., (1991), reported the detection of the PYGB
mRNA transcript in human skeletal muscle at 5 months gestation [301]. A separate
study by Gorin et al., (1987) on 19-week-old human fetal muscle, revealed that the
PYGM mRNA transcript was detectable at this time point [172]. These two studies
taken together seem to indicate that the brain and muscle isoforms are present in
human fetal skeletal muscle during the second trimester of pregnancy. Curiously, in a
study by Newgard et al., (1991) they were unable to detect any PYGB mRNA in
skeletal muscle of fetal rabbits, and based upon mRNA and enzyme studies on a
variety of rabbit tissues during gestation, found no evidence for the developmental

switching of brain glycogen phosphorylase [175].

As previously mentioned, a potential therapeutic strategy for McArdle’s disease is the
up-regulation of pygb in diseased muscle to compensate for the defective pygm. Due
to the confusing data presented in the literature regarding the developmental
expression of glycogen phosphorylase, | was interested in determining the
developmental expression of glycogen phosphorylase in ovine fetal skeletal muscle
and whether, in fact, the brain isoform of glycogen phosphorylase is expressed in ovine

skeletal muscle during fetal development.

6.2.4: Aims of Chapter 6
e To characterise the expression of glycogen phosphorylase isoforms in ovine
skeletal muscle during fetal gestation.
¢ To determine the gestational time-point, at which, the brain isoform of glycogen
phosphorylase (PYGB) is down-regulated and the muscle isoform (PYGM) is
preferentially expressed in ovine fetal skeletal muscle.
e To compare the switching of glycogen phosphorylase isoforms in normal

skeletal muscle with McArdle's affected skeletal muscle.
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6.3: Materials and Methods

All procedures involving large animal work were performed in the presence of a
qualified veterinary pathologist, as per animal ethics regulations. Animal ethics

approvals: 740R/99 and 873R/01

6.3.1: Mating of ewes to obtain normal fetuses

Two weeks prior to mating, mature (approximately 6-8 years old) merino ewes
(Collinsville strain) were placed with sterile teaser rams to synchronise their oestrous
cycles. The first round of matings was carried out with 2-year-old merino rams (high
fertility, Booroola strain) wearing marking harnesses. Ewes were monitored on a daily
basis to confirm those that had mated and the mating dates were recorded. A second
round of mating was performed with a 4-year-old Polled Dorset ram, as a number of

ewes were not pregnant and were returned to service.

6.3.1.1: Determination of fetal age

Fetal age was estimated using a combination of marking dates and ultrasound
analysis. Ultrasound analysis using an OVISCAN4 (BCF Technology Ltd.) was carried
out by Mr. Adrian Veitch of WESTBREED. Fetal age is estimated by correlating crown
diameter measurement with published measurements of known fetal age. The
estimated fetal age is accurate to within + two days, however accurate measurements
can only be made on fetuses of at least 50 days gestation (Adrian Veitch, personal
communication.). As a result, for fetuses collected prior to 50 days gestation, fetal age
was estimated from marking dates. Upon euthanasia, the fetal age estimates were
confirmed by taking crown-rump measurements of the fetuses and comparing to

published data [283].
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6.3.1.2: Collection of tissue samples from normal fetuses / lambs

Based upon ultrasound and marking information, tissue was collected from fetuses at
40 days through to 130 days gestation at 10-day intervals, as well as lambs at day 0
and day 15 postnatal. A minimum of three fetuses / lambs were sampled per time
point. The pregnant ewes were euthanased either by exsanguination or barbiturate
overdose with Valabarb® (Pentobarbitone Sodium 300mg/ml, Jurox). The pathologist
confirmed the death of the ewe and the uterus was removed to collect the fetuses,
which were then euthanased by injection of Valabarb® directly into the heart. Newborn
lambs were euthanased by barbiturate overdose with appropriate volumes of
Valabarb®. Tissue samples were dissected from the fetuses, lambs and ewes and
were snap frozen in liquid nitrogen. Up to 110 days gestation, heart, brain, liver and
mixed thigh muscle were sampled. Past 110 days, individual leg muscles could be
identified in the fetuses and therefore semitendinosus and soleus muscles were
sampled. Sampling consistency was maintained throughout the collection of the time
course, so that the right ventricle was always sampled from the heart and the occipital

lobe sampled from the brain.

6.3.2: Mating of ewes to obtain McArdle’s affected fetuses / lambs

After oestrous synchronisation with a sterile teaser ram, six carrier and ten McArdle's
affected ewes were mated with two McArdle's affected rams wearing marking
harnesses in two breeding cycles. Ewes were monitored on a daily basis to confirm
mating and dates were recorded in order to determine the gestational age of the

fetuses.

6.3.2.1 Collection of tissue samples from McArdle's fetuses / lambs
To compare the isoform switching time-point between normal sheep and McArdle's
affected sheep, tissues were collected from 130-day gestation fetuses, 0 and 15-day
postnatal lambs. Due to the precious nature of the large animal model of McArdle's

disease, only carrier ewes were used to obtain the 130day gestation fetuses, as the
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mothers were required to be euthanased to obtain the fetuses. Animals were
euthanased and tissues collected as per 6.3.1.2. Day 0 and 15 lambs were offspring
from McArdle's affected ewes and therefore did not require genotyping for McArdle's
status, whereas blood was collected by cardiac puncture from 130 day fetuses and

subjected to genotyping to determine which fetuses were affected.

6.3.2.2 Genotyping of fetuses for McArdle's status

The McArdle’s status of fetuses was determined as described in section 5.3.2.

6.3.3: Northern Blot Analysis of PYGB mRNA in the hind-limb skeletal muscle of
normal sheep during ovine fetal development.

Total RNA was extracted and quantified from ovine fetal hind-limb skeletal muscle (40
days embryonic gestation through to 15 days postnatal at approximately 10 day
intervals) and control adult tissues (semitendinosus muscle, extraocular muscle, heart
and liver) using Tri Reagent (Sigma-Aldrich) as per section 2.3.1.1. 15ug of total RNA
from ovine fetal skeletal muscle (3 fetuses per time-point, 5ug of total RNA from each
fetus) at each time-point and 5ug of total RNA from adult control tissues was subjected

to northern blot analysis as in section 2.3.3.2.

A 280bp PYGB specific RNA probe was generated by PCR amplification of ovine heart
cDNA with PYGB 3'UTR specific primers 5’-gagagcaggtcccaagcact-3’ and
5’-cccacatggcagttatgagg-3’ using Platinum Taq Hi- Fidelity (Invitrogen) with 2mM
MgSO, and 200nM dNTP's under the following cycling conditions: an initial
denaturation at 94°C of 3 minutes followed by 35 cycles of 94°C: 30 sec, 55°C: 30 sec
and 68°C: 30 sec. An RNA transcription template was generated by ligation of a T7
promoter using the “lig 'n' scribe” kit (Ambion) and a P* labelled PYGB RNA probe was
generated using the “Strip-Eze RNA labelling kit” (Ambion). The hybridisation and

washing conditions were as described in section 2.3.3.2.
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6.3.4: Analysis of PYGB and PYGM mRNA transcripts in the hind-limb skeletal
muscle of normal sheep during ovine fetal development using nuclease
protection assays (NPA).

6.3.4.1: Generation of RNA probes specific for PYGB and PYGM
RNA probes specific for the PYGB and PYGM isoforms were generated by PCR
amplification of ovine heart cDNA using the following primers:

PYGB, forward primer (5’-gaggcgagtgctgccgtctgggactgaacggagagcaggtcccgeact-3’)

and PYGB reverse primer (5’-cccacatggcagttatgagg-3’);
PYGM, forward primer

(5’ctgggggattccactgctgacacttgaccctgaccactgtctctagacccaaacctg-3’) and

PYGM, reverse primer (5’-acagcgtgggagcagtgt-3’).

Note: non-homologous vector sequence (underlined in primer sequences) was
incorporated into the probes to facilitate discrimination between successfully digested
and undigested RNA samples in the NPA. The PCR amplification was performed using
Platinum Taq Hi-Fidelity (Invitrogen) with 2mM MgSO, and 200nM dNTP's under the
cycling conditions: an initial denaturation at 94°C of 2 minutes followed by 35 cycles of
94°C: 15 sec, 55°C: 30 sec and 68°C: 30 sec. RNA transcription templates were
generated by ligation of a T7 promoter using the “lig 'n' scribe kit” (Ambion) and high
specific activity P*? labelled PYGB and PYGM RNA probes were generated using the
MaxiScript Transcription Kit (Ambion) as per manufacturers instructions. The isoform
specific RNA probes were gel purified on 5% TBE/Urea acrylamide gels (Invitrogen) in
preparation for the NPA using the RPA Il kit (Ambion) as per manufacturers

instructions.

6.3.4.2: RPA of fetal ovine hind-limb skeletal muscle using RPA III kit (Ambion)
15ug of total RNA from ovine fetal skeletal muscle (3 fetuses per time-point, 5ug of
total RNA from each fetus) from each time-point and 15ug of total RNA from adult

control tissues were subjected to NPA with PYGB- and PYGM- specific RNA probes
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using the RPA 11l kit (Ambion). The NPA was carried out according to manufacturers
instructions using 6x10* cpm of high specific activity RNA probes and the PYGB NPA
digested with a 1:300 dilution of RNase A/T1 and the PYGM NPA digested with a
1:100 dilution of RNase A/T1. The digested products were electrophoresed on
5%TBE/Urea polyacrylamide gels at 120V for 1.5hrs and exposed to autoradiography

film at -70°C with an intensifying screen (Kodak).

6.3.5: Semi-quantitative RT-PCR analysis of PYGB and PYGM mRNA transcripts
in ovine fetal skeletal muscle.

The total RNA previously extracted was further purified and DNase treated with
RNeasy Spin Columns (Qiagen). The quality of the RNA was confirmed by agarose gel
electrophoresis and quantified by UV spectrophotometry at Aysonm. 500ng of total RNA
from each tissue was reverse transcribed with Im-Prom Il (Promega) reverse
transcriptase system (200U Im-Prom Il RT, 20U RNasin, 250ng Oligo-dT, 0.5mM
dNTP's, 3mM MgCl,) in a 40ul volume at 42°C for 60 minutes. Semi-quantitative RT-
PCR was performed using the Platinum Taq Hi-Fidelity Enzyme System (Invitrogen)
with 9ul of each cDNA in a 150ul PCR master mix (2mM MgSQO,, 0.2mM dNTP's,
150ng of each primer, 6U Platinum Taq). Each of these master mixes was then
aliquoted into 10ul PCR reactions which were subjected to PCR amplification with the
following conditions: an initial denaturation of 3 minutes at 94°C followed by 18-35
cycles of 94°C: 30 sec, 55/60°C: 30 sec and 68°C: 30 sec; with a PCR aliquot for each
cDNA sample removed at successive cycles and immediately frozen on dry-ice, in
order to determine the linear range for amplification of each transcript (refer to table
6.3.1 for primers and amplification conditions). Samples were electrophoresed on a
10% acrylamide (29:1)/TBE gel at 100V for 1 hour and stained with SYBR Gold

(Invitrogen).
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Table 6.3.1: Conditions employed in semi-quantitative PCR of PYGB, PYGM, HPRT and
18s rRNA.

Probe Primers PCR conditions | Size Optimum
(bp) PCR cycles
PYGB | 5" gagagcaggtcccaagcact 3’ 55°C annealing | 280 31
5’ cccacatggcagttatgagg 3’
PYGM | 5’ cggatgagaagatctgagcc 3’ 60°C annealing | 201 24
5’ acagcgtgggagcagtgt 3’
HPRT | 5' gctcgagatgtgatgaaggaga 3' 60°C annealing | 248 26
5' atgtcacctgttgactggtcgt 3'
18s 5' gctaccacatccaaggaagg 3' 55°C annealing | 348 22
rRNA 5' caattacagggcctcgaaag 3

6.3.6: Western Blot Analysis of glycogen phosphorylase isoforms in normal
ovine fetuses.

6.3.6.1: Preparation of tissue lysates
Protein lysates were prepared from ovine fetal hind-limb skeletal muscle, heart and
liver tissues (40 days embryonic gestation through to 15 days post-natal) and adult
control tissues (semitendinosus muscle, extraocular muscle, heart, brain and liver) by
homogenizing tissue samples in 10 volumes of ice cold homogenisation buffer A
(50mM Imidazole pH 7.0, 1mM DTT, 20mM EDTA, 100mM NaF, 20% glycerol and
mammalian tissue and cell protease inhibitor cocktail (Sigma)). The lysates were
cleared by centrifugation at 3,000-x g for 20 minutes at 4°C, and the total protein
quantitated by the method of Minamide et al., (1990) [224]. The lysates were aliquoted

and stored at -80°C until required.

6.3.6.2: SDS-PAGE and immunoblotting
21ug of total protein from each fetal time-point sample (3 fetuses per time-point, 7ug of
total protein from each fetus) and 20ug of total protein from adult control tissues were
electrophoresed on a 4-15% Tris-Glycine acrylamide gel (BioRad) at 120V for 1.5 hrs
under denaturing conditions. Immunoblotting was performed as per section 4.3.8.2, 1°

antibody concentrations were: PYGB, 1:10,000; PYGM, 1:1,500; PYGL, 1:1,000.
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6.3.7: Native gel activity assays of glycogen phosphorylase isoforms in normal
ovine fetuses and lambs.

Lysates prepared in 6.3.6.1 were analysed by native gel activity assay as in section
3.3.5.2 with the exception that the phosphorylase isoforms were analysed under both

low (30mM G-1-P) and high (75mM G-1-P) substrate conditions.

6.3.8: Analysis of glycogen phosphorylase isoforms in the hind-limb skeletal

muscle of McArdle's affected fetuses.

Hind-limb skeletal muscle lysates from fetuses of 130 days embryonic gestation, 0

days and 15 days post-natal from both normal and McArdle's affected fetuses were
subjected to western blot analysis and native gel activity assays (low substrate

conditions) as in sections 6.3.6.2 and 6.3.7.
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6.4:Results

6.4.1: Determination of fetal age

As ultrasound analysis of crown diameter to estimate fetal age in sheep is only
accurate from 50 days gestation onwards (Adrian Veitch personal communication), a
combination of marking dates and ultrasound analysis was used to estimate fetal age
for euthanasia of fetuses. Fetuses euthanased at 40 and 50 days gestation were
collected based upon marking dates, while the fetuses of 60 days gestation onwards
were euthanased based upon ultrasound dates. The mean and standard error of the
crown-rump length measurements collected from euthanased fetuses was compared to
the limited published data [283]. The crown-rump length vs. age from our euthanased
fetuses followed similar trends to that of the published data (Figure 6.4.1). The crown-
rump length measurements of fetuses collected from 110 days gestation onwards were
slightly larger than published data, but | believe they are accurate as the fetal age
determined by ultrasound on the whole, correlated with the marking dates recorded
(Figure 6.4.1). Further statistical analysis on the crown-rump data was impossible due

to lack of published data.

6.4.2: Determination of McArdle’s status of 130-day gestation.

Ten fetuses were euthanased from five mothers in order to obtain the three fetuses
required for the 130-day gestation time point. Genotyping of the ten fetuses collected at
the 130 day gestation time-point revealed that only three of these fetuses (each from

different mothers) were McArdle’s affected and not carriers.
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6.4.3 Characterisation of the expression of PYGB and PYGM mRNA transcripts in

ovine hind-limb skeletal muscle during fetal development.
6.4.3.1: Northern blot analysis of ovine fetal skeletal muscle with a PYGB
specific riboprobe.
Northern blot analysis with a P* labelled PYGB specific riboprobe of 15ug of high-
quality total RNA (Figure 6.4.2.) extracted from ovine skeletal muscle at gestational
ages: 40dE, 50dE, 60dE, 70dE, 90dE, 110dE, 130dE, 0dPN and 15dPN along with 5ug
of total RNA from adult semitendinosus muscle, extraocular muscle, heart and liver;
failed to detect the PYGB mRNA transcript in fetal skeletal muscle or in the negative
control samples mature muscle and liver (Note: dE — embryonic days gestation, dPN —
days postnatal). However an approx. 4.2kb mRNA corresponding to ovine PYGB could

be detected in mature extraocular muscle and heart (Figure 6.4.3).

6.4.3.2: Nuclease protection assays of ovine fetal skeletal muscle with PYGB

and PYGM specific riboprobes.
Nuclease protection assay of 15ug of total RNA from ovine hind-limb skeletal muscle at
gestational ages: 40dE, 50dE, 60dE, 70dE, 80dE, 90dE, 100dE, 110dE, 120dE,
130dE, 0dPN and 15dPN along with 5ug of total RNA adult semitendinosus muscle,
heart and liver with a PYGB specific riboprobe failed to yield a 280bp protected
fragment characteristic of PYGB mRNA in ovine fetal skeletal muscle and the negative
controls, adult muscle and liver; but did yield the expected fragment in adult ovine heart
(Figure 6.4.4A&B). In contrast, the 200bp protected fragment corresponding to the
PYGM mRNA transcript could be detected in ovine fetal skeletal muscle from 40 days
gestation onwards increasing in amount throughout gestation, it could also be detected
in adult semitendinosus muscle and heart, but not in the negative control, liver (Figure:

6.4.4C&D).
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6.4.3.3: Semi-quantitative RT-PCR analysis of PYGB and PYGM mRNA

transcripts in ovine fetal skeletal muscle.
Semi-quantitative RT PCR analysis of PYGB and PYGM mRNA transcripts of 500ng of
total RNA, detected very low levels of PYGB mRNA from 40 days gestation through to
15 days post-natal in ovine hind-limb skeletal muscle. Low levels of PYGB mRNA
could also be detected in mature skeletal muscle and liver, while much higher levels
were seen in mature heart (Figure 6.4.5A). The levels of PYGB mRNA appear to
decrease slightly over gestation, however as this technique is only semi-quantitative,
quantitative estimates with such a small change cannot be definite. The PYGM mRNA
transcript could be detected in ovine fetal skeletal muscle from 50 days gestation
onwards (Figure 6.4.5B), appearing to increase in amount throughout gestation when

normalised to the internal standards: 18s rRNA and HPRT (Figure 6.4.5C&D).

6.4.4: Characterisation of glycogen phosphorylase isoforms expressed in ovine
fetal hind-limb skeletal muscle by native gel activity assays.

The glycogen phosphorylase isoform composition of ovine fetal skeletal muscle was
analysed by native gel activity assay under both low substrate (i.e.30mM G-1-P) and
high substrate (75mM G-1-P) conditions (note: 100mM NaF was included in the
homogenisation buffer to inhibit endogenous phosphoprotein phosphatase from de-
phosphorylating the glycogen phosphorylase isoforms). Under low substrate conditions
the pygm enzyme could be detected in ovine fetal skeletal muscle from 50 days
gestation onwards increasing in activity till 15 days post-natal. The pygm isoform was
found to be in the non-phosphorylated ‘b’ form throughout gestation until 15 days post-
natal when minor amounts of the phosphorylated ‘a’ form of pygm could be detected
(Figure 6.4.6A). In adult semitendinosus muscle, the majority of the pygm enzyme that
could be detected was in the non-phosphorylated ‘b’ form, but significant
phosphorylated ‘a’ form could also be detected as was the case in extraocular muscle
and heart (figure 6.4.6A). Under high-substrate conditions, the pygm enzyme could

again be detected throughout gestation increasing in activity, but under these
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conditions minor pygm enzyme could also be detected in the hind-limb skeletal muscle
at 40 days gestation. In the presence of high substrate, minor amounts of the
phosphorylated ‘a’ form of pygm could be detected in fetal skeletal muscle that were
not apparent under low substrate conditions. Minor amounts of pygb enzyme could be
detected in ovine fetal skeletal muscle from 40 days gestation through to 100 days
gestation, as well as in extraocular muscle under high substrate conditions, however
the bands corresponding to the pygb enzyme faded rapidly upon destaining (Figure

6.4.6B, pygb is indicated by arrow).

6.4.5: Western blot analysis of glycogen phosphorylase isoforms in ovine fetal
skeletal muscle using isoform specific antibodies.

Western blot analysis of 20ug of total protein from ovine fetal skeletal muscle using
antibodies specific for each isoform of glycogen phosphorylase; detected decreasing
amounts of pygb protein in ovine fetal skeletal muscle throughout gestation reaching
almost non-existent levels 15 days post-natally (Figure 6.4.7A). In contrast, pygm
protein could be detected from 50 days gestation onwards, increasing in amount
throughout gestation (Figure 6.4.7B). Pygl protein could not be detected in ovine fetal

skeletal muscle at any gestational time-point (Figure 6.4.7C).

6.4.6: Analysis of pygb protein levels and enzyme activity in ovine liver and heart
throughout fetal gestation.

Western blot analysis of pygb protein expression in ovine fetal liver, revealed that pygb
protein increased in fetal liver from 40 days gestation reaching an apparent maximum
at 110 days gestation and then decreasing to close to the levels detected in adult liver
by 15 days post-natal (Figure 6.4.8). Native gel activity assays of ovine fetal liver,
demonstrate an increase in pygl enzyme throughout fetal gestation, as well as what
appears to be either the brain/liver hybrid or brain isoform also expressed (Figure
6.4.9). In ovine fetal heart, pygb protein appears to be constant at adult heart levels

from 50 days gestation onwards. Lower levels appear in the 40-day heart (Figure
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6.4.10). While the native gel activity assay of ovine fetal heart extracts shows very little
change in the levels of the brain and muscle isoforms during gestation (data not

shown).

6.4.7: Analysis of glycogen phosphorylase isoenzymes in McArdle’s affected
skeletal muscle from fetuses of 130-days gestation, day of birth (0 days post-
natal) lambs and 15 day post—natal lambs.

The glycogen phosphorylase isoenzyme composition was analysed in McArdle’s
affected skeletal muscle at 130 days gestation, 0 days post-natal and 15 days post-
natal to determine if the disease state in fetuses results in altered expression of the
pygb isoform. As was expected based upon data generated in chapter 5 for adult
McArdle’s sheep, western blot analysis on McArdle’s affected skeletal muscle samples
with a pygm specific antibody did not detect the presence of pygm protein at any of the
three time points (Figure 6.4.11 A). Western blot analysis with a pygb specific antibody
showed a decrease in pygb expression from 130 days gestation through to 15 days
post-natal (Figure 6.4.11B). Native gel activity assays also confirmed the lack of pygm
activity in the McArdle’s affected samples and did not reveal any prolonged or up
regulated expression of pygb in McArdle’s affected fetal or newborn skeletal muscle

(Figure 6.4.12).
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Figure 6.4.1: Crown-rump measurements of ovine fetuses.

Figure 6.4.2: Total RNA extracted from ovine fetal muscle analysed on a 1% agarose/TBE
gel.

Figure 6.4.3: Northern blot analysis of ovine fetal skeletal muscle using a P*2 labelled
PYGB specific riboprobe.



220



221

Figure 6.4.4: Nuclease protection assay of ovine fetal skeletal muscle with riboprobes
specific for PYGB (A&B) and PYGM (C&D).

Figure 6.4.5: Analysis of PCR products from semi-quantitative RT-PCR of ovine fetal
skeletal muscle.
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Figure 6.4.6: Native gel activity assay of 50 ug of ovine fetal skeletal muscle.
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Figure 6.4.7: Western blot analysis of ovine fetal skeletal muscle with polyclonal
antibodies against A) pygb, B) pygm and C) pygl.

Figure 6.4.8: Western blot analysis of ovine fetal liver with a polyclonal antibody against

pygb.
Figure 6.4.9: Native gel activity assay of ovine fetal liver.
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Figure 6.4.10: Western blot analysis of ovine fetal heart with a polyclonal antibody
against pygb.

Figure 6.4.11: Western blot analysis of ovine fetal skeletal muscle from normal and
McArdle’s affected sheep with polyclonal antibodies against

A) pygm B) pygb.

Figure 6.4.12: Native gel activity assay of ovine fetal skeletal muscle from normal and
McArdle’s affected sheep.
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6.5: Discussion

Glycogen phosphorylase is a key enzyme involved in carbohydrate metabolism. During
pregnancy, fetal energy production is primarily achieved through the supply of
carbohydrates and amino acids across the placenta, as fetuses in most species have
been shown to have a very low capacity for glucose production [185, 305]. Free fatty
acids transfer poorly across the placenta, with what is transferred, stored in the liver
and adipose tissues for later use in energy production at the neonatal stage [306, 307].
As a result, carbohydrate metabolism plays a more significant role during gestation
than fatty acid oxidation [305]. The glycogen stores deposited during fetal life and the
endogenous glycogen phosphorylase, play a key role in protecting the fetus from

hypoglycaemia and hypoxia [307, 308].

6.5.1: Developmental expression of muscle glycogen phosphorylase in ovine
fetal skeletal muscle.

The increase in expression of PYGM mRNA, protein and enzyme activity in ovine
skeletal muscle over the course of gestation indicates that PYGM is transcriptionally
regulated in ovine skeletal muscle during development. This is in agreement with the
in-vivo and in-vitro studies by Schweighoffer et al., (1986) [182], Lockyer et al., (1991)
[301] and Froman et al., (1994) [186] who demonstrated that muscle glycogen

phosphorylase is transcriptionally regulated during myogenesis in the rat.

The ability to detect the PYGM mRNA and protein in ovine muscle from 50 days
gestation correlates with published data indicating that the expression of muscle-
specific enzymes during myogenesis is dependent upon myoblast fusion and myocyte
differentiation. Studies by Wilson et al., (1992) revealed that myotube formation in
sheep muscle occurs much earlier than was previously thought, with primary myotubes
visible by 32 days gestation, facilitating a second generation of myotubes by 62 days of

gestation in the tibialis cranialis muscle [287]. A key event required for the expression
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of muscle glycogen phosphorylase is innervation. In mature muscle, the level of pygm
mMRNA, protein and enzyme activity is controlled by nerve-evoked muscle contraction,
rather than neurotrophic factors. Studies by Fahey et al., (2003) [309] and Brameld et
al., (1998) [310] on the expression of insulin-like growth factors during sheep
myogenesis, suggest that prior to 85 days gestation muscle proliferation occurs, while
after 85 days gestation sheep muscle becomes fully differentiated and innervated,
correlating with a decrease in insulin-like growth factors and myogenin levels. The
increased levels of pygm mRNA, protein and enzyme detected in the ovine fetal
muscle at the latter stages of gestation correlate with the expected differentiation and
innervation of skeletal muscle during this period. The significant increase in pygm
protein and activity close to birth, also correlates with the increased requirement for
carbohydrate metabolism around birth as the fetus prepares for extrauterine life, after

which, fatty acid oxidation will become more important [311].

6.5.2: Developmental expression of brain glycogen phosphorylase.

6.5.2.1: Developmental expression of brain glycogen phosphorylase in ovine

fetal skeletal muscle.
In contrast to the developmental expression of muscle glycogen phosphorylase in fetal
sheep muscle, the developmental expression of brain glycogen phosphorylase does
not appear to be as easy to clarify. Studies of the developmental expression of PYGB
at the mRNA level in human and rabbit fetal tissues appear to contradict the generally
held belief, through enzyme studies, that brain glycogen phosphorylase is the
predominate isoform of glycogen phosphorylase expressed in fetal tissues [136, 175].
While PYGB mRNA was detected in human fetal skeletal muscle at 5 months gestation
using northern blot analysis by Lockyer et al., (1991) [301], a study by Newgard et al.,
(1991) [175] found only very low levels of PYGB mRNA in developing rabbit skeletal
muscle, in contrast to increasing levels of PYGM mRNA. Studies of a wide variety of
fetal rabbit tissues including muscle and liver found no evidence for the predominance

of PYGB mRNA in rabbit fetal tissues or for isoform switching at the mRNA level in
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muscle and liver during development [175]. In agreement with this study is the work of
Newgard et al., (1988) [136], which found no evidence for the predominance of PYGB
mRNA in developing human liver. My inability to detect PYGB mRNA in developing
ovine skeletal muscle, by traditional methods such as northern blot analysis and
nuclease protection assays, whilst only being able to detect the PYGB mRNA transcript
at the same low constitutive level in fetal muscle as in mature muscle and liver is in
agreement with these studies. This suggests that in ovine fetal skeletal muscle brain
glycogen phosphorylase is not the predominant glycogen phosphorylase when

analysed at the mRNA level.

When the developmental expression of the pygb protein in ovine fetal skeletal muscle
is analysed, a decrease is detected in the level of pygb protein throughout gestation, as
the level of pygm protein increases. To date, the only study published that has
analysed the developmental expression of the glycogen phosphorylase proteins using
a technique such as western blot analysis is a study by Pfeiffer et al., (1993) [193] on
developing rat brain, presumably due to the scarcity of isoform specific antibodies for
glycogen phosphorylase. In spite of this, the decrease in pygb protein with a
concomitant increase in pygm throughout gestation agrees with the accepted theory of

isoform switching in developing muscle.

An apparent contradiction to the isoform switching at the protein level in ovine skeletal
muscle is the failure to detect significant pygb enzyme activity by native gel activity
assay. Native gel activity assays of ovine fetal skeletal muscle demonstrated an
increase in the level of pygm enzyme throughout gestation, however only very low
levels of pygb enzyme could be detected and the bands corresponding to the pygb
enzyme faded rapidly upon destaining. These confusing results are supported by the
conflicting data in the literature surrounding the detection of the pygb enzyme in human
fetal skeletal muscle by native gel activity assays. A study by Proux et al., (1973) [168]

failed to detect the pygb enzyme in 3-month-old human fetal muscle, whereas DiMauro
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and co-workers were able to detect the pygb enzyme in 4.5-month-old human fetal
muscle [35]. The reason for these differences is not clear, particularly as the same
technique was employed by the different research groups, but may be due to variables
associated with the native gel activity assay technique which have been reported in the

literature (see section 1.3.2 for a description).

Taken together, the results of the developmental expression of brain glycogen
phosphorylase at both the mRNA and protein level, appear to indicate that in ovine
fetal skeletal muscle, brain glycogen phosphorylase is regulated at the post-
transcriptional level. While the decrease in pygb protein and con-commitant increase in
pygm protein throughout gestation could potentially indicate a generalized feed-back
mechanism controlling total level of glycogen phosphorylase during development; this
appears unlikely given the fact that no differences were detected in the expression of
pygb in late gestation and newborn McArdle’s affected sheep and in normal sheep.
These findings instead indicate that there is no naturally occurring mechanism that up-

regulates pygb in fetuses to compensate for a lack of pygm.

Translational control of gene expression is a well-accepted phenomenon during
embryogenesis, where such a regulatory mechanism allows an mRNA to be used at
specific time-points and in different subcellular compartments [207, 208]. The post-
transcriptional regulation of brain glycogen phosphorylase in ovine fetal skeletal muscle
during development is supported by the studies of Newgard and co-workers, who
demonstrated that in developing rabbit lung brain glycogen phosphorylase is post-
transcriptionally regulated [175] and proposed the post-transcriptional regulation of
brain glycogen phosphorylase in developing human liver [136]. Published studies on
the developmental expression of the glycogen phosphorylases in different species,
which also analysed their expression at the mRNA level rather than simply the enzyme,
have demonstrated a variety of regulatory mechanisms. As previously mentioned,

Newgard et al, (1991) [175] have demonstrated that brain glycogen phosphorylase is
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post-transcriptionally regulated in developing rabbit lung. A study by Bloch et al.,
(1993) [185] revealed that liver glycogen phosphorylase is post-transcriptionally
regulated in developing rat liver. In comparison, muscle glycogen phosphorylase is
transcriptionally regulated in developing rat muscle and in the C2C12 muscle cell line
[182, 186, 302]. While it has not been demonstrated in the literature, it is possible that
each glycogen phosphorylase isoform is controlled by different regulatory mechanisms
in each tissue it is expressed in. A study by Shen et al., (2003) [312] on the expression
of the brain isoform of creatine kinase (CK-BB) in various regions of the brain, found
that the same isoform can be regulated in different ways depending on the region of
brain analysed. Shen et al., (2003) found that in post-natal rat brain, CK-BB was
regulated at the post-transcriptional level in cerebrum, but regulated at the

transcriptional level in the cerebellum [312].

There is significant contradictory data in the literature surrounding the developmental
expression of glycogen phosphorylase using native gel activity assays, which could
potentially explain the discordant results of the enzyme expression of pygb and the
pygb protein as determined by the western blot analysis and the mRNA studies. One
potential explanation may be that brain glycogen phosphorylase expression in
developing ovine fetal skeletal muscle is confined to myoblasts and under
transcriptional control, as a result, the isoform switching at the mRNA level may have
occurred prior to 40 days gestation. This however appears unlikely for a number of
reasons. While it has been reported in the literature that secondary myotubes are
visible in sheep tibialis cranialis muscle by 32 days gestation [287], studies have also
shown that muscle proliferation (myoblast proliferation) occurs in sheep up to 85 days
gestation and therefore some pygb mRNA should be able to detected by a technique
such as northern blotting in the early time points [309, 310]. In support of this is the
study by Lockyer et al., (1991) [301] who were able to detect PYGB mRNA in the
skeletal muscle of a 5 month old human fetus when it has been shown that tertiary

myotubes are present in fetal skeletal muscle by 16-17 weeks gestation (approx 40%
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of the human gestation period) (see ref’'s in [287]). As sheep myogenesis closely
parallels human myogenesis, pygb mRNA should be able to be detected by northern
blot analysis over a similar period of gestation in sheep. Another potential mechanism
by which the expression of brain glycogen phosphorylase is controlled in developing
ovine fetal skeletal muscle is through alterations in mMRNA stability. A rapid degradation
of PYGB mRNA post 40-days gestation could account for an inability to detect the
PYGB transcript by northern blot analysis or nuclease protection assays, however this

study does not provide any evidence to determine this.

6.5.2.2: Expression of brain glycogen phosphorylase in ovine fetal liver

Given the data suggesting that brain glycogen phosphorylase is not the predominant
glycogen phosphorylase isoform expressed during ovine fetal skeletal muscle
development when analysed at the mRNA level and by enzyme activity, the increase in
pygb protein detected by western blot analysis in ovine fetal liver during gestation was
initially unexpected. Until these data were taken together with the results from the
native gel activity assays, which indicate that pygb expression reaches a maximum at
110days gestation, after which it decreases. This correlates with a sharp increase in
pygl enzyme activity. This is most likely a protective mechanism for the fetus, which is
at significant risk of hypoglycaemia if maternal substrate supply is disrupted as the

fetus must be able to maintain blood glucose levels [185, 305].

6.5.2.3: Expression of brain glycogen phosphorylase in ovine fetal heart

The constant high levels of pygb protein and enzyme activity during ovine fetal heart
development is to be expected when its expression in mature heart is taken into
account and the role of carbohydrate metabolism in fetal heart is understood. It is well
accepted that the fetal sheep heart relies upon non-oxidative and oxidative metabolism
as an energy supply and to prevent damage from hypoxia during gestation [307, 308].

After birth the sheep heart predominately relies upon fatty acid oxidation [305].
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My analysis of pygb in ovine fetal skeletal muscle, liver and heart during gestation
indicates that the pygb protein is present in ovine tissues throughout gestation until a
mature tissue specific pattern of glycogen phosphorylase expression is set, as has
been shown in the majority of studies analysing the developmental expression of

glycogen phosphorylase in different species.
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6.6: Conclusions and Future Work

Using a combination of established molecular biology and protein analysis techniques,
| was able to analyse the developmental expression of glycogen phosphorylase
isoenzymes in ovine hind-limb skeletal muscle, at both the mRNA and protein level.
Analysis of the developmental expression of muscle glycogen phosphorylase in ovine
fetal skeletal muscle demonstrated that in agreement with published literature on rat
myogenesis, PYGM is regulated at the transcriptional level during ovine myogenesis
[182, 186, 301, 302]. The expression of pygm protein and enzyme in ovine fetal muscle
from 50 days gestation onwards, corresponds with published literature regarding the
appearance of myotubes in ovine skeletal muscle [287]. The significant increase in
pygm expression at the latter stages of gestation parallels the fetus’ increased reliance
on carbohydrate metabolism at birth [311], as well as the significant differentiation and

innervation of skeletal muscle that occurs during this period [309, 310].

The majority of studies that have been published in the literature analysing the
developmental expression of glycogen phosphorylase have analysed this expression
using native gel activity assays. The few studies that have analysed the developmental
expression of glycogen phosphorylase and, in particular, brain glycogen phosphorylase
at the mRNA level, have demonstrated significant conflicts with the expression data
generated from native gel activity assay studies. The results generated in this thesis
work surrounding the developmental expression of brain glycogen phosphorylase in
ovine fetal skeletal muscle, agree with these conflicting results seen by other
researchers. The data presented here, appear to indicate that brain glycogen
phosphorylase may be regulated in a post-transcriptional manner in developing ovine
fetal skeletal muscle. This is in agreement with the study by Newgard et al., (1991)
which found that brain glycogen phosphorylase was regulated post-transcriptionally in
developing rabbit lung [175]. It is also in agreement with the proposed mechanism of

regulation of brain glycogen phosphorylase in human fetal liver [136].
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With the increasing number of published studies now analysing the regulation of the
glycogen phosphorylase isoforms in fetal tissues at the mRNA level, it has become
apparent that there are complex regulatory mechanisms involved in their
developmental expression. As mentioned, studies have demonstrated that muscle
glycogen phosphorylase is regulated transcriptionally during myogenesis. In
comparison, liver glycogen phosphorylase is regulated post-transcriptionally in the liver
during both human and rat fetal development [136]. Brain glycogen phosphorylase has
also been shown to be regulated post-transcriptionally in developing rabbit lung [175].
While analysis of a variety of rabbit fetal tissues has also contradicted the generally
accepted theory that brain glycogen phosphorylase is the predominate glycogen
phosphorylase isoform in fetal tissues and has also discounted the notion of ‘isoform-
switching’ in fetal development when analysed at the mRNA level [175]. The
uncoupling of transcription and translation and regulated translation controlling gene
expression during embryogenesis is a well-accepted phenomenon during
embryogenesis, allowing an mRNA to be used at a specified time [207]. The variety of
mechanisms controlling the expression of the glycogen phosphorylases in different

tissues during development appear to reflect this.

Until further studies are carried out on the developmental expression of glycogen
phosphorylase that analyse the expression at the mRNA level, as well as the protein
level, using techniques in addition to the traditional native gel activity assays (see
sections 1.3.2 and 5.4.2 for a discussion of difficulties and conflicting results associated
with native gel activity assays), the conflicts regarding the developmental expression of
glycogen phosphorylase and, in particular, brain glycogen phosphorylase will not be

resolved.

The work from this thesis chapter has been presented at a conference and a

manuscript is currently in preparation.
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Chapter 7.0: Investigation of Therapeutic Strategies: Viral Gene Therapy

and the Confounding Effect of Regeneration Explored Using Notexin.

7.1: Summary
In this thesis chapter the viability of in-vivo viral based gene therapy using adenovirus 5
(AdV5) and adeno-associated virus 2 (AAV2) vectors to replace muscle glycogen
phosphorylase (pygm) in McArdle’s affected ovine muscle was investigated. In the
event of successful myofibre transduction by the viral vectors, functional pygm was
expressed in ovine muscle and could readily be detected 30-40 days after
intramuscular injection. The identity of the glycogen phosphorylase re-expressed in
regenerating McArdle’s muscle was also investigated using notexin-induced muscle
regeneration. Both non-muscle isoforms of glycogen phosphorylase (pygb and pygl)
were expressed in the regenerating muscle of McArdle's affected sheep and were

found to be functional in muscle, degrading glycogen in the absence of pygm.

7.2: Introduction

As previously mentioned, while dietary supplementation and exercise therapies have
been investigated, as potential treatments for McArdle’s disease, currently there is no
effective therapy. One potential strategy that is being investigated for McArdle’s
disease is gene replacement via viral based gene therapy. Gene therapy is an
attractive option as a therapy for McArdle’s disease as complete enzyme restoration is
not required to ameliorate the symptoms of the disease. This has been demonstrated
in human McArdle’s patients where pygm enzyme levels of 30-45% of normal are
sufficient to prevent symptoms [89, 94]. In addition, | have demonstrated in the ovine
model of McArdle’s disease that the expression of approximately 45% of the normal
level of pygm enzyme is sufficient to prevent symptoms in the sheep (see chapter 5).
My co-supervisor Professor John Howell of Murdoch University, in collaboration with

Professor George Karpati of the Montreal Neurological Institute, has been one of the
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principal investigators of the applicability of viral-based gene therapy for McArdle's
disease. The ovine model of McArdle’s disease provides us with a unique model to test
the effectiveness of viral based gene therapy in-vivo. | have previously demonstrated
the disease-causing mutation in the ovine model causes a reduction in the level of
PYGM mRNA transcript, and more importantly that, no ovine pygm protein or enzyme
can be detected. Therefore, any pygm protein detected after gene therapy should be

the recombinant pygm, greatly simplifying the analysis (see chapter 5).

7.2.1: Gene therapy and myopathies

Both viral and non-viral gene therapy approaches offer potential strategies for the
treatment of not only muscle disorders, but also any disease where a defective gene
needs to be replaced [113]. Non-viral based gene therapy approaches offer several
advantages over viral gene therapy such as: higher levels of safety, low
immunogenicity, ease of production and vectors capable of carrying large inserts.
However, their main disadvantage is their low efficiency of gene transduction,
particularly in relation to skeletal muscle [313, 314]. A number of strategies have been
employed to improve their ability to deliver genes such as the use of transfection
enhancing reagents and strategies including polymers, lipids and electroporation;

however many of these approaches are not applicable in-vivo [313, 314].

Whilst viral based gene therapy strategies are hampered by problems associated with
immunogenicity due to the virus particle itself and contamination with helper virus,
along with inefficient production methods and small transgene size [314]; the infectious
nature of viral particles themselves offer advantages for systemic and direct tissue
injection in-vivo. Skeletal muscle has advantages for gene therapy of myopathies as
well as providing a reservoir for secreted proteins to treat other disorders due to its
significant proportion of the body mass, its ability to regenerate upon damage, as well

as a high number of nuclei per muscle fibre and the relatively long life span of
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terminally differentiated fibres (meaning minimal cell divisions compared to other

tissues) [314].

7.2.1.1: Viral based gene therapy for muscle disease.
Viral based gene-delivery to muscle has been attempted with a wide range of viral
particles such as herpes simplex virus (HSV), Epstein-Barr virus (EBV) retroviruses,
adenovirus (AdV) and more recently adeno-associated virus (AAV), under the control
of non-muscle and muscle specific promoters [113]. Of the viral vectors, it is the adeno
and adeno-associated viruses, which have shown the greatest promise in transducing
skeletal muscle fibres [314]. To be an effective therapy for muscle disease, the viral
vector system used for gene delivery must display a number of key attributes: non-
pathogenicity and low immunogenicity, a high infectivity for muscle and long-term gene

transfer [113].

Adenoviruses were first described in the 1950’s, and due to their ability to transduce a
wide variety of cell types in a cell-cycle independent manner, along with their relative
ease of preparation and purification, have been the subject of much experimental study
[315]. Of the documented adenoviral vectors, the most commonly used is the group C
serotype 5 virus (AdV5) [316]. The applicability of the first generation of adenoviral
vectors was severely limited by strong immune responses to the vector and transduced
cells as well as vector cytotoxicity, and led to the development of new vectors with
reduced immunogenicity and cytotoxicity resulting in increased transgene persistence
[317]. Despite the development of second and third (“gutless”) generation vectors
[318], the clinical applicability of adenoviruses as gene delivery vectors to skeletal
muscle is still limited by a reduced ability to transduce mature myofibres [318, 319]. A
number of possible explanations have been suggested for this phenomenon including
the mature extracellular matrix acting as a physical barrier for diffusion of the vector; a
mature immune system more readily able to target the viral vector and transduced cells

via CD8+ cytotoxic lymphocytes, as well as the requirement of coxsackievirus
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adenovirus receptor (CAR) for cell surface binding and a,-containing integrins (o3
and a,f35) for internalisation [319, 320]. CAR have been shown to be down regulated

during muscle maturation, which is the most likely cause of poor mature myofibre

transduction [321].

As a result, adeno-associated viral vectors have become a popular alternative to
adenoviral vectors, to achieve safe and stable transgene expression in skeletal muscle
[322]. In comparison to adenoviruses, adeno-associated viruses are much smaller in
size, offering advantages in overcoming the physical barriers of the extracellular matrix
and blood vessels of skeletal muscle [323]. In addition, they do not transduce antigen-
presenting cells very well, which lowers the chances of activating a cellular immune
response [322]. AAV based vectors have also been shown to be capable of long-term
transgene expression in non-dividing cells [323]. They have been extensively
investigated for their application to muscle disease including the dystrophies [324], the
sarcoglycanopathies [322] and metabolic myopathies such as Pompe’s disease [325].
A number of serotypes of adeno-associated viruses have been identified (AAV1-8)
which differ in their properties of immunogenicity, tissue targeting and their

effectiveness for different delivery methods (intramuscular vs. systemic) [326-328].

Adeno-associated virus serotype 2 is one of the most widely used serotypes for
transduction of skeletal muscle in-vivo [322]. In comparison to a number of the other
serotypes, the mechanism of its muscle transduction via the heparin sulfate
proteoglycan (HSPG) receptors has been elucidated [326]. However, recent studies
have suggested that there is a high prevalence of pre-existing immunity in the human
population, which may reduce its applicability in clinical settings [328]. As a resullt,
much attention is focused on elucidating the mechanisms and effectiveness of gene

transfer of the alternative AAV serotypes.
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Due to the mass of skeletal muscle, effective gene delivery to a large number of
muscles is crucial. Current delivery methods such as direct muscular injection, while
useful in an experimental setting are not practical for the treatment of genetic
myopathies in a clinical setting due to poor vector diffusion and the repeated dosing
required [113]. As a result, systemic delivery has been the subject of much
experimental study. In addition to the identification and use of viral vectors more
suitable to systemic delivery with improved targeting of skeletal muscle (e.g. adeno-
associated virus serotype 8), a number of techniques to improve diffusion of the viral
vector have been trialled, including, large volume high pressure delivery and the use of
pharmacological agents (e.g. histamine, vascular endothelial growth factor (VEGF)) to
improve vascular permeability [326, 328]. However a recent study has suggested that
unlike AAV targeted to the liver, which induces immune tolerance, the systemic
delivery of AAV vectors targeted to skeletal muscle may always be hampered by local
immune response, particularly when the transgene represents a neo-antigen i.e. a
transgene in the context of a gene deletion or null mutation [329]. This local immune
response mediated by CD4+ T-helper cell responses along with CD8+ T-cell or B-cell
activation, can eliminate the transgene and needs to be considered when attempting

therapeutic intervention for muscle disease via gene therapy.

7.2.1.2: Gene therapy and McArdle’s disease
A number of in-vitro studies have examined the usefulness of gene therapy as a
possible therapeutic option for McArdle’s disease. An early study, by Gédmez-Foix et
al., (1992) found that it was possible to transduce hepatocytes with a recombinant
adenovirus construct containing muscle glycogen phosphorylase (PYGM), but in order
to get a functional reduction in glycogen levels concomitant with expression of the
recombinant pygm, the liver cell environment had to be altered pharmacologically to
provide the appropriate effector molecule, AMP [330]. Interestingly, studies by Baqué
et al., (1994) demonstrated that recombinant adenovirus containing PYGM was

capable of effectively transducing C2C12 differentiating myoblasts and non-dividing
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myotubes and functioning under appropriate regulation (phosphorylation and allosteric)
[331]. As we would expect of adenoviruses, the expression of the recombinant pygm
was found to be transient in the myoblasts, but the activity and expression was higher
in myotubes and more sustained [331]. In-vitro studies of the applicability of gene
therapy to McArdle’s disease were presented by Pari et al., (1999) when they
demonstrated that it was possible to not only transduce primary myoblast cultures from
the ovine model of McArdle’s disease and a human McArdle’s patient, but that the

glycogen phosphorylase activity was restored in these cells [112].

Direct muscular injection of viral gene therapy vectors can cause damage to the
muscle and subsequent muscle regeneration. Muscle regeneration after bouts of
exercise intolerance and rhabdomyolysis is common occurrence in McArdle’s patients.
Of great interest to us in furthering the development of therapeutic strategies, is the
fact that the regenerating muscle fibres in McArdle’s patients re-express glycogen
phosphorylase. However there bis some controversy in the literature as to what

isoforms of glycogen phosphorylase are re-expressed in regenerating fibres.

7.2.2: Muscle regeneration and McArdle’s disease

The presence of phosphorylase positive regenerating muscle fibres in McArdle’s
affected patients has been well described in the literature [19, 332-334]. Although the
identity of the phosphorylase expressed has been the subject of considerable debate, it
is generally accepted, that the brain (pygb) and liver (pygl) isoforms were expressed in
regenerating muscle fibres of McArdle’s patients, as the non-muscle isoforms had been
identified in tissue culture of McArdle’s patients [194, 217, 272]. Interestingly, Kitahara
et al., (1977) [335] detected weak activity of fetal glycogen phosphorylase along with
creatine kinase in the muscle of mice with progressive muscular dystrophy. This was
hypothesized to be due to muscle regeneration that was visible during early stages of
the disease [335]. Analysis of the levels of glycogen phosphorylase over time indicated

that the fetal isoform of glycogen phosphorylase decreased with the age of the muscle
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in these mice, presumably as the muscle exhausts it's ability to regenerate. As
Grunfeld et al., (1972) [336] also detected the presence of glycogen phosphorylase
and decreased glycogen content in the satellite cells of McArdle’s disease patients, it is
hypothesized that satellite cells must express a non-muscle isoform/s of glycogen

phosphorylase that are not affected by the disease.

Confusingly, pygm was detected in muscle cultures of McArdle’s patients by some
researchers [19, 170, 194]. This apparent anomaly was clarified by Martinuzzi and
colleagues (1999) [19],who showed that the failure to detect pygm in muscle culture of
normal patients was due to a lack of innervation and the expression of pygm in
regenerating fibres of McArdle’s patients was said to only occur when a mutation had
not been detected in one allele of the PYGM gene, allowing for PYGM to be
transcribed [19]. Previous authors who had detected pygm in the regenerating muscle
fibres of McArdle’s patients had classified them based upon low or no phosphorylase
activity, however it is most likely that many of these patients still retained some
functional pygm protein and therefore the pygm enzyme detected was due to residual

pygm enzyme activity.

7.2.2.1: Muscle regeneration
Throughout a lifetime, mature skeletal muscle is repeatedly subjected to mechanical
stress and damage through normal weight bearing, eccentric muscle contraction and
trauma [337, 338]. However, skeletal muscle displays a remarkable capacity for
regeneration and repair post-injury and in the maintenance of muscle function during
aging. A pathological hallmark of a number of progressive neuromuscular disorders
such as Duchenne Muscular Dystrophy (DMD) is recurrent cycles of muscle
degeneration and regeneration that may have the therapeutic benefit of delaying
functional impairment of muscles [269]. However, eventually the regenerative capacity
of the patient’s muscle is exhausted and muscle fibrosis and fatty deposition is

observed [269]. Understanding the mechanisms behind muscle regeneration and the
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factors that can promote or limit the regenerative process may provide novel

therapeutic benefits to patients with such progressive neuromuscular disorders.

7.2.2.1.1: Cellular events during muscle regeneration
Upon damage, a set of defined cellular events occur that mark the process of muscle
regeneration. The first stages of muscle regeneration are dependant on the removal of
the injured myofibres by phagocytosis. Injured myofibres initiate an inflammatory
response that allows infiltration of neutrophils and macrophages, which then remove
dying myofibres and debris [339]. If this process is delayed (for example, by poor blood
supply) so is muscle regeneration. Within the phagocytosed muscle fibres, the normally
quiescent satellite cells (found beneath the basal lamina of adult muscle fibres)
become activated, re-enter the cell cycle, and proliferate to form a pool of muscle
precursor cells [339]. These proliferating muscle precursor cells begin to express
myogenic regulatory factors and differentiate into multinucleated myotubes to replace
or repair, damaged myotubes. It is generally accepted that muscle regeneration in
many ways recapitulates embryological myogenesis, particularly in regard to the timed
expression of myogenic regulatory factors such as myoD, myf-5, myogenin and MRF4,
along with the timed expression of muscle specific gene markers. While satellite cells
appear to be the key for muscle regeneration, there is also evidence indicating that
“side — population cells” including bone marrow derived cells, as well as muscle
derived stem cells (CD34, Sca-1 and CD45+/-) are capable of contributing to muscle

regeneration [340], although their functional significance remains unclear.

7.2.2.1.2: Loss of the regenerative capacity of muscle
Whilst muscle displays remarkable regenerative capacity it does lose this ability over
time, resulting in a loss of muscle mass. This inability to regenerate appears to be due
to a loss of the proliferative capacity of the satellite cell pool rather than to a loss of
satellite cells themselves [340]. Studies by Schafer et al., (2005) in wild-type and mdx

mouse soleus muscle indicated that the number of satellite cells in an individual
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remains relatively constant throughout life, irrespective of disease state [341].
However, loss of proliferative capacity has been linked to a loss in telomeric DNA each
time a cell divides [340]. Renault et al., (2000) demonstrated a 14 times greater loss of
telomeric DNA in the muscle of patients with DMD compared to control subjects,
indicating there are higher levels of muscle regeneration in dystrophic muscle [337].
They were also able to demonstrate a reduced lifespan of the muscle cell population
from DMD patients compared to normal. Taken together, these data indicate that the
DMD patients have undergone many more cycles of degeneration-regeneration and
used a larger part of their proliferative capacity [337]. Recently, a loss of notch
signalling in aged muscle has also been implicated in the inability of muscle to

regenerate with age (sarcopenia) [340].

7.2.2.1.3: Inflammation and muscle regeneration
The immune response plays an important yet complex role in muscle regeneration.
Inflammation can cause muscle damage, as is the case in inflammatory myopathies; or
aid in repair by the phagocytosis of damaged myofibres [342]. Whether damage or
repair occurs appears to be based upon the balance of cytokine and growth factor
expression [342]. A number of key secreted factors have been implicated in the
regulation of muscle regeneration such as: insulin like growth factors (IGF-I, IGF-II,
IGF-II1) [343], hepatocyte growth factor (HGF) [344], fibroblast growth factors (FGF)
[344], tumour necrosis factor-o. (TNF-a) [344], interleukin-6 (IL-6) [344], leukaemia
inhibitory factor (LIF) [345], TGF-B family [344] and more recently the plasminogen
system through plasminogen activator inhibitor-1 [346]. These secreted factors are
known to act at different levels within the regenerative process with some (such as
IGF-1 and HGF) facilitating the activation of satellite cells and improving myoblast
proliferation [344]; while others, like myostatin, are known to affect the ability of
myoblasts to differentiate [347]. Therapeutic intervention could therefore be aimed at a
number of levels, for example, the blocking of myostatin has been shown to improve

muscle regeneration and myoblast transplantation [348, 349].
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7.2.2.1.4: Systems for studying muscle regeneration.
A number of systems have been developed to study the process of muscle
regeneration, for example: ischaemic injury as a result of grafting or
denervation/devascularization techniques; mincing or crushing; heat or cryogenic
injury; coating of muscle with chemicals such as acetone, alcohol or aldehydes; or the
administration of myotoxins. Myotoxins that have been used include crude
anaesthetics, such as Marcaine, or toxins derived from venoms including: myotoxic
polypeptides, cardiotoxins or phospholipase A2 (see ref’s in [350]). Depending upon
the system employed to induce the initial degeneration, the timing of the cellular events
associated with the regeneration varies widely [339, 351]. In most cases this is as a
result of the damage incurred by the microvasculature, which delays the onset of
regeneration, due to a reduction in cellular infiltration and the associated removal of

necrotic debris [351].

One of the most studied systems is the induction of muscle regeneration through the
administration of notexin, a phospholipase A, toxin extracted from Australian Tiger
Snake Venom (Notechis scutatus scutatus) [352]. Apart from blocking the release of
the neurotransmitter, acetylcholine, notexin also induces degenerative necrosis in
muscle [353]. Studies have shown that the subcutaneous administration of notexin
induces muscle necrosis while leaving a significant proportion of the basal lamina and
extracellular matrix intact; which prevents damage to satellite cells [352]. The
administration of notexin also induces a significant inflammatory response, which is
thought to activate quiescent satellite cells. This is inferred from studies that have
shown that satellite cells in regions near the notexin-induced damage become
activated and migrate toward the damaged tissue in proportion to the level of

inflammation (see ref’s in [350]). The extent to which necrosis is induced appears to be
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related to muscle fibre type with studies indicating that the mitochondria rich type |
fibres and type lla (oxidative) fibres are preferentially affected by notexin administration
(see ref's in [350]). Most of the studies investigating the pathogenic responses of
muscle to notexin have been carried out in rodents. It is generally accepted that
notexin-induced degeneration occurs for approximately 24-36 hrs post-injection,
functional innervation is restored by 3-5 days post-injection and by 7 days most
contractile proteins are expressed (see ref’s in [350]). As occurs during muscle
development, the expression of fibre type specific isoforms of myosin heavy chain
(MHC) and sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) are dependent upon
innervation and this process has been demonstrated in notexin damaged muscle (see
ref's in [350]). In most cases in rodent muscle, the main processes of regeneration
appear to be finished in approximately one month, although some central nuclei are
still apparent in some muscle fibres at this time and the innervation patterns of some

muscles may remain abnormal for many months [354].

While it has been shown that viral gene therapy vectors containing the PYGM gene
can effectively transduce McArdle’s muscle in culture, it is yet to be proven in-vivo.
Additionally, the identity of the glycogen phosphorylase isoform/s re-expressed during
muscle regeneration in McArdle’s patients have never been conclusively proven, in
part due to the potential residual pygm protein in some of the human patients analysed.
The ovine model of McArdle’s disease, in our possession at Murdoch University,
provides us with a unique animal model in which to test the effectiveness of gene
therapy vectors in-vivo through direct muscular injection, and also to identify the
glycogen phosphorylase isoform/s re-expressed during notexin induced muscle

regeneration.

7.2.3: Aims for chapter 7
¢ Identification of glycogen phosphorylase isoform/s re-expressed in regenerating

muscle fibres of McArdle’s affected lambs after notexin injection.
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¢ Identification of glycogen phosphorylase isoforms and activity in McArdle’s
affected skeletal muscle after injection of AAVCMV (serotype 2) and AdVCMV
PYGM (serotype 5) constructs.

7.3 Materials and Methods

All surgical procedures were performed by a qualified veterinary pathologist as per
animal ethics regulations. Animal ethics approval: 1021R/03.

The human muscle sample was kindly provided by Dr Vicki Fabian, Department of
Anatomical Pathology Royal Perth Hospital; under the hospital ethics committee

guidelines.

Please note: The notexin and adenovirus 5 and adeno-associated virus 2 trials in
McArdle’s affected sheep were performed by Emeritus Professor John Howell,
Murdoch University. Tissue sectioning, histochemistry (H&E, glycogen and glycogen
phosphorylase) and immunohistochemical staining (desmin and developmental
myosin) was performed by Professor John Howell’'s research group. Professor George
Karpati’s research group (Montreal Neurological Institute, Montreal, Quebec, Canada)
was responsible for the generation of the recombinant adeno and adeno- associated
viruses. | was responsible for determining the identity of the glycogen phosphorylase
isoforms from selected biopsies from the gene therapy and notexin trials. The analysis

of the data generated by Professor John Howell’s research group is my own.

7.3.1: Surgical procedures:

All injections and biopsies were performed while sheep were under general
anaesthesia. In lambs, general anaesthesia was induced by mask inhalation of
Isofluorane (Abbott Australasia). In older animals, anaesthesia was induced by
Alfaxan-CD-RTU (Jurox Pty Ltd.) and maintained by intubation or mask inhalation of

isoflourane (Abbott Australasia).
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7.3.2: Notexin induced muscle regeneration in McArdle’s affected sheep

7.3.2.1: Notexin administration:
100ul of notexin (5ug/ml, Venom Supplies South Australia) was injected into the
semitendinosus muscle of McArdle’s affected neonates and mature sheep. In total, 16
lambs (aged 1-6days old) and four mature sheep (2-3yrs of age) were included in the
notexin trials. 7 McArdle’s affected lambs were injected with notexin in a single site in
their left semitendinosus muscle. 9 McArdle’s affected lambs and 4 mature sheep had
3 notexin injections (Dorsal, Mid and Ventral) in their right semitendinosus muscle so
that no site would need to be biopsied more than once. The injection sites were

marked by the use of marker sutures to facilitate biopsy collection at a later date.

7.3.2.2: Biopsy collection
At approximately, 10, 30 and 60 days after injection biopsies were taken from the
injection sites. In lambs the biopsies were approximately 2.5-3cm in length and 0.5-
1cm in diameter and in mature sheep the biopsies were 3-4cm in length and 0.5-1cm in
diameter. The biopsies were cut transversely into a series of between 3 and 5 blocks
and each was snap frozen in liquid nitrogen cooled isopentane. The tissue blocks were

then stored at -80°C until required.

7.3.2.3: Histochemical and immunohistochemical analysis of muscle blocks.
6-10uM serial cross-sections of semitendinosus muscle were sectioned on a Tissue-
Tek 2 (Bayer) cryostat. The sections were mounted on silanized slides and fixed in
acetone for 1 minute at room temperature. Serial sections were stained with Harris
Haematoxylin and Eosin, sections were also stained for glycogen by Periodic Acid
Schiff technique and glycogen phosphorylase [355]. The number of glycogen
phosphorylase positive muscle fibres in each block was counted under light
microscopy with a magnification of 100x. Serial sections from tissue blocks that were
positive for glycogen phosphorylase activity by histochemical analysis were analysed

Immunohistochemically with monoclonal antibodies against developmental myosin
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heavy chain (MHCd) (1:10 dilution) and Desmin (1:100 dilution) (Novocastra

Laboratories) with DAB colorimetric detection.

7.3.2.4: Analysis of glycogen phosphorylase isoforms in regenerating muscle
fibres.
4-5 serial sections from selected tissue blocks that expressed glycogen phosphorylase
activity and were positive for desmin and developmental myosin heavy chain
expression by immunohistochemical analysis, were homogenized in native
homogenisation buffer A (50mM Imidazole pH 7.0, 100mM NaF, 1mM DTT, 20mM
EDTA, 20% glycerol and mammalian tissue and cell protease inhibitor cocktail
(Sigma)). The lysates were centrifuged at 3,000 x g for 20 minutes (4°C) and total
protein was quantitated by the method of Minamide et al., (1990) [224].
7.3.2.4.1: Native Gel Activity Assays
50ug of notexin tissue lysates and 10ug of control sheep tissue lysates were analysed
by native activity assay as in section 3.3.5.2 with the exception that a high substrate
enzyme activating solution was used (20mM B-glycerophosphate pH 6.8, 2mM EDTA,
1mM DTT, 10mM NaF, 75mM glucose-1-phosphate, 1% glycogen, 5mM AMP, 0.7M
Na,SO,).
7.3.2.4.2: Western Blot Analysis
20ug of notexin tissue lysates and 20ug of control sheep tissue lysates were subjected
to SDS-PAGE and western blotting with antibodies against PYGB (1:10,000 dilution),

PYGL (1:1,000 dilution) and PYGM (1:1,500 dilution) as in section 4.3.8.2.

7.3.3: Expression of human myophosphorylase in the semitendinosus muscle of
McArdle’s affected sheep using modified adenovirus 5 and adeno associated
virus 2.
7.3.3.1: Production of recombinant modified human myophosphorylase
adenovirus 5 (rAdVCMVPYGM) and recombinant human myophosphorylase

adeno-associated virus 2 (rAAVCMVPYGM).
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A recombinant adenovirus was produced with the Cytomegalovirus (CMV) promoter by
cloning the full length human muscle glycogen phosphorylase cDNA (approx. 2.5kb)
into a plasmid containing first generation adenovirus (AdV) type 5 sequence. The
subsequent rescue of the muscle glycogen phosphorylase expression cassette into an
E1 and E3 deleted human adenovirus, along with the large-scale production,
purification and titration of the recombinant adenovirus was carried out as described
previously (Acsadi et al., 1994). A positive control for viral transfection was generated
by cloning LacZ reporter cDNA under the control of a CMV promoter and generating a

recombinant adenovirus as previously described [356].

Recombinant human muscle glycogen phosphorylase adeno-associated virus 2 under
the control of the CMV promoter and a LacZ reporter transfection control were
produced via the triple transfection method and purified via iodixanol gradients and

heparin-sepharose chromatography as described by Xiao et al., (1998) [357].

7.3.3.2: Trials using rAdVCMVPYGM serotype 5.

11 McArdle’s affected lambs ranging in age from 2-7days were injected with 100ul of
rAdvCMVPYGM (viral titres 8.7 x 10" — 1.3 x 10"?) in either one or two sites in both
semitendinosus muscles. Biopsies from the injection sites were collected from all 11
lambs at 10 days post-injection, 5 lambs at 30 days, 6 lambs at 60 days and 6 lambs at
90 days post-injection.

As a positive control, 9 affected lambs between the ages of 1 and 7 days were injected
with 100pl of rAdVCMVLacZ (viral titres 3.9 x 10" — 8 x 10"") in 1-3 sites of their right
semitendinosus muscle. Biopsies from the injection sites were collected from all 9
lambs at 10 days post-injection, 5 lambs at 30 days post-injection and 5 lambs at 60
days post-injection. Sufficient injections were performed so that no injection site

needed to be biopsied more than once.

7.3.3.3: Trials using rAAVCMVPYGM serotype 2.
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4 neonatal affected lambs aged 2-3days, 3 affected sheep aged 4 months and 3
affected sheep aged 14 months were injected with 100ul of rAAVCMVPYGM, 1 site in
each semitendinosus for neonates, 2 sites in each semitendinosus for mature sheep
(viral titres for neonates 1.5 x 10" -2 x 10", and 3.2 x 10" - 4.5 x 10'? for mature
sheep). From the neonate affected lambs biopsies were collected at 20 and 40 days
post-injection and at 20, 40 and 90 days post-injection for mature sheep. As a positive
control, 3 carrier lambs (5-6 days of age) and 2 carrier sheep (6 years of age) were
injected in 1 site in each semitendinosus muscle with 100ul of rAAVCMVLacZ (viral

titre 5.6 x 10°). Biopsies were collected at 20 and 40 days post-injection.

7.3.3.4: Analysis of Biopsies collected from rAdVCMVPYGM and

rAAVCMVPYGM trials
Biopsies were prepared and frozen as described in section 7.3.3.2; Histological (H&E,
glycogen phosphorylase and glycogen staining) and Immunohistochemical (Desmin
and developmental myosin heavy chain) analysis of frozen sections was performed as
described in section 7.2.3.3. Selected biopsies which displayed a significant number of
phosphorylase positive fibres were analysed by native gel activity assays and western
blot analysis (with PYGM antibody 1:1,500 dilution) as described in section 7.3.2.4 with
the exception that native homogenisation buffer B was used in order to de-

phosphorylate phosphorylase isoforms and aid in identification.
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7.4: Results and Discussion

7.4.1: Muscle regeneration in the hind-limb semitendinosus muscle of McArdle’s
affected sheep after notexin administration.

Analysis of the muscle biopsies by standard haematoxylin and eosin staining indicated
that the injection of 500ng of notexin into the hind-limb semitendinosus muscle of
McArdle’s affected sheep, was sufficient to induce muscle necrosis and subsequent
regeneration. Biopsies from the injection sites displayed the characteristic signs of
inflammation and cellular infiltration, post-injection. The cellular response was most
notable in biopsies collected 10 and 30 days post-injection, but some cellular response
was still detectable at 60 days. The presence of small irregular shaped muscle fibres
characteristic of regenerating muscle fibres could be detected histochemically at 10, 30
and 60 days post-injection. Immunohistochemical analysis of muscle biopsies with two
antibody markers of muscle regeneration (desmin and developmental myosin heavy
chain (MHCd)), revealed desmin and MHCd positive small irregular fibres at 10 days,
30 days and 60 days post-injection confirming the presence of regenerating muscle

fibres.

Most studies elucidating the cellular events during notexin induced muscle
regeneration have been carried out in small rodents (mouse and rat). From these
studies it is generally accepted that the majority of regenerative events are finished
within 28-30 days post notexin administration. Some regeneration studies have
identified fibres within the regenerative zone that retain centralised nuclei after this 28
day period [354]. It is also known that innervation patterns may remain abnormal for
many months after notexin administration (see ref’s in [350]). The detection of some
regenerating muscle fibres in the McArdle’s affected biopsies 60 days post injection,
may be indicative of this, but the retained cellular response illustrated by the presence

of granular tissue in some biopsies indicates that some of these regenerative fibres
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may be due to an immunological reaction to the marker sutures, rather than the

myotoxic effect of notexin.

7.4.1.1: Glycogen phosphorylase expression in notexin induced regenerating

muscle.
Analysis of muscle blocks by staining for glycogen phosphorylase indicated that a
significant number of glycogen phosphorylase positive fibres could be detected
histologically in a majority of the muscle biopsy blocks at both 10 and 30 days post-
injection in both McArdle’s affected lambs and mature sheep (Table 7.4.1). Native gel
activity assays of several biopsies from these time-points, which displayed a significant
number of phosphorylase positive fibres and did not display signs of granulation,
revealed that the re-expressed phosphorylase was both non-muscle isoforms, pygb
and pygl (Fig. 7.4.1). The identity of these isoforms was further confirmed by western
blot analysis with isoform specific antibodies (Fig. 7.4.2). As expected, while the non-
muscle isoforms were expressed during regeneration, the muscle isoform (pygm) was
not re-expressed in McArdle’s affected sheep (Fig. 7.4.2). It should be noted that the
native gel assays and western blots were performed using total protein quantitation,
rather than total fibre number. As a result, the amounts of pygb and pygl detected in
these biopsies do not appear to correlate particularly well with the number of
phosphorylase positive fibres counted microscopically in each muscle biopsy block

(Figs. 7.4.1 and 7.4.2).

The re-expression of the liver isoform of glycogen phosphorylase (pygl) in regenerating
McArdle’s muscle was unexpected. While it has been reported in the literature that
both pygb [194, 217, 272] and pygl [194] have been detected in muscle culture, the fact
that we did not detect pygl in fetal sheep muscle as early as 40 days gestation, but
detected pygb, led us to hypothesize that pygb alone would be re-expressed in
regenerating muscle (refer to chapter 6). A possible reason for this occurrence may be

that we did not look early enough in our fetal sheep and/or that muscle regeneration
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through the activation of satellite cells may represent a more immature phenotype.
Phosphorylase activity has previously been detected in the satellite cells of McArdle’s
patients, but the identity of the phosphorylase other than being a non-muscle isoform/s

has not been elucidated [336].

A small number of phosphorylase positive fibres could be detected 60 days post-
injection (Table 7.4.1). Histochemical analysis of muscle biopsies from this time point,
revealed a small number of small irregular shaped fibres characteristic of regenerating
fibres, but also areas of cellular response. Phosphorylase positive fibres could be
detected both within these areas of cellular response but also well away from these
areas. This appears to indicate that phosphorylase expression 60 days after notexin
administration may be due in part to continued regenerative processes, but the
immune response to marker sutures cannot be discounted as a mediator of
phosphorylase re-expression. A marker-suture control may have helped clarify the

contribution of an immune response to phosphorylase re-expression.

Histochemical staining of serial sections for phosphorylase and glycogen, revealed that
in areas of regenerating muscle positive for phosphorylase, glycogen levels were
reduced (Fig.7.4.3). This indicates that the non-muscle isoforms of glycogen
phosphorylase (pygb and pygl) are capable of functioning in-vivo in McArdle’s affected

muscle in the absence of the muscle isoform (pygm).

7.4.2: Intramuscular injection of recombinant modified human
myophosphorylase adenovirus 5 (rAdVCMVPYGM) and adeno-associated virus 2
(rAAVCMVPYGM) into McArdle’s affected ovine muscle.

7.4.2.1: Trials using rAdVCMVPYGM
Histochemical analysis of semitendinosus muscle biopsies collected from McArdle’s
affected lambs (2-7 days old) injected with 100ul of rAdVCMVPYGM (viral titres 8.7 x

10" — 1.3 x 10™) revealed that phosphorylase positive fibres could be detected in all
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animals from 10 days post-injection through to 90 days post-injection (Table 7.4.2).
Counts of phosphorylase positive fibres varied greatly in the muscle biopsies over the
time course. Analysis based upon the range of fibre counts detected at each biopsy
time-point does not correlate with the expected decrease in phosphorylase over time
through the immune mediated degradation of the transgene (Table 7.4.2). One of the
limitations of the use of adenovirus based vectors, is their reliance on the presence of
coxsackievirus adenovirus receptors (CAR) for cell surface binding and transduction.
These receptors are known to be down-regulated during muscle maturation [321]. As a
result, young lambs (2-7 days old) were required for these trials. The use of young
lambs complicates the collection of muscle biopsies at later stages, as even though
marker sutures are used to locate the injection site, the muscle of a young lamb grows
significantly over the course of 3 months and may explain the highly variable fibre

counts identified in this trial.

7.4.2.2: Trials using rAAVCMVPYGM
Histochemical analysis of semitendinosus muscle biopsies collected from McArdle’s
affected sheep (2/3days, 4 and 14 months old) injected with 100ul of rAAVCMVPYGM
(viral titres for neonates 1.5 x 10" -2 x 10", and 3.2 x 10" - 4.5 x 10'? for mature
sheep) revealed that the number of sheep in which phosphorylase positive fibres could
be detected decreased over time (Table 7.4.4). For example, 100% of the 2-3 day old
sheep had detectable phosphorylase positive fibres at 20 days post-injection, this
decreased to 75% at 40 days. Likewise 100% of the 4 month old sheep had detectable
phosphorylase positive fibres 20 days post-injection that decreased to 50% at 90 days
post-injection (Table 7.4.4). As with the AdV5 trial, the range of phosphorylase positive
fibres detected at each time-point is highly variable. For example a higher number of
fibres was detected at 90 days post-injection in the 4 month old sheep compared to 40

or 20 days post-injection (Table 7.4.4).
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7.4.2.3: Summary of histochemical analysis of phosphorylase positive fibres in
rAdVCMVPYGM and rAAVCMVPYGM trials.
While there is very little correlation between the ranges of fibres detected over time
with both viral vectors, analysis of raw phosphorylase positive fibre counts appear to
indicate that the number of phosphorylase positive fibres decreases over time (Figs.
7.4.4 and 7.4.5). This decrease correlates with the expected immune mediated

degradation after intramuscular delivery of the transgene.

7.4.2.4: f-galactosidase positive controls rAdVCMVLacZ and rAAVCMVLacZ

Injection of 100pl of rAdVCMVLacZ (viral titres 3.9 x 10" — 8 x 10"") in McArdle’s
affected lambs resulted in detectable -galactosidase activity at 10 and 30 days post-
injection, but it could not be detected in any of the animals 60 days post-injection
(Table 7.4.3). Interestingly, injection of rAdVCMVLacZ was sufficient to induce
phosphorylase expression that was detectable up to 60 days post-injection (Table
7.4.3). This re-expression correlates with the work by Yamamoto et al., (2000) [358]
who, found the immune mediated response to the injection of a LacZ containing
adenovirus sufficient to up-regulate utrophin expression in mdx mice [358]. Injection of
100ul of rAAVCMVLacZ (viral titre 5.6 x 10°) into carrier lambs, resulted in detectable
B-galactosidase activity in sheep 20 days post-injection, but it was not detected 40
days post-injection (Table 7.4.5). It should be noted that phosphorylase positive fibres
were not looked for in the rAAVCMVLacZ control animals, as the sheep used in this
trial were carriers. Analysis of B-galactosidase expression in the muscle biopsies
indicates that the transgene does not diffuse significantly and remains localised around

the injection site.

7.4.2.5: Cellular response associated with intramuscular injection
Both rAdVCMVPYGM and rAAVCMVPYGM viral vectors as well as the transduction

controls rAdVCMVLacZ and rAAVCMVLacZ, induced significant cellular response in
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the muscle biopsies. This cellular response was still detectable 90 days post-injection
(Tables: 7.4.2 - 7.4.5) and was in the form of aggregates of mononuclear cells within
connective tissue septae and around individual muscle fibres. Granulation and fatty
deposition could also be detected in some of the muscle biopsies. The cellular
response is most likely due to a combination of an immune mediated response to the
viral vectors injected, as well as a potential immunological response to the marker

sutures that were used to identify the injection site.

7.4.2.6: Muscle regeneration associated with intramuscular injection
Immunohistochemical analysis of the muscle biopsies from 6 lambs 90 days post-
injection of rAdVCMVPYGM using antibody markers for muscle regeneration, revealed
that 84% and 90% of sections were positive for developmental myosin and desmin
respectively. While analysis of biopsies from 3 sheep at 20, 40 and 90 days post-
injection of rAAVCMVPYGM found 67% and 100% of sections were positive for
developmental myosin and desmin respectively. Analysis of serial sections revealed
that in many cases areas of fibres positive for desmin and developmental myosin were
also positive for glycogen phosphorylase. This indicates that injection of
rAdVCMVPYGM and rAAVCMVPYGM viral vectors is sufficient to induce muscle
regeneration. When taken in concert with the cellular response data, it may be possible
that some of this regeneration is also due to an immune response to the marker

sutures used.

7.4.2.7: Summary of histochemical analysis
The presence of regenerating fibres in areas of phosphorylase positive fibres, as well
as the induction of phosphorylase expression with the LacZ transduction controls and
the continued cellular response (up to 90 days post-injection) indicates that the non-
muscle isoforms of glycogen phosphorylase may also be being expressed in addition

to the recombinant muscle isoform.



263
7.4.2.8: Isoform identification in muscle biopsies from rAdVCMVPYGM and

rAAVCMVPYGM trials.
Analysis of selected biopsies from the rAdVCMVPYGM trial by native gel activity
assays revealed that functional muscle glycogen phosphorylase (pygm) could be
detected in both 10 and 30 day post-injection biopsies (Fig. 7.4.6 lanes 3 and 4). In
addition to pygm, the non-muscle isoforms pygb and pygl could also be detected.
Histochemically, these biopsies contained small areas of cellular infiltration, which most
likely accounts for the expression of the non-muscle isoforms. Analysis of a muscle
biopsy from the rAAVCMVPYGM trial taken 40 days post-injection also displays
functional muscle glycogen phosphorylase (pygm) and low levels of the non-muscle
isoforms (pygb and pygl) (Fig. 7.4.6 lane 5). Interestingly analysis of a 20 day biopsy
from the rAAVCMVPYGM trial, which displayed cellular response and significant
muscle disruption, only showed the non-muscle isoforms of glycogen phosphorylase
(pygb and pygl) were expressed (Fig. 7.4.6 lane 2). As with the notexin work, the gels
were loaded based upon total protein amount rather than total fibre number. Western
blot analysis of these samples with an antibody specific for pygm revealed that while
active pygm could be detected by native gel activity assay, the actual amount of pygm
protein in the biopsies was extremely low, as even with an extended exposure only
very faint bands corresponding to pygm in the 10 and 30 day AdVCMVPYGM samples
were seen (Fig. 7.4.7 lanes 3 and 4). In light of these results, it is not sufficient to only
count phosphorylase positive fibres, but a more specific method of isoform
identification such as native gel activity assays or western blotting needs to be
performed. The use of immunohistochemistry on tissue sections may also help to
identify which glycogen phosphorylase isoforms are expressed in areas of cellular

response.
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Figure 7.4.1: Native gel activity assay of 50ug of muscle biopsy lysate from notexin
injected McArdle’s lambs. IEF gel pH 3-10 (BioRad), incubated in 5mM AMP and 0.7M
Na,S0,, stained with Kl/l,.

Table 7.4.1: Summary of results of phosphorylase positive fibres following notexin
injection into the hind-limb semitendinosus muscle of 16 McArdle’s affected lambs and 4
mature McArdle’s affected sheep.
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Figure 7.4.2: Western blot analysis of 20pg of muscle biopsy lysate from notexin injected
McArdle’s lambs.

Figure 7.4.3: Serial frozen sections (6um) of a 10-day semitendinosus muscle biopsy
from a notexin injected McArdle’s lamb. Stained for glycogen phosphorylase (A) and

glycogen (B).
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Table 7.4.2: Results of histochemical analysis of McArdle’s lambs (2-7 days old) injected with AAVCMVPYGM.

Biopsy Time-point Number of Sheep Number of Sheep with | Number of Sections Number of Sections Range of
(days) Phosphorylase with a Cellular with Phosphorylase Phosphorylase
Positive Fibres Response Positive Fibres Positive Fibres
10 11 11/11 (100%) 67/74 (91%) 70/74 (95%) 2-3,200
30 5 5/5 (100%) 20/22 (91%) 22/22 (100%) 10-5,106
60 6 6/6 (100%) 29/33 (88%) 23/33 (70%) 2-750
90 6 6/6 (100%) 23/35 (66%) 31/35 (89%) 6-3,500
Table 7.4.3: Histochemical analysis of McArdle’s lambs injected with AdVCMVLacZ positive control.
Biopsy Time | Number of | Number of Number of Number of Range of p- Number of Number of Range of
Point (days Sheep Sheep with - blocks with blocks with B- galactosidase Sheep with blocks with phosphorylase
post-injection) galactosidase | cellular galactosidase | positive fibres | phosphorylase | phosphorylase | positive fibres
positive fibres response positive fibres positive fibres | positive fibres
10 9 9/9 (100%) 39/41 (95%) | 35/41 (85%) 2-2,000 9/9 (100%) 27/41 (66%) 10-1,000
30 5 3/5 (60%) 23/25 (92%) | 10/25 (40%) 1-50 5/5 (100%) 18/25 (72%) 10-1,000
60 5 0/5 (0%) 25/26 (96%) | 0/26 (0%) 0 5/5 (100%) 7126 (27%) 2-90
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Table 7.4.4: Results of histochemical analysis of McArdle’s sheep injected with AAVCMVPYGM.

Biopsy Time-point | Number of Sheep | Age at Time of | Number of Sheep Number of Sections | Number of Sections | Range of
(days) Injection with Phosphorylase | with a Cellular with Phosphorylase | Phosphorylase
Positive Fibres Response Positive Fibres Positive Fibres

20 4 2 -3 days 4/4 (100%) 13/14 (93%) 14/14 (100%) 23-700

3 4 months 3/3 (100%) 8/12 (67%) 5/12 (42%) 25-100

3 14 months 2/3 (67%) 10/14 (71%) 4/14 (29%) 5-40
40 4 2 -3 days 3/4 (75%) 10/26 (38%) 10/26 (38%) 2-4,370

3 4 months 2/3 (67%) 9/12 ((75%) 6/12 (50%) 3-81

3 14 months 0/3 (0%) 7117 (41%) 0/17 (0%) 0
90 2 4 months 1/2 (50%) 10/20 (50%) 3/20 (15%) 43-1,690

3 14 months 0/3 (0%) 21/33 (64%) 0/33 (0%) 0
Table 7.4.5: Histochemical analysis of carrier lambs injected with AAVCMVLacZ positive control.
Biopsy Time Number of Age of Sheep Number of Number of Number of Range of p-
Point (days Sheep at Injection Sheep with B- | blocks with blocks with - galactosidase
post-injection) galactosidase cellular galactosidase positive fibres

positive fibres response positive fibres
20 3 5-6 days 2/3 (67%) 10/15 (67%) | 4/15 (27%) 1-31
2 6 years 2/2 (100%) 10/15 (67%) | 4/15 (27%) 5-200
40 3 5-6 days 0/3 (0%) 10/23 (43%) | 0/23 (0%) 0
2 6 years 0/2 (0%) 8/8 (100%) 0/8 (0%) 0
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Figure 7.4.4: Graphical representation of the phosphorylase positive fibre counts from
the rAdVCMVPYGM trial.

Figure 7.4.5: Graphical representation of the phosphorylase positive fibre counts from
the rAAVCMVPYGM trial.
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Figure 7.4.6: Native gel activity assay of 50ug of muscle lysate from McArdle’s affected
lambs injected wither AdVCMVPYGM or AAVCMVPYGM vectors.

Figure 7.4.7: Western blot analysis with pygm antibody, of 20p.g of muscle lysate from
McArdle’s affected lambs injected wither AAVCMVPYGM or AAVCMVPYGM vectors.
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7.5: Conclusions and Future Work

Both non-muscle isoforms of glycogen phosphorylase (pygb and pygl) are re-
expressed in McArdle’s affected muscle during notexin induced muscle regeneration.
The continued re-expression of glycogen phosphorylase is long-lived (although at low
levels) in muscle as indicated by the fact that phosphorylase positive muscle fibres
could be detected 60 days post-injection in areas of muscle away from cellular
response. However, the continued cellular response at 60 days due to an immune
mediated reaction to the marker sutures cannot completely be discounted as a
potential mediator of phosphorylase re-expression [358]. The unexpected re-
expression of the liver isoform of glycogen phosphorylase (pygl), when our previous
studies in fetal sheep (refer to chapter 6) had failed to detect the expression of pygl in
muscle as early as 40 days gestation; could possibly be due to the fact that muscle
regeneration through the activation of satellite cells and proliferation of muscle
precursor cells (mpcs) is representative of a much more embryological muscle
phenotype [340]. Grunfeld and colleagues [336] have previously demonstrated the
expression of phosphorylase in muscle satellite cells of McArdle’s patients. This was
hypothesized to be a non-muscle isoform and we may be detecting not only the non-
muscle isoforms in the regenerating muscle fibres of McArdle’s affected sheep but in

the activated satellite cells as well.

The re-expressed non-muscle isoforms of glycogen phosphorylase are capable of
functioning in-vivo in muscle, as indicated by the decrease in glycogen in areas that
were positive for glycogen phosphorylase. This provides further evidence that the re-
expression of non-muscle isoforms in McArdle’s affected muscle should be able to
compensate for the defective muscle isoform. Understanding the complex regulatory
mechanisms controlling the re-expression of non-muscle isoforms of glycogen
phosphorylase in regenerating muscle needs to be pursued. The possibility that

various cytokines and growth factors secreted during inflammation may have a direct
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role in the regulation of re-expression of the non-muscle isoforms (pygb and pygl), as
has been seen by Yamamoto et al., (2000) [358] with utrophin up-regulation, also
warrants further investigation. Very little is known regarding the mechanisms
responsible for the changes in expression of the glycogen phosphorylase isoforms
during development. Understanding the cellular events that occur during the
regenerative process, and the possible role a immune mediated response (including
inflammation) may play in the re-expression of the non-muscle isoforms of glycogen
phosphorylase, may provide potential therapeutic targets for the up-regulation / re-
expression of pygb in McArdle’s affected muscle, a potential therapeutic strategy for
McArdle’s disease. The re-expression / up-regulation of related genes has been avidly
pursued as a potential therapeutic strategy for a number of diseases where the
mutated gene has a functionally related gene. Two examples of this strategy are the
attempts to up-regulate utrophin to compensate for defective dystrophin in Duchenne
muscular dystrophy (DMD) [269] and attempts to up-regulate the levels of exon 7
containing SMN2 gene to compensate for the defective SMN1 gene responsible for

spinal muscular atrophy [359].

Therapeutic strategies aimed at improving and prolonging muscle regeneration (such
as myostatin blockade, supplementation with mIGF-I) may have some benefit to
patients suffering from McArdle’s disease, by avoiding the fixed muscle weakness and
wasting observed in aging patients. As reported by Tews et al., (2002) muscle fibre
wasting in metabolic myopathies such as McArdle’s disease is most commonly the
result of necrosis rather than the activation of apoptotic pathways as occurs in many
other neuromuscular disorders [360]. Intervening in the regenerative process through
pharmacological means may help reduce this necrotic phenotype and improve the

symptoms in aging McArdle’s patients.

This thesis has also demonstrated that it is possible to deliver human muscle glycogen

phosphorylase to McArdle’s affected muscle using adeno (AdV5) and adeno-
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associated (AAV2) viral vectors by intramuscular injection. In the event of successful
transduction of the McArdle’s myofibres with these recombinant vectors, the muscle
glycogen phosphorylase (pygm) expressed, is functional and is capable of degrading
glycogen as demonstrated by native gel activity assays and histological staining.
However, both types of viral vectors induce significant immune response in muscle as
indicated by the mononuclear cell infiltration, granulation; as well as the induction of
muscle regeneration (confirmed by MHCd and desmin immunohistochemistry). This
results in the re-expression of non-muscle isoforms of glycogen phosphorylase and is
further emphasized by the induction of phosphorylase expression in biopsies where the
transfection control LacZ-containing viral vectors alone were injected. As a result,
histochemical staining of biopsy material for glycogen phosphorylase activity is
insufficient for detecting the success of the delivery of the viral vectors and more
specific methods such as western blotting with a pygm specific antibody must be

performed on all the samples to determine the efficacy of the various delivery vectors.

Unlike small lab animals such as rodents in which whole muscle injection can be
performed, large animals such as sheep, present problems associated with identifying
the area of transgene delivery in a relatively large muscle that has to be biopsied after
a defined time period. Studies with the LacZ transduction controls and the AdV5 and
AAV?2 viral vectors clearly indicate that transgene delivery is limited to the area closely
surrounding the injection site. This is the most likely explanation for the highly variable
fibre counts that were observed in these experiments. Due to these highly variable fibre
counts as well as the re-expression of non-muscle isoforms, the transduction efficiency
of the two viral vectors cannot be compared with any certainty, other than to say that

the phosphorylase expression decreases over time.

The continued cellular response observed in muscle biopsies from both trials at 60-90
days post-injection when phosphorylase positive fibre counts were low and the f3-

galactosidase positive control could no longer be detected, would appear to indicate
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that the technique of intramuscular injection is sufficient to induce muscle trauma and
the associated immune response. As with the notexin studies, if the intramuscular
injection of viral vectors is to be pursued, alternate methods such as tattooing must be
investigated to lessen the chances of a cellular response to the marker sutures.
Improving the delivery of the transgene and reducing the immunogenicity of the
recombinant virus needs to be pursued. This will involve investigating alternative viral
vectors or serotypes of viruses, which have reduced immunogenicity and improved
targeting of skeletal muscle. Systemic delivery methods and possible pharmacological
agents to improve viral vector diffusion also need to be investigated [113]. One such
example is the newly discovered adeno-associated virus serotype 8, which has been
shown to deliver whole body expression in muscle and heart in mice when delivered
systemically [323]. While adeno associated virus serotype 6, when delivered
systemically in combination with the vascular permeabilising agent, VEGF, has been
shown to allow whole body muscle and heart expression (see ref’s in [328]). It must be
noted that systemic delivery of viral based gene therapy vectors to the ovine model
would require doses of a similar order as to that used to humans. This is a significant
experimental undertaking and is why intramuscular injection was chosen for this in-vivo
“proof of principle”. However, due to the sheep similarity in muscle mass to humans,
the ovine model is the ideal’ test-bed to determine the efficacy of gene therapy based

strategies.

Despite potential improvements in gene therapy strategies, the success of viral based
gene therapy to replace the defective muscle glycogen phosphorylase in the ovine
model of McArdle’s disease, may ultimately be limited by the immune response
generated to the expression of a previously absent protein. This thesis work has
demonstrated that in the ovine model, neither the defective protein nor enzyme is ever
detected in muscle, as has also been observed in most human patients, especially
those homozygous for the R49X nonsense mutation. Attempts to replace this protein,

which has never been present in the muscle, may always result in the stimulation of an
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immune response if the recombinant pygm is detected as a non-self protein. Such an
immune response may limit the life span of the transgene; thereby limiting it's
therapeutic application. The problem of non-self immune recognition is one of the
limiting factors to the therapeutic application of gene therapy [113]. This appears to be
a more significant problem for skeletal muscle transfer than for other tissues, as unlike
the liver, which appears to allow sustained transgene expression of secreted proteins
due to the induction of immune tolerance; skeletal muscle appears to be subjected to a
local immune response (CD4+ T-helper cell responses along with CD8+ T-cell or B-cell
activation) which eliminates the transgene [329]. As a result, a number of therapeutic
strategies must be investigated in an attempt to provide an effective therapy for
McArdle’s disease, including the possibility of the re-expression / up-regulation of the
brain “fetal” and “regeneration” isoform of glycogen phosphorylase in mature skeletal

muscle.

A manuscript of the work from this thesis chapter is currently in preparation:

J. Mc. CHowell, K.R. Walker, J. Nalbantoglou, L. Davies, E. Dunton, A. Everaardt,
N.G. Laing and G. Karpati. The use of modified adenovirus 5 and adeno-associated
virus as vectors for the delivery of human myophosphorylase cDNA and LacZ cDNA to

muscle in the ovine model of McArdle's disease. Expression and re-expression of
glycogen phosphorylase. In Preparation.
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Investigation of Therapeutic Strategies:

Attempts to Re-express Brain Glycogen

Phosphorylase (pygb) in Skeletal Muscle
Using Tributyrin
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Chapter 8.0: Investigation of Therapeutic Strategies: Attempts to Re-
express Brain Glycogen Phosphorylase in Skeletal Muscle using

Tributyrin.

8.1: Summary
In this thesis chapter the ability of dietary supplementation with 5% tributyrin (a
butyrate pro-drug) to up-regulate / re-express brain glycogen phosphorylase (Pygb) in
mature mouse muscle was investigated. Dietary supplementation with 5% tributyrin
was capable of altering the expression of a number of genes involved in cell cycle
regulation and differentiation (an expected function of butyrates), it was unable to alter

the expression of Pygb at either the mRNA or protein levels.

8.2: Introduction

8.2.1: Exploitation of gene redundancy as a therapeutic strategy.

The existence of gene families in which the members have overlapping or related
functions (functional gene redundancy) can be viewed as a ‘fail-safe’ system to
maintain genetic fithess [361, 362]. The existence of gene redundancy has been
demonstrated in a variety of gene families and pathways (see ref’s within [363, 364]).
Of particular interest to this thesis, are the many metabolic enzyme families (including:
glycogen phosphorylase, phosphofructokinase, creatine kinase, phosphorylase kinase,
protein kinase, aldolase A, adenylate deaminase, phosphoglycerate mutase and
lactate dehydrogenase) in which, during muscle maturation, isoenzyme transitions take
place from fetal or ‘non-muscle’ isoforms to muscle-specific isoforms [15, 16, 291].
Many metabolic myopathies result from mutations in the mature muscle specific
enzymes, but immature muscle is protected from disease by the ‘fetal’ enzymes. Gene

redundancy provides a potential therapeutic strategy for many diseases, through the
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pharmacological re-expression or up-regulation of functionally related genes.
Pharmacological re-expression/up-regulation of related genes may be of advantage in
the treatment of diseases where an immunological response to an absent protein

(neoantigen) may occur with strategies such as viral based gene replacement [329].

One example where pharmacological re-expression of a functionally related protein is
being avidly pursued, is the up-regulation of utrophin to compensate for defective
dystrophin in muscular dystrophy. Utrophin, which is a homologue of dystrophin, is
expressed at the sarcolemma during fetal gestation but is confined to the
neuromuscular and myotendinous junctions in mature skeletal muscle [365]. The ability
of utrophin to compensate for defective dystrophin was demonstrated by Tinsley et al.,
(1998) [118] when a transgenic mouse line over-expressing utrophin was crossed with
mdx mice to give offspring lacking dystrophin but expressing utrophin at the
sarcolemma. Expression of utrophin at the sarcolemma was capable of ameliorating
the disease phenotype and restoring the dystrophin protein complex [118]. Studies
have also shown the safety of over-expressing utrophin in a wide variety of tissues
[366]. The pharmacological up-regulation of utrophin is being pursued through the use
of high-throughput small molecule screening [269] and the design of specific small

compounds to alter the transcriptional regulation of utrophin [365].

8.2.1.1: Pharmacological re-expression of pygb as a therapy for McArdle’s
disease.
McArdle’s disease is a perfect candidate for the therapeutic strategy of
pharmacological up-regulation of a functionally related protein (pygb) to compensate
for the defective pygm protein, for a number of reasons:
1) While some McArdle’s patients retain a reduced level of pygm protein or
enzyme, a significant proportion of sufferers do not retain any enzyme activity
or protein [24, 91]. This raises the possibility of pygm being recognized as a

neoantigen and thereby inducing an immune mediated response during
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3)

4)
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attempts to replace the defective protein by gene therapy based strategies. The
fact that the R49X nonsense mutation is the most common mutation detected in
Caucasian McArdle's sufferers [68] may indicate a potential limited clinical
applicability of gene-based strategies. As | demonstrated in chapter 5, the ovine
model of McArdle’s disease does not retain any pygm enzyme activity or
protein, mimicking the majority of human patients. As a result, gene therapy
based strategies for McArdle’s disease may always be limited by host immune
response. Therefore, strategies such pharmacological up-regulation, which may
avoid an immune response, may prove a more effective therapy.

The glycogen phosphorylases (pygm, pygb and pygl) are cytosolic enzymes.
My studies in McArdle’s carrier sheep, along with published clinical studies in
human sufferers indicate that only 30-45% of the normal level of glycogen
phosphorylase needs to be expressed in muscle in order to completely avoid
the symptoms of the disease [89, 94]. Therefore, 100% of the enzyme does not
need to be replaced making this disease more amenable to therapies aimed at
up-regulating a functionally related gene.

While the glycogen phosphorylases are highly conserved both intra and
interspecies, it is generally accepted that the brain (pygb) and muscle (pygm)
isoforms are more closely related to each other. In comparison to pygl, which is
primarily responsive to extracellular hormonal signals and is therefore strongly
activated by phosphorylation rather than allosteric effectors; pygb and pygm
primarily respond to intracellular energy levels, which explains their
responsiveness to allosteric effectors such as AMP [125].

Immunoassays in human tissues as well as my studies in sheep indicate that
pygb is widely expressed [173]. It is most highly expressed in brain and cardiac
tissue as well as smooth muscles, but in addition to this, low levels can be
detected in most tissues in an almost “housekeeping” manner. This taken

together with the fact that pygb is expressed during fetal muscle development
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[125, 126] and during muscle regeneration (Chapter 7), would indicate that
pygb is capable of functioning in-vivo in muscle.

5) The glycogen phosphorylases are intricately regulated by a number of
mechanisms. Covalent phosphorylation/dephosphorylation is one of these
regulatory mechanisms. Glycogen phosphorylase exists predominately in an
inactive non-phosphorylated ‘b’ form (which provides energy during a resting
state) and an active phosphorylated ‘a’ form. In muscle this interconversion is
tightly regulated by hormonal signalling and muscle contraction [137]. This extra
level of regulation should bypass any potential toxicity that could be observed
due to pharmacological over expression of pygb. Theoretically, any re-
expressed pygb would exist in an inactive form unless cellular energy demands

require it to be phosphorylated and activated.

8.2.1.2: Butyrates and gene redundancy
Butyrate is a naturally occurring compound that can be obtained through the diet (high
levels in milk fat) and as a by-product of bacterial fermentation in the intestine [367].
The ability of butyrates to alter gene regulation was a chance discovery by researchers
who noted that the offspring of diabetic mothers had delayed fetal haemoglobin
switching when compared to non-diabetic mothers. It was proposed that this was due
to the high levels of butyric acid present in the diabetic mothers bloodstream. This was
later confirmed by studying haemoglobin gene switching in ovine fetuses after butyrate
infusions [368]. As a result, a number of trials have successfully been undertaken to
treat the haemoglobinopathies: p-thalassemia and sickle-cell anaemia, using butyrates
to up-regulate fetal haemoglobin and ameliorate the symptoms of these diseases [369,

370].

The exact mechanisms by which butyrate, butyrate analogues and pro-drugs are able
to alter gene expression remain unknown. Studies have shown that they have histone

deacetylase inhibitor action [367], they can demethylate genes [371], alter chromatin
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structure and initiate transcription and modulate stress-inducible heat-shock proteins
[372]. Butyrates are also of significant interest as anti-cancer therapeutics through their
ability to induce cell cycle arrest (G1 arrest), and promote differentiation and/or
apoptosis [372-374]. Studies have shown that 1-6mM butyrate is sufficient to inhibit
cellular proliferation and cause a reversible block in cell cycling at G1 phase (see ref's
within [375]). While as little as 0.05mM is required in-vitro to alter gene regulation and
up-regulate fetal haemoglobin [367]. While these levels would appear to be
physiologically achievable in a therapeutic setting, butyrates have an extremely short
half-life (6 minutes in humans) [376]. As a result, developing delivery strategies to
obtain physiologically relevant levels of butyrates with as few side-effects as possible,
and ensuring patient compliance has been of fundamental importance to clinical trials
[367]. Butyrate analogues and pro-drugs have also been investigated with the hopes of
increasing levels of butyrate available in plasma. One such prodrug, tributyrin, is an
approved food additive in the United States (as a flavouring agent) and is well tolerated
in clinical trials. Tributyrin, when metabolised, releases 3-fold more butyric acid than
sodium butyrate and 4-phenylbutyrate, as it is composed of 3 butyric acid moieties
esterified to glycerol [377]. Tributyrin has successfully been used to initiate growth
arrest in MCF-7 mammary carcinoma cells [377] and the KATO-III gastric cancer cell

line [378] in-vitro.

In addition to the haemoglobinopathies, pharmacological re-expression/up-regulation of
related genes by butyrates has successfully been used in a wide variety of disorders
including: spinal muscular atrophy (SMA) [359], cystic fibrosis type Il (CF 1) [379, 380]
and X-linked adrenoleukodystrophy (X-ALD)[364, 381, 382]. However the mechanisms

by which butyrate achieves this vary greatly.

In humans, the survival motor neuron gene (SMN) gene exists as two homologous
copies SMN1 and 2. SMA is caused by a defect in the SMN1 gene [383]. Chang and

co-workers have demonstrated positive results in the treatment of SMA, both in-vitro
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and in-vivo (in SMA-like transgenic mice). Butyrate administration increased the levels
of survivor motor neuron protein in the spinal cord of SMA transgenic mice and greatly
improved their clinical symptoms [359]. This effect was through induction of two Ser-
Arg pre-mRNA splicing proteins, which modulate the splicing of exon 7 in the SMN2
gene, a modulator of the severity of SMA i.e. the higher the levels of exon 7 containing

SMN2 gene product the milder the phenotype [384].

In-vitro studies of CFIl, have demonstrated that butyrates are capable of up-regulating
CFTR mRNA at the cell surface and re-establishing the chloride channel [379, 380].
CFll is caused by mutations in the CFTR gene, which mark it for degradation by
cellular protein processing machinery [385]. In contrast to SMA, butyrates achieve the
amelioration of CF symptoms by down-regulating Hsc70 (a heat-shock protein 70
(Hsp70) family member). Hsp70 is known to be associated with protein degradation
pathways and therefore it is hypothesized that butyrates function by inhibiting the
normal degradation of CFTR and allowing the re-establishment of a semi-functional

chloride channel [379].

X-ALD is caused by defects in the peroxisomal membrane protein gene (XALDP) and
is associated with the defective B-oxidation of very long chain fatty acids (VLCFA).
Kemp et al., (1998) demonstrated that administration of 4-phenylbutyrate in X-ALD
knockout mice in-vitro and in-vivo, up-regulated a functionally related protein, X-linked
adrenoleukodystrophy related protein (XALDRP), capable of restoring peroxisome
proliferation and reducing the levels of VLFCA in culture and XALD knockout mice

brains [381].

The broad histone deacetylase inhibitor activity of butyrates has also been
demonstrated in fruit fly (D.melanogaster) where oral administration of butyrates was
found to increase their life-span. This is most likely through the induction of genes

involved in longevity such as Cytochrome p450, superoxide dismutase, elongation
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factor 1a, Glutathione-S-transferase and various chaperones [386]. Butyrates have
also been shown to slow down neurodegeneration in fruit fly and mouse models of
Huntington’s disease [387], as well as having beneficial effects in the treatment of

spinal and bulbar muscular atrophy, which is caused by a defect in acetylation [388].

In light of the diverse functions of butyrates and their ability to alter the expression of a
diverse range of genes (including ‘fetal’ genes) at both the transcriptional and
translational level, | investigated whether dietary supplementation with tributyrin was

capable of re-expressing pygb in mouse skeletal muscle.

8.2.2: Aims of Chapter 8.

e To determine by microarray analysis if tributyrin (a butyrate pro-drug) is capable
of affecting gene expression profiles in C57BI/6J mouse skeletal muscle, when
fed at a 5% dosage in mouse feed, over a 6 month period.

o To determine if a diet of 5% tributyrin is capable of reactivating expression of
the previously repressed fetal skeletal muscle gene: brain glycogen

phosphorylase (Pygb) in mature mouse skeletal muscle.
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8.3: Materials and Methods

8.3.1: Animal Care.

The experimental protocol used in this study was approved by the University of
Western Australia Animal Ethics Committee (approval number: 00/100/137). The mice
were housed at the QEIl Medical Centre Animal House Facility. Mice were closely
monitored on a daily basis and their weight was measured to ensure they were feeding
appropriately. Both feed and water was available ad libitum to the mice. The mice used

in this study were 3 months of age when dietary supplementation was initiated.

8.3.2: Experimental Protocol.

Two populations of C57BI/6J mice (Animal Resources Centre) (Control and Test) were
housed separately. The control population were fed a semi-purified mouse chow
(AIN93G (Glen Forrest Stockfeeders), refer to appendix A3 for composition), while the
test population were fed the semi-purified mouse chow with 5% tributyrin (Sigma-
Aldrich) (AIN93G plus 5% tributyrin (Glen Forrest Stockfeeders), refer to appendix for
composition). Mouse feed was stored at -20°C and replaced daily to ensure the
tributyrin was not inactivated by exposure to the environment. A dietary
supplementation of 5% tributyrin was chosen based upon previous work by Deschner
et al., (1990), who demonstrated that rodents fed a diet with 5% tributyrin
supplementation achieved levels of butyric acid in their plasma capable of altering

gene expression profiles and inducing cell cycle arrest and differentiation [389].

The mice were weighed upon arrival at the Animal Facility and again at euthanasia to
ensure they were feeding and had not lost weight. At designated time-points (1, 4 and
6 months after initiation of feeding) 15 test mice and 15 control mice were euthanased
by barbiturate overdose with Nembutal (Abbott Australasia). The extensor digitorum
longus (EDL) and soleus muscles were excised and snap frozen in liquid nitrogen

along with the control tissues: heart, brain and liver and then stored in liquid nitrogen
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until required (Note the excised muscles were pooled from the 15 mice in each
population and pulverised in liquid nitrogen before use in western blot analysis and
microarray experiments). 72 hours prior to euthanasia, the mouse bedding was
cleaned and changed and the faeces from the control and test mice to be euthanased

were collected and frozen at -80°C for later analysis.

8.3.3:Determination of intestinal butyric acid levels by gas chromatography.

Due to the extremely short half-life of butyrates in plasma (tributyrin has been shown to
have a half-life of 6 minutes in humans [376]), | chose to analyse the levels of butyric
acid in mouse faeces instead. Based upon the protocols of Deschner et al., (1990)
[389], Conley et al., (1998) [390] and Renom et al., (2001) [391], a protocol for the
extraction of short-chain fatty acids from mouse faeces and analysis of butyric acid
level by gas chromatography was designed. Briefly, 250mg of thawed mouse faeces
was homogenised in 1ml of 25% metaphosphoric acid (Sigma-Aldrich) and centrifuged
at 500 x g for 1 hour. 400ul of the supernatant was added to 550ul of deionized water
and spiked with 50ul of an internal standard (2mM Methacrylic acid, Sigma-Aldrich).
The samples were then extracted by shaking with 0.8g of NaCl and 1ml of diethyl ether
(Sigma-Aldrich), followed by centrifugation at 500 x g for 15 minutes to facilitate phase
separation. Commercially available butyric acid (Sigma-Aldrich) was used as a
standard. In order to improve the retention time on the gas chromatography column,
the ether layer of each sample was derivatized to tertbutyldimethylsilyl derivatives. The
samples were then analysed on a Agilent 5973 GCMS instrument fitted with a 25m
0.25mm(id) HP5-MS capillary column with a gas-flow of 1ml/minute, monitoring only for
the ions of the methacrylic acid internal standard (m/z 143) and butyrate (m/z 145) by

Professor Kevin Croft (Medical Research Foundation, Royal Perth Hospital).

8.3.4: Western blot analysis with polyclonal antibodies against brain glycogen

phosphorylase (pygb).
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8.3.4.1: Tissue lysates.

Tissue lysates were prepared from the mouse EDL muscle as per section 3.3.5 and
total protein concentration determined by the method of Minamide et al., (1990) [224].
20ug of the mouse EDL and control tissue lysates were subjected to SDS-PAGE and
western blotting as per section 4.3.8.2, refer to table 8.3.1 for antibody concentrations.

Table 8.3.1: Antibodies and antibody dilutions used in western blot analysis.

1° Antibody | 1° Antibody 2° Antibody dilution
dilution
pygb 1:10,000 1:20,000 anti-rabbit HRP (Sigma, Cat. number A0545)

8.3.5: Microarray analysis of mouse EDL muscle with the Genechip® Mouse
Genome 430 2.0 Affymetrix array.

8.3.5.1: RNA isolation and cDNA preparation for array analysis
Total RNA was isolated from 1 month test and control mouse EDL muscle using
TriReagent (Sigma-aldrich) as per manufacturer’s instructions. The RNA was then
DNase treated and further purified using the RNeasy mini spin column extraction kit
(Qiagen) as per manufacturer’s instructions. The quality of the RNA was confirmed by
agarose gel electrophoresis and quantified by UV spectrophotometry at Aseonm.
Biotinylated cRNA was synthesized using 10ug of total RNA from each muscle sample
with the One-Cycle target labelling kit (Affymetrix®) according to manufacturer’s
instructions. The biotinylated cRNA was quantified by UV spectrophotometry at

A260nm and 20ug of each was fragmented by heating at 94°C for 35 minutes in

fragmentation buffer. The fragmented cRNA was stored at -70°C until hybridisation.

8.3.5.2: Biotinylated cRNA hybridisation and analysis.
To determine the success of cRNA transcription, biotinylation and hybridisation, 5ug of
each fragmented biotinylated cRNA sample was hybridised to a Test3 array
(Affymetrix®) at 42°C for 17 hours in a Genechip® 640 hybridisation oven, washed in
the Genechip® fluidics station 450 and scanned using a Genechip® scanner 3000 as

per manufacturers instructions. The data from the scanned arrays was analysed using
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the Genechip® Operating Software (GCOS). As the cRNA passed all the quality

control steps when analysed using the GCOS, the remaining 15ug of each fragmented
cRNA was hybridised to a Genechip® Mouse Genome 430 2.0 Affymetrix array, as
described previously. After analysis with GCOS, only data that fitted the three metrics
for analysis: Detection (present/absent), Change (Increase/Decrease) and Signal log

ratios >1.0 and <-1.0 (>2 fold increase or decrease) were considered significant.
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8.4: Results and Discussion

8.4.1: Tolerance of 5%Tributyrin diet by mice.

As has previously been observed in humans dosed with tributyrin, the mice used in this
study tolerated the dietary supplementation with 5% tributyrin well. The mature mice (3
months of age), weighed between 18 - 22g immediately prior to initiation of the feeding
protocols. Over the 6 month study period, the mice maintained this weight and
appeared to feed normally (Fig. 8.4.1). However, a student t-test analysis of the
weights between control and test indicated a small yet significant difference between
the test and the control mice weights (p value: 0.0045). Despite this minor weight
difference, the mice fed the 5% tributyrin diet did not display any symptoms of stress or
ill-health such as diarrhoea and appeared alert and active. The only two deaths

encountered during the six month period were in the control feed population.
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Figure 8.4.1: A comparison of the average weights of the mice fed the control and
the test diet.

8.4.2: Analysis of faecal butyrate levels by GC-Mass spec.
Due to the extremely short half-life of butyrates in plasma (approx. 6 minutes [376])

and the fact that | was supplementing feed, rather than delivering the tributyrin by
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injection or i.v. infusion; it was decided to analyse the difference in the levels of
intestinal butyrates between the control and test populations. The majority of protocols
designed to detect faecal butyrate levels are based upon the centrifugation extraction
of faecal water, followed by acidification of the short-chain fatty acids and solvent
extraction [390, 391]. | was unable to obtain sufficient faecal water from the mouse
faeces for gas chromatography. As a result, | modified the method of Deschner and co-
workers [389] who used 25% metaphosphoric acid to homogenize the faeces and in

the same step acidify the short-chain fatty acids.

A number of difficulties were encountered in the GC-Mass spectrometry detection of
faecal butyrates, including developing an extraction methodology that would improve
the retention time of the butyrate and internal standard on the gas chromatography
column; and controlling the highly volatile nature of the short-chain fatty acids. We
were able to increase the retention time and improve the resolution of the internal
standard and butyrate by derivatizing the samples to tertbutyldiemthylsilyl derivatives.
However, as | did not have access to GC-Mass spectrometry equipment, | prepared
the samples but had to send the samples to Prof. Kevin Croft (Medical Research
Foundation, Royal Perth Hospital) for analysis with their GC-MS instrument (Agilent
5973). Even with sealing the GC samples in GC grade titanium lidded glass vials and
storing the samples at -20°C, the short-chain fatty acids and the internal standard
(Methacrylic acid) were so volatile that unless the samples were able to be analysed
within several days of extraction we were unable to get usable data. Due to this highly
volatile nature of the short chain fatty acids, it was determined that the most accurate
method would be to measure the level of butyrates in the faecal samples and the
butyrate control, as a ratio of the spiked internal standard (Table 8.4.1). The levels of
intestinal butyrate in mice collected 1 month and 6 months after initiation of feeding
were 2.7 — 3 fold higher in the test mice, compared to control mice. Unfortunately,
neither the internal standard or butyrate could be detected in the 4 month test sample

and confirms our previous observations of the volatility of the short-chain fatty acids,
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even with the attempts we made to avoid this. With the number of attempts made to
overcome the volatility of the short-chain fatty acids and successfully analyse butyrate
in faecal samples, | was unable to reanalyse the 4 month samples as | had run out of
faecal material. As a result, | chose to analyse only those samples that | had gas
chromatography results for.

Table 8.4.1: Analysis of intestinal butyrate levels in mice as determined by gas
chromatography/mass spectrometery

Sample Butyrate/Internal Butyrate (mM) / 250mg
standard Ratio faeces
1 month control 0.15 0.25
1 month test 0.4 0.67
4 month control 0.1 0.17
4 month test - -
6 month control 0.1 0.17
6 month test 0.3 0.5
2.5mM butyric acid 1.5 -
standard

Interestingly, when we compare the levels of faecal butyrates in our test feed
population with the rodents fed a 5% tributyrin diet in the study by Deschner and co-
workers, we are able to detect much higher levels in our test mice. For example, in the
faeces of the mice collected 1 month after the initiation of feeding the 5% tributyrin, |
was able to detect approx. 2.6mM butyrate/g of faeces compared to the 3uM/g in
Deschner et al., (1990) [389]. The reason for this disparity is most likely due to the
greater sensitivity of GC/Mass spectrometry compared to their standard GC
techniques, as the levels of butyrate in our control animals were also much higher. The
3uM/g of butyrates in rodent faeces reported by Deschner et al., (1990) was
considered sufficiently high to induce cellular differentiation in-vivo. As a result, the fact
that we could see an increase in faecal butyrate levels in test mice compared to
controls would appear to indicate that the mice were metabolising the 5% tributyrin and

releasing levels of butyric acid sufficient to effect gene expression changes.
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8.4.3: Microarray analysis of EDL muscle from mice fed a 5% tributyrin diet.
Initially, | attempted to analyse any potential gene expression changes in the EDL
muscle of the mice over the 6 month feeding period with the 5% tributyrin diet, using
the NIA15k mouse cDNA microarrays from the Australian Genome Research Facility
Ltd (Melbourne, Australia). However, after analysis of the data generated from the
microarray experiments, the majority of the gene expression changes were EST’s with
no gene annotation and as such were not helpful. As a result, | decided to switch to the
Genechip® Mouse Genome 430 2.0 Affymetrix array. This Affymetrix technology array
contains over 34,000 well-substantiated mouse genes. | chose to analyse the EDL
muscle from the test mice collected 1month after initiation of dietary supplementation,
when intestinal butyrate levels in the test population were 2.7 fold that of control mice.
This was the only time-point analysed with this technology, as the faecal butyrate
levels were very similar between the 1 month samples and the 6 month samples. After
subjecting the microarray data to analysis by the three metric measures used in the
GCOS software, so only robust gene changes were identified it was revealed that
dietary supplementation with 5% tributyrin was sufficient to up-regulate the expression
of 41 defined genes (Table 8.4.2) and down-regulate the expression of 145 defined
mouse genes (Table 8.4.3) > 2 fold (Note: changes in gene expression with affymetrix
are measured as a signal log ratio or log base 2 i.e. a signal log ratio of 1 is equivalent
to a 2 fold up-regulation etc..). It is generally accepted in the literature that a 1.5-2.0
fold change is considered significant when comparing treatments (see ref's within
[392]). Of the 41 genes up-regulated, 11 of these are involved in transcription, cell
cycle and differentiation. In comparison, of the 145 down-regulated genes only 13 are
involved in transcription, cell cycle and differentiation. Analysis of the probe sets for
murine Pygb, revealed no change in the expression of Pygb mRNA upon feeding of 5%

tributyrin.

Supporting our earlier evidence that dietary supplementation with 5% tributyrin in mice

is sufficient to alter gene expression profiles in EDL muscle, is the up-regulation and
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down-regulation of genes that have been shown to be affected by HDAC inhibitors,
including butyrate. One of the main reasons butyrate, butyrate analogues and pro-
drugs are being pursued as potential therapeutic agents for many cancers, is their
ability to induce cell cycle arrest and promote differentiation through histone
deacetylase inhibition [372]. A key event in the pathogenesis of cancer is the
dysregulation of cyclin D (up-regulation) and the silencing of cyclin dependent kinase
inhibitors [393-395]. Dietary supplementation with 5% tributyrin was capable of up-
regulating the genes: Zinc finger and BTB domain containing 16 (Zbtb16, also known
as Promyelocytic leukaemia zinc finger protein PLZF), G0/G1 switch gene 2 (G0S2),
cyclin-dependent kinase inhibitor 1 (Cdkn1a), CCAAT/enhancer binding protein delta
(Cebpd), cysteine and glycine-rich protein 3 (Csrp3) and single-minded homolog 1
(Sim1), between 2-3 fold (Table 8.4.2). These genes have a key function in the
negative regulation of cell cycle progression and promote differentiation and have been
shown to be silenced in a number of cancer cell lines [395, 396]. Treatment of cancer
cell lines in-vitro with HDAC inhibitors including butyrate has been reported in the
literature to up-regulate cyclin kinase inhibitor 1 (Cdkn1a) and G0/G1 switch gene 2
(G0S2) [393, 395-397]. Studies by Archer et al., (1998) revealed that sodium butyrate
increased the expression of cyclin-dependent kinase inhibitor, p21"A7" | whose
increased expression is linked with that of Cdkn1a [398]. In comparison, the 5%
tributyrin diet was capable of down-regulating cyclin D1(Ccnd1) and D2 (Ccnd?2), 2.4-
2.8 fold (Table 8.4.3). These genes have a positive affect on cellular proliferation and
have been shown to be up-regulated in cancer cell lines [393, 395]. Numerous studies
have demonstrated that HDAC inhibitors, including butyrate, down-regulate the
expression of cyclin D1 (Ccnd1) in-vitro (see ref's in [393])[395]. This provides further
evidence that dietary supplementation with 5% tributyrin has a functional effect on
gene expression in muscle in-vivo, functioning as a HDAC inhibitor and promoting

cellular differentiation.
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The HDAC inhibitor activity of tributyrin in muscle is further demonstrated by the down-
regulation in expression of a number of genes involved in early myogenesis including:
y-tropomyosin3, cardiac troponin, troponin T1 and troponin | (Table 8.4.3). This is in
agreement with the recently published work of lezzi et al., (2004) which suggests that
the HDAC inhibitor, Trichostatin A, promotes myogenesis through up-regulation of

follistatin [399].

8.4.4: Effect of a 5% tributyrin diet on the expression of brain glycogen
phosphorylase protein in the EDL muscle of mice.

Even though a change in level of Pygb mRNA transcript was not detected by
microarray analysis, as butyrates are known to affect not only transcriptional regulation
but also affect protein processing pathways [379] along with the well accepted
phenomenon of an uncoupling of transcription and translation [207]; | investigated the
potential effect of 5% tributyrin on the re-expression of pygb protein in the EDL muscle
of mice by western blot analysis with a pygb-specific antibody. The EDL muscles of the
mice were chosen for analysis as it is a fast twitch glycolytic muscle and would
theoretically be more likely to display potential changes in glycolytic enzymes. While
pygb could be detected in the positive control sample (mouse heart), no pygb could be

detected in the EDL muscle of mice fed the 5% tributyrin diet (Fig. 8.4.2).

12 Seide 5en 6708

Figure 8.4.2: Western blot analysis of 20ug of total protein extracted from
mouse extensor digitorum longus (EDL) muscle with a pygb specific
antibody (1:10,000 diln). Samples analysed on a 4-15% Tris-HCI acrylamide
gel (n=15 mice per time-point).

Key:

Lane 1: Control mouse heart

Lane 2: Blank lane

Lane 3: 1 month control mouse EDL

Lane 4: 1 month test mouse EDL

Lane 5: 6 month control mouse EDL

Lane 6: 6 month test mouse EDL

Lane 7: Blank lane

Lane 8: Control mouse liver.
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Taken together it appears that while dietary supplementation with 5% tributyrin is
sufficient to alter the gene expression of a number of genes known to be involved in
cell cycle regulation and differentiation (as expected of a HDAC inhibitor), it was unable
to alter the expression of brain glycogen phosphorylase at either the mRNA or protein
level. This indicates that the mechanisms controlling the expression of brain glycogen
phosphorylase differ from other genes whose regulation is altered by butyrates such as

fetal haemoglobin.
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Table 8.4.2: Genes up-requlated >2 fold by microarray analysis with GeneChip® Mouse

Genome 430 2.0 Affymetrix array, in mice fed 5% tributyrin diet.

Gene Title

NIMA (never in mitosis gene a)-related expressed kinase 1

RIKEN cDNA 4933411E06 gene
RIKEN cDNA 1700008F19 gene
RIKEN cDNA 1300006C19 gene
sperm associated antigen 5

RIKEN cDNA 1700008F21 gene
serine active site containing 1
Expressed sequence Al841723
RAB17, member RAS oncogene family
cytoplasmic FMR1 interacting protein 2
JRIKEN cDNA 9030224M15 gene
TSC22 domain family 3

expressed sequence Al841794

Autism susceptibility candidate 2

FK506 binding protein 5

ankyrin repeat domain 2 (stretch responsive muscle)
GRB2-related adaptor protein

expressed sequence BB120497

nuclear factor, interleukin 3, regulated

protein phosphatase 1, regulatory (inhibitor) subunit 3C
single-minded homolog 1 (Drosophila)

RIKEN cDNA 5930405F01 gene

cysteine and glycine-rich protein 3

RIKEN cDNA 2310076L09 gene

FK506 binding protein 5

myosin, light polypeptide 3

RIKEN cDNA B430320C24 gene

Transcribed locus

JF-box protein 42

CCAAT/enhancer binding protein (C/EBP), delta
protein phosphatase 1, regulatory (inhibitor) subunit 3C
RIKEN cDNA 2310076L09 gene

cytokine inducible SH2-containing protein

Iflavin containing monooxygenase 2

TBC1 domain family, member 1
cyclin-dependent kinase inhibitor 1A (P21)
cDNA sequence BC055107

cDNA sequence BC048679

G0/G1 switch gene 2

Zinc finger and BTB domain containing 16

Signal transducing adaptor molecule (SH3 domain and ITAM motif) 1

Gene Symbol
Nek1
4933411E06Rik
1700008F 19Rik
1300006C19Rik
Spag5
1700008F21Rik
Serac1
Al841723
Rab17
Cyfip2
9030224M15Rik
Tsc22d3
Stam
Al841794
Auts2
Fkbp5
Ankrd2
Grap
BB120497
Nfil3
Ppp1r3c
Sim1
5930405F01Rik
Csrp3
2310076L09Rik
Fkbp5
Myl3
B430320C24Rik
Fbxo42
Cebpd
Ppp1r3c
2310076L09Rik
Cish
Fmo2
Tbc1d1
Cdkn1a
BC055107
BC048679
G0s2
Zbtb16

Signal Log Ratio
5.7
5.6
5.2
4.6
4.6
4.6
3.9
3.7
35
2.7
26
24
21
1.9
1.8
1.6
1.6
1.6
1.6
1.5
1.5
1.5
1.4
1.4
1.3
1.3
1.2
1.2
1.2
1.2
1.1
1.1
1.1
1.1
1.1

_ A A A A A
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Table 8.4.3:Genes down-requlated >2 fold by microarray analysis with GeneChip® Mouse

Genome 430 2.0 Affymetrix array, in mice fed 5% tributyrin diet.

Gene Title

keratin complex 1, acidic, gene 10

vesicle-associated membrane protein, associated protein B and C

RIKEN cDNA 1500015010 gene

suprabasin

procollagen, type |, alpha 2

procollagen, type |, alpha 1

adaptor-related protein complex 2, beta 1 subunit
inositol polyphosphate phosphatase-like 1
troponin C, cardiac/slow skeletal

SH3 domain protein D19

troponin |, skeletal, slow 1

resistin like alpha

troponin T1, skeletal, slow

cytochrome P450, family 2, subfamily e, polypeptide 1
carbonic anhydrase 3

tenascin C

adipsin

RIKEN cDNA 6720463E02 gene

adiponectin, C1Q and collagen domain containing
RIKEN cDNA 1300010MO03 gene

cysteine and glycine-rich protein 1

Iring finger protein 184

TYRO protein tyrosine kinase binding protein
ffusion, derived from t(12;16) malignant liposarcoma (human)
carboxypeptidase X 2 (M14 family)

Jthymosin, beta 10

cyclin D1

inactive X specific transcripts

procollagen, type lll, alpha 1

Ras-related GTP binding A

sepiapterin reductase

thymosin, beta 10

myosin, heavy polypeptide 7, cardiac muscle, beta
microfibrillar associated protein 5

tropomyosin 3, gamma

procollagen, type |, alpha 2

fusion, derived from t(12;16) malignant liposarcoma (human)
phosphatidylinositol-4-phosphate 5-kinase, type 1 beta
RIKEN cDNA 1110001M19 gene

Transcribed locus
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
S100 calcium binding protein A10 (calpactin)
Kruppel-like factor 4 (gut)

tenomodulin

keratocan

homeo box D9

Gene Symbol

Krt1-10

Vapb
1500015010Rik
MGI:2446326
Col1a2
Col1a1

Ap2b1

Inppl1

Tnnc1
Sh3d19

Tnni1

Retnla

Tnnt1

Cyp2e1

Car3

Tnc

Adn
6720463E02Rik
Adipoq
1300010MO3Rik
Csrp1

Rnf184
Tyrobp

Fus

Cpxm2
Tmsb10
Ccend1

Xist

Col3a1

Rraga

Spr

Tmsb10
Myh7

Mfap5

Tpm3

Col1a2

Fus

Pip5k1b
1110001M19Rik
Pfkfb3
S100a10

Kif4

Tnmd

Kera

Hoxd9

Signal Log Ratio

2.8
27
2.4
2.4
23
2.1
2.1
2.1
1.9
1.9
1.9
1.8
1.7
16
1.6
15
15
15
15
15
15
15
15
15
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.3
1.3
1.3
13
1.3
1.3
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attractin like 1

chondroadherin

Jprosaposin

zinc finger homeobox 1b

zinc finger protein of the cerebellum 1

periostin, osteoblast specific factor

blocked early in transport 1 homolog (S. cerevisiae)-like

restin-like 2
solute carrier family 25
(mitochondrial carrier, citrate transporter), member 1

RIKEN cDNA 1500005K14 gene
homeo box D8

actin, beta, cytoplasmic

RIKEN cDNA D330037H05 gene
LIM and SH3 protein 1

transmembrane emp24 protein transport domain containing 9

procollagen C-proteinase enhancer protein
coagulation factor XlII, A1 subunit

Jtranscription elongation factor A (Sll)-like 3

SDA1 domain containing 1

Jprotease inhibitor 16

Transcribed locus, moderately similar to XP_573793.1
RIKEN cDNA 1200007D18 gene

RIKEN cDNA 6330406115 gene

stearoyl-Coenzyme A desaturase 1

myristoylated alanine rich protein kinase C substrate
interferon inducible GTPase 1

thrombospondin 1

protein tyrosine phosphatase, receptor type, C
myelin protein zero

S100 calcium binding protein A4

cyclin D2

eukaryotic translation initiation factor 4A1

myelin basic protein

thymosin, beta 10
endothelial differentiation,
sphingolipid G-protein-coupled receptor, 3

secreted acidic cysteine rich glycoprotein
endothelial differentiation,
lysophosphatidic acid G-protein-coupled receptor, 2

hydroxysteroid (17-beta) dehydrogenase 12
histocompatibility 2, class Il antigen A, beta 1 ///
response to metastatic cancers 1

trinucleotide repeat containing 15

ring finger protein 138

guanine nucleotide binding protein, alpha inhibiting 1
RIKEN cDNA B430201A12 gene

Adenylate cyclase 7

epithelial membrane protein 1

stearoyl-Coenzyme A desaturase 1

fatty acid binding protein 5, epidermal

chemokine (C-C motif) ligand 6

major urinary protein 1 /// major urinary protein 2

uncoupling protein 3 (mitochondrial, proton carrier)

Atrnl1

Chad
Psap
Zfthx1b
Zic1
Postn
Bet1l
Rsnl2

Slc25a1
1500005K14Rik
Hoxd8

Actb
D330037H05Rik
Lasp1

Tmed9

Pcolce

F13a1

Tceal3

Sdad1

Pi16
1200007D18Rik
6330406115Rik
Scd1

Marcks

ligp1

Thbs1

Ptprc

Mpz

S100a4

Ccnd2

Eif4a1

Mbp

Tmsb10

Edg3
Sparc

Edg2
Hsd17b12

H2-Ab1 /// Rmcs1
Tnrc15

Rnf138

Gnai1
B430201A12Rik
Adcy7

Emp1

Scd1

Fabp5

Ccl6

Mup1 /// Mup2
Ucp3

-1.3

-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3

-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.3
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.2

-1.2
-1.2

-1.2
-1.2

-1.2
-1.2
-1.2
-1.2
-1.2
-1.2
-1.1
-1.1
-1.1
-1.1
-1.1
-1.1
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lysosomal-associated protein transmembrane 4A

fatty acid synthase

chromobox homolog 6

caldesmon 1

cysteine rich transmembrane BMP regulator 1 (chordin like)

RIKEN cDNA 4930403J22 gene
protein kinase, lysine deficient 1
P lysozyme structural

Myocyte enhancer factor 2C

follistatin-like 1

cysteine dioxygenase 1, cytosolic

B-cell leukemia/lymphoma 6

thyroid hormone receptor associated protein 3
zinc finger, A20 domain containing 2

cytochrome b-245, alpha polypeptide

fibrillin 1

RIKEN cDNA 1110018H23 gene

necdin

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2

secreted acidic cysteine rich glycoprotein

RIKEN cDNA 1110032E23 gene
platelet-activating factor acetylhydrolase,
isoform 1b, beta1 subunit

protein tyrosine phosphatase, non-receptor type 21

glycoprotein 38

regulator of G-protein signaling 5

contactin associated protein-like 2

integrin beta 6
CD44 antigen

anterior pharynx defective 1a homolog (C. elegans)
adducin 3 (gamma)
RIKEN cDNA 4833416J08 gene

parvin, alpha

fat tumor suppressor homolog (Drosophila)
endothelin converting enzyme 1

Diabetic nephropathy-like protein (Dnr12) mRNA

fibromodulin

mitochondrial translational release factor 1-like

transketolase

expressed sequence C79248
microtubule-associated protein 4
GM2 ganglioside activator protein

actin related protein 2/3 complex, subunit 3

nuclear factor 1/C

anthrax toxin receptor 1

FK506 binding protein 12-rapamycin associated protein 1
procollagen, type VI, alpha 2

RIKEN cDNA 3300001H21 gene

translocated promoter region

Laptm4a

Fasn

Cbx6

Cald1

Crim1
4930403J22Rik
Prkwnk1

Lzp-s

Mef2c

Fstl1

Cdo1

Bcl6

Thrap3

Za20d2

Cyba

Fbn1
1110018H23Rik
Ndn

Atp2a2

Sparc
1110032E23Rik

Pafah1b1
Ptpn21
Gp38
Rgs5
Cntnap2
ltgb6
Cd44
Aph1ia
Add3
4833416J08Rik
Parva
Fath
Ece1
Fmod
Mtrf1l
Tkt
C79248
Mtap4
Gm2a
Arpc3
Nfic
Antxr1
rap1
Col6a2
3300001H21Rik
Tpr

S U P G U U Ui Ui U U
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8.5: Conclusions and Future Work

A diet containing 5% tributyrin was well tolerated by the mice in this study and was
sufficient to increase the intestinal butyrate levels 2.7-3 fold in the mice analysed 1 and
6 months after initiation of feeding. When compared to the intestinal butyrate levels
reported by Deschner et al., (1990)[389], the 5% tributyrin mouse feed was sufficient to
increase butyrate levels to those reported in the literature capable of inducing gene
transcription, arresting cell cycling and promoting cellular differentiation (0.05-6mM).
Dietary supplementation with 5% tributyrin (a potent histone deacetylase inhibitor,
demethylating and differentiating agent) was insufficient to re-express brain glycogen
phosphorylase (Pygb) mRNA or protein in the EDL muscle of mice. However, as
expected from the literature, dietary supplementation with 5% tributyrin was sufficient
to alter the gene expression of a number of genes involved in transcriptional regulation,
cell cycle and differentiation, many of which have been previously reported in the
literature as being butyrate inducible in cell culture [393, 395, 397, 398]. Tributyrin was
also capable of down-regulating a number of genes involved in early myogenesis
(including: y-tropomyosin3, cardiac troponin, troponin T1 and troponin |). This is in
keeping with the recently published work supporting the potential role of the histone

deacetylase inhibitor, TSA, in promoting myogenesis [399].

| decided to investigate the effects of tributyrin on PYGB in-vivo, rather than in-vitro in a
cell culture based system, for a number of reasons. Firstly, it is generally accepted in
the literature that upon culturing of McArdle’s muscle, the non-muscle or fetal isoforms
are re-expressed and while innervation allows muscle isoforms to be expressed, the
non-muscle isoforms continue to be expressed. In addition, when | analysed a C2C12
cell line that forms spontaneously contractile myotubes (a gift from Dr. Edna
Hardeman, Children’s Medical Research Institute, Sydney) pre and post-differentiation,

| was unable to detect either brain or muscle glycogen phosphorylase as they were
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expressed at extremely low levels. Secondly, nothing is known about the regulatory
mechanisms involved in PYGB expression. As a result, stably transfecting a cell line
with the PYGB promoter fused to a reporter gene, as is the standard method for cell-
culture based assays of regulation, was not feasible when this work was initiated. It
would therefore have required the generation of a bacterial artificial chromosome
(BAC) that encompassed the entire genomic region plus large sections of the 5 and 3’
flanking regions that may contain potential regulatory regions. For these reasons |
considered cell culture to be a non-ideal system in which to study the potential re-

expression of PYGB with tributyrin.

The in-vivo feeding experiments were carried out using mice rather than the ovine
model of McArdle's disease due to the high costs associated with providing sufficient

tributyrin to a large animal and the lack of availability of sheep microarrays.

Further work needs to be carried out to identify potential pharmacological compounds
that are capable of re-expressing/up-regulating brain glycogen phosphorylase (PYGB)
in skeletal muscle. Two main strategies can be attempted in order to achieve this. One
strategy involves determining the regulatory mechanisms controlling PYGB expression
and designing specific compounds capable of binding the identified DNA regulatory
regions and up-regulating transcription, as is being pursued in the case of utrophin up-
regulation [365]. However, as has previously been mentioned very little is known about
the developmental and tissue specific regulation of the glycogen phosphorylases.
Studies by Lockyer [301] and Froman [302] of the regulatory regions of muscle
glycogen phosphorylase have identified a 1.15kb fragment at the 5’ end flanking the
PYGM gene, which is critical for PYGM expression during myogenesis, but the factors
involved in this regulation have still not been identified in the 15 years since. In the
case of PYGB up-regulation, it may also be necessary to investigate mechanisms
involved in it's repression during fetal development in order to potentially intervene at

this point and prevent PYGB being repressed.
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Another potential strategy that can be adapted to high-throughput screening, is to carry
out small molecule screens to identify pharmacological compounds capable of up-
regulating PYGB. This strategy relies upon having a model system whether in-vitro or
in-vivo to study the potential effects of the various compounds. As previously
mentioned, the most common method for performing this type of screen would involve
stably transfecting a cell line with the PYGB promoter fused to a reporter gene or a
BAC containing the entire genomic structure of PYGB. Any potential positives would
then have to be subjected to further in-vitro and in-vivo validation [269]. In recent years,
Zebrafish (D.rerio) have become a popular vertebrate animal model for
pharmacological studies as they not only display comparable responses to drugs as
mammals do, but they can absorb compounds orally from the tank water and can be
adapted to high through-put screening [400]. Zebrafish may be a potential model to
analyse the pharmacological re-expression of PYGB as they have an endogenous
pygb protein that is 86% identical to human pygb. The time associated with identifying
compounds and getting them to trial stage with this strategy can be greatly reduced by
the use of small molecule libraries that contain compounds already approved by the
Food and Drug administration (FDA). This strategy is being pursued for a number of
disorders including: polyglutamine expansion in the androgen receptor in X-ALD,

dysautonomia and Alzheimer’s amyloid (see ref’s within [401])
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Chapter 9

Conclusions and Future Work
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Chapter 9.0: Conclusions and Future Work

At the commencement of my PhD studies, the ovine model of McArdle’s disease had
been characterised in regards to the disease-causing splice-site mutation in the PYGM
gene; and the affected muscle had been characterised histochemically, as displaying
excess subsarcolemmal glycogen storage and absent glycogen phosphorylase activity
[1]. A criticism from reviewers regarding the use of the ovine model of McArdle’'s
disease, was that the pathogenetic mechanism of the disease-causing mutation had
not been elucidated and little was known about the normal expression of the glycogen
phosphorylase isoforms in sheep. This thesis reports for the first time the full
characterisation of the ovine model of McArdle’s disease, characterisation of the ovine
glycogen phosphorylase sequences and their expression patterns in ovine tissue as

well as the developmental expression of glycogen phosphorylase in ovine muscle.

The disease-causing splice-site mutation in the ovine PYGM gene results in the
transcription of a reduced level of unstable PYGM mRNA (approx. 20% of normal) and
as a result, no pygm protein is translated and hence there is no residual pygm enzyme
activity in ovine muscle. This closely correlates with human sufferers of McArdle’s
disease where it has been demonstrated that approximately 90% of patients do not
express any pygm protein [91, 92]. In keeping with published studies of human
sufferers who are manifesting heterozygotes [89, 94], analysis of semitendinosus
muscle from carrier sheep, reveals that the expression of approximately 45% of the
normal residual pygm enzyme activity in ovine muscle is sufficient to protect against
the symptoms of the disease. This is further emphasized by analysis of McArdle’s
affected ovine heart. Like their human counterparts [17], the ovine heart is protected
from McArdle’s disease by the retention of pygb activity at approximately 50% of the
normal total phosphorylase level. Smooth muscles such as bladder and intestine are
also protected from McArdle’s disease by the expression of non-muscle isoforms of

glycogen phosphorylase. Taken together, the expression of glycogen phosphorylase at
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approximately 50% of the normal level is sufficient to protect tissues from McArdle’s
disease, while it is the retention of the non-muscle isoforms, in particular, pygb in

spared muscles of McArdle’s affected sheep that protects them from the disease.

In keeping with the literature, this thesis demonstrates that the ovine glycogen
phosphorylases are regulated in a tissue specific and developmental manner (see ref’s
in [134, 167]). Analysis of normal ovine tissues revealed that in agreement with the
generally held belief [136](see ref’'s in [134, 167]), mature skeletal muscle and liver
were the only tissues in which one glycogen phosphorylase isoform was predominately
expressed (pygm and pygl respectively); while all other tissues analysed expressed a
combination of the glycogen phosphorylase isoforms. As has been demonstrated in
human tissues [173], the brain isoform of glycogen phosphorylase is expressed at
moderate to high levels in a wide variety of ovine tissues. While it is expressed in ovine
skeletal muscle and liver, only at very low levels. Analysis of the developmental
expression of glycogen phosphorylase in ovine skeletal muscle demonstrated that
muscle glycogen phosphorylase is regulated at the transcriptional level during ovine
myogenesis. Increases in its expression at the mRNA and protein levels at the latter
stages of gestation closely correlate with muscle differentiation and innervation. In
contrast, brain glycogen phosphorylase appears to be regulated post-transcriptionally
during ovine myogenesis. Analysis of the developmental expression of brain glycogen
phosphorylase in ovine tissues reveals that the pygb protein is present in ovine tissues
throughout gestation until a mature tissue specific pattern of glycogen phosphorylase
expression is set. This is in agreement with the generally accepted theory that brain
glycogen phosphorylase is the predominate glycogen phosphorylase isoform

expressed in fetal tissues [134, 136].

Based upon the data presented in this thesis it can be concluded that the ovine model
of McArdle’s disease closely resembles the human condition in both the pathogenetic

mechanism of the disease-causing mutation (including the levels of phosphorylase
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expression required to spare muscles from the disease) and in the symptomatic
presentation of the disease. The ovine model of McArdle’s disease is therefore an
extremely valuable tool for testing therapeutic strategies aimed at ameliorating the
symptoms of McArdle's disease for a number of reasons: 1) sheep display similar
developmental and tissue specific expression of glycogen phosphorylase. 2) not only
do sheep have a similar muscle mass to humans, their pattern of myogenesis more
closely resembles that seen in humans compared to small rodents [1, 287]. 3) the
disease state cannot effectively be reproduced in-vitro in a cell culture system [170,

217, 271, 272].

This thesis demonstrates in-vivo in the ovine model, the viability of viral based gene
therapy as a therapeutic strategy for McArdle’s disease. Direct intramuscular injection
of recombinant adenovirus - serotype 5 (AdVCMVPYGM) and adeno-associated virus -
serotype 2 (AAVCMVPYGM) containing the human PYGM gene, resulted in the
expression of pygm that is functional and capable of degrading glycogen in-vivo. The
recombinant functional pygm could be detected in samples analysed 30 — 40 days after
injection with the recombinant viral vectors. This is the first report of the successful
transduction and expression of functional recombinant pygm, in-vivo, and
demonstrates the potential of viral based gene therapy as a therapeutic strategy for
McArdle’s disease. However, intramuscular injection limits the diffusion of the
transgene and induces muscle damage. The associated inflammation and regeneration
can limit the life-span of the transgene in the muscle. In order to overcome these
issues and to continue to pursue viral based gene therapy for McArdle’s disease,
alternate delivery strategies, viral serotypes and pharmacological agents must be
investigated, to not only improve the diffusion of the transgene, but to target the
transgene to skeletal muscle and attempt to reduce the immune response normally
associated with viral based vectors. One such possibility is the recently discovered
adeno-associated virus serotype 8, which has been shown to deliver whole body

expression in the muscle and heart of mice when delivered systemically [323]. It must
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be noted that the systemic delivery of viral based vectors to the ovine model of
McArdle’s disease would require doses of the order that would be used in humans.
This would be a significant experimental undertaking, but as sheep closely model
humans in terms of their muscle mass, they would be the ideal test-bed for trials to test

the effectiveness of viral based gene therapy for McArdle’s disease.

This thesis work also explored the possibility of the up-regulation / re-expression of a
functionally related gene as a potential therapeutic strategy for McArdle’s disease,
based upon the fact that the brain isoform of glycogen phosphorylase (pygb) is known
to be expressed in ovine fetal skeletal muscle and that muscles that express pygb are
protected from McArdle’s disease. The data generated from the notexin-induced
muscle regeneration studies in McArdle’s affected sheep, demonstrated that the non-
muscle isoforms (pygb and pygl) are capable of functioning in-vivo in McArdle’s
semitendinosus muscle, degrading glycogen in the absence of pygm. As little is known
about the regulatory mechanisms that control the expression of brain glycogen
phosphorylase in muscle, attempts were made to determine if butyrates in the form of
tributyrin, were capable of re-expressing brain glycogen phosphorylase in the muscle
of mature mice. Butyrates are known to have a diverse array of functions including
altering gene expression at both the mRNA and protein levels and have been
demonstrated experimentally [379], to alter the expression of “fetal” genes [368].
However, butyrates were found not to alter the expression of Pygb at either the mRNA
or protein level in mouse muscle. In order to pursue the up-regulation / re-expression of
pygb in mature muscle as a therapeutic strategy for McArdle’s disease two main
strategies can be attempted. One strategy involves identifying the regulatory elements
controlling PYGB expression and then designing specific compounds capable of
binding the identified DNA regulatory regions and up-regulating transcription. The other
strategy involves high-throughput ‘blind’ screening of small molecule libraries to identify
compounds potentially capable of up-regulating the transcription of PYGB. Both of

these strategies are being avidly pursued in the case of utrophin up-regulation to
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compensate for defective dystrophin in muscular dystrophy [269, 365]. A therapeutic
strategy aimed at re-expressing/upregulating a functionally related gene may prove in
the long term to be a more appropriate strategy to pursue in light of safety concerns
surrounding the use of gene therapy for non-life threatening disorders such as

McArdle's disease.

This thesis has:
1) Characterised the ovine model of McArdle’s disease
2) Paved the way for the use of the ovine model as a test-bed for therapeutic
strategies to treat human McArdle’s disease,
3) Clarified the difficulties encountered so far with therapeutic interventions for this

disease and elucidated the steps that must be undertaken in the future.
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Appendix A1: Genbank sequences

AY827550. Reports Ovis aries brain ...[gi:56405808]
LOCUS AY827550 3801 bp mRNA linear MAM 12-DEC-
2004
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AUTHORS walker,K.R., Blechynden,L_.M., Binz,N. and Laing,N.G.
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JOURNAL Unpublished
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gene 1..3801
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CDsS 95..2626
/gene=""PYGB"

/EC _number="2.4_1.1"
/codon_start=1
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variation 973
/gene=""PYGB"
/replace=""t"

variation 1343
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/note="results in alanine to threonine change"

/replace="a"

variation 1756
/gene=""PYGB"
/replace=""t"
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361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781

tagcatccct
ctcctcgtcc
gaggcggaag
gaagagcttc
ccgcgactac
ccgcacgcag
attctacatg
cgatgaagcc
cgctggcctg
caccctgggce
gaagattgtc
ctgggagaag
cagccccgaa
cccggtgeca
gcccaacgac
ccggaacctg
gaaggagctg
acggcgtttc
gttcccagac
gctcatgcgg
aaagaagact
ggtgtccatg
gaggcacttg
gtcggtgatt
gtcccacgcec
taaggacttt
ccgccgetgg
ggaggatttc
ggcactcatc
cctggagaag
gaggatccat
ccgaataaag
ggcagcgccc
catcgtcaac
ccgggtgtcc
cgcgggcacc
catcggcacc
cttcatcttt
ccatgagtac
cttcttctcc
tgacaggttc
ccagctgtac
gggcaagttc
gcccectgec
accagctttc
gcttctttca
tggggtgtgy
tcggccccce
tcaaacctgt
agccgtgaca
tctcccagec
cctcataact
cccagggaac
taggacaggc
ggaaatgaaa
tttatgctgg
ggctgaatgc
agcagaaaaa
ctacccagac
gggagcaggt
cctgggtgge
cccagcaccc
gtcactgcct
aaaaagaaaa

/replace=""c
2305
/gene=""PYGB

agcgcgggey
tcgtcctcecce
cagatcagcg
aaccggcacc
tacctggcgce
cagcgctact
ggccgcaccc
atctatcagt
gggaacggag
ctggcggcat
aatggctggc
gcacggccag
ggagtgcgcet
ggctacaaga
ttcaagctcc
gccgagaaca
cggctgaagc
aagtcgtcca
aaggtggcca
atcctggtgg
tgtgcgtaca
tttgagaagc
gaccatgtgg
gaggaagggyg
gtgaacggcg
tatgagctgg
ctgctcctgt
ctgacagatc
agggacgtgg
cagtacgggg
gagtacaagc
aaggacccca
ggctaccaca
catgacccga
ttggccgaga
gaggcctcgg
atggacgggg

ggcctgeggg
tacaaccacc

cccagggagc
aaggtgtttg
aggaacccca
tccagtgacc
ctgcagaccc
atccccatgce
gtgccacttc
agatgccccc
ccgacccccce
gtgagctcgt
aagcttgggc
cagctctgec
gccatgtggg
cgagggtgac
tggctggtgc
ctagctgagg
gggaggcaat
ccagccctct
cctggtectgg
ggcaggctgg

gggagctggg
tcggggcetct

attgctgccc
cgtgtgtgaa
aaaaaaaaaa
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tgtcccageg
gggcgaccygg
tgcgcgggcet
tgcacttcac
tggcgcacac
acgagcgcga
tacagaacac
tggggctgga
gcctggggag
acggctacgg
aggtggagga
agtacatgct
ggctggacac
acgacactgt
acgacttcaa
tctccagagt
aggagtactt
agtttggctg
tccagctgaa
atgtggagaa
ccaaccacac
tgctgccgeg
ccgccctgtt
actgcaagcg
tggcaaggat
agccggagaa
gtaacccggg
tgagccaact
cccaagtcaa
tgaaggtcaa
ggcagctgcet
cccaggcctt
tggctaagaa
ttgtgggtga
aagtcatccc
gcacgggcaa
ccaacgtgga
tggaggatgt
tgccggaget
ccgactgctt
cggattatga
aggaatggac
ggaccatcac
caccgcccag
tgactctgcc
caggaaggct
tcatcgcctg
caccccccag
attcagtttt
aagtgtgtgt
tcctggecat
cacccgcccc
actggggagg
agaattggtt
tctttacttg
ggtggggtgt
cccaggcctg
aaaaggacta
cacaagggat
ggcagaagct
gctctcgecc
gccctttagg
agcgattaaa
a

gctcgcetgag
agcgatggca
ggcggggety
gctcgtcaag
cgtgcgggac
ccccaagcegce
gatggtgaac
cttggaagaa
gctggcagec
gatccgctat
ggccgacgac
gceggtgeac
gcaggtggtg
caacaccatg
cgtgggtggc
cctgtatccc
cgtggtggec
ccgecgaccct
cgacacccac
ggtggactgg
ggtgctgect
gcacctggac
ccctggggat
gatcaacatg
ccactctgag
gttccagaat
gctggcagag
gaagaagctg
gcaggaaaac
ccecctegtece
caactgcctg
tgtgcccagg
gatcatcaag
caggctcaaa
cgececgecgac
catgaagttc
gatggcagag
ggaggccctg
gcagcaggcc
taaggacgtc
agcatacgtg
caagaaggtc
ggagtacgcc
cctccccagg
cgttgtttcc
gggggaatcg
ccggagagca
gatgcccact
gaccctctgce
ttctgcageg
gctggaaggg
ggggtttcca
atgcctgtgce
tgattttgct
ttttagcaac
tttcacttgc
caccctccct

gtgggcccag
ggcagctgag
tccagaggct
caccagagct
ccaagcgtga
cctgcttgtg

tcctectect
aagccgctga
ggcgacgtyg
gaccgcaatg
cacctggtgg
atctactatc
ctgggcctcc
ttggaggaaa
tgcttccttg
gagtttggga
tggctgeget
ttctacgggce
ctggccatgc
aggctgtggt
tacattgagg
aacgacaatt
gccaccctgce
gtgaggacct
ccggcegcetcg
ggcaaggcct
gaggccttgg
atcatctacg
gtggaccgcc
gctcacctgt
atcgtgaggc
aagacgaacg
accatcgtgg
ctgccgetgg
aaggtcaagt
atgtttgacg
cacgtggtca
actgtcatga
ctggtcacgt
gtgatcttcc
ctgtcacagc
atgctcaacg
gaggccgggg
gaccggaaag
gtggaccaga
gtcaacatgc
gcgtgccagg
atcaggaaca
cgcgacatct
gactaggccc
aagcattttc
tggtggtggc
ggtcccaagc
cagcttcccc
attctggggt
cgcaggctgg
tccagtgtgce
gattgagcag
ccagcaccag
ttttcgaaga
ggaaaatagc
gtcccegect
gtgcctgtca
aggggagccc
cagtgggaag
ctgcgeccte
ggggggtctg
ccgtcactgt
cccagaaaaa

ccttgtcgtc
cggacggcga
cagaggtgcg
tcgccacgeg
gcegetggat
tgtccctgga
agaatgcgtg
tagaagagga
actcgatggc
ttttcaacca
atgggaaccc
gcgtggagea
cgtacgacac
ccgecaaggce
cggtcctgga
tcttcgaggg
aggacatcat
ccttcgagac
ccatccctga
gggaaatcac
agcgctggec
ccatcaatca
tgcggaggat
gtgtcatcgg
agtcagtctt
gcatcacgcc
agagaatcgg
tcggggacga
tctccgectt
tgcacgtgaa
ccttgtacaa
tcgggggcaa
ccattggcga
tggaaaacta
agatctccac
gggccctcac
ctgagaacct
ggtacaatgc
tcaacagcgg
tgctgaacca
cccaggtgga
tcgectgttc
ggggcgegga
cggcctcggg
ctagcgcect
tttgaggggc
actgacaggc
acggccttgt
ccaatcaggt
ccatccagtc
cgggccgtgt
acagaaggcc
gggctteggt
tttttcacaa
acttctgaag
agctgggtga
ggcaggaggc
accctccatt
gacgaagcca
acatgcggga
tgctcacgcc
gcectteget
aaaaaaaaaa
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AY827551. Reports Ovis aries liver ..._.[gi:56405810]

LOCUS AY827551 3176 bp mRNA linear MAM 12-DEC-
2004
DEFINITION Ovis aries liver glycogen phosphorylase (PYGL) mRNA, complete cds.
ACCESSION  AY827551
VERSION AY827551.1 GI1:56405810
KEYWORDS -
SOURCE Ovis aries (sheep)
ORGANISM Ovis aries
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Laurasiatheria; Cetartiodactyla; Ruminantia;
Pecora; Bovidae; Caprinae; Ovis.
REFERENCE 1 (bases 1 to 3176)
AUTHORS walker,K.R., Blechynden,L_M., Binz,N. and Laing,N.G.
TITLE Characterization of ovine brain and liver glycogen phosphorylases
JOURNAL  Unpublished
REFERENCE 2 (bases 1 to 3176)
AUTHORS Walker,K.R. and Laing,N.G.
TITLE Direct Submission
JOURNAL  Submitted (16-NOV-2004) Molecular Neurogenetics, Centre for
Neuromuscular and Neurological Disorders, Hospital Avenue, Perth,
WA 6009, Australia
FEATURES Location/Qualifiers
source 1..3176
/organism="0vis aries"
/mol_type=""mRNA"
/db_xref="taxon:9940"
/tissue_type="liver"
/dev_stage=""adult"”
/note="breed: merino"
gene 1..3176
/gene=""PYGL"
CDS 44 . .2599
/gene=""PYGL"

/codon_start=1

/product="liver glycogen phosphorylase"
/protein_id="AAvV87309.1"
/db_xref="GI:56405811"

/translation="MAKPLTDQEKRRQISIRGIVGVENVAELKKGFNRHLHFTLVKDR
NVATPRDYFFALAHTVRDHLVGRWIRTQQYYYEKCPKRVYYLSLEFYMGRTLONTMIN
LGLQNACDEAIYQLGLDMEELEE IEEDAGLGNGGLGRLAACFLDSMATLGLAAYGYGI
RYEYGIFNQK IRDGWQ I EEADDWLRHGNPWEKARPEFMLPVHFYGRVEHTEAGTKWID
TQVVLALPYDTPVPGYLNNTVNTMRLWSARAPNDFNLRDFNVGDY IQAVLDRNLAEN I
SRVLYPNDNFFEGKELRLKQEYFVVAATLQDV IRRFKASKFDSSNSAETAFDAFPDQV
AIQLNDTHPALAIPELMRIFVDIEKLPWSKAWE I TQKTFAYTNHTVLPEALERWPVEL
VENLLPRHLQI 1YEINQKHLDK IAALFPKDVDRLRRMSL IEEEGVKR INMAHLCIVGS
HAVNGVAKIHSD IVKTQVFKDFSELEPDKFQNKTNG I TPRRWLLLCNPGLAEL 1AEKI
GEDYVKDLSQLTKLNSFLGDD I FLRE I SNVKQENKLKFSQFLEKEYKVKINPSSMFDV
QVKRIHEYKRQLLNCLHVVTMYNR IKKDPKKLFVPRTV I IGGKAAPGYYMAKL I IKL1
TSVAEVVNNDPMVGSKLKLIFLENYRVSLAEKVIPATDLSEQISTAGTEASGTGNMKF
MQNGALT IGTMDGANVEMAEEAGEENLF I FGMRVEDVAALDKKGYEAKEYYEALPELK
LAIDQIDKGFFSPKQPDLFKDLVNMLFYHDRFKVFADYEAYVKCQEKVSQLYMNPKAW
NIMVLKNIAASGKFSSDRT IKEYARD IWNMEPSD 1K1 SLSGEPSGGANKANGK""
variation 61
/gene=""PYGL"
/replace="g"
121
/gene=""PYGL"
/replace="a"

variation

ORIGIN

61
121
181
241
301
361
421
481
541

gccgecggtce
cgaccaggag
cgagctgaag
ggccaccccce
gcgctggatc
ctctttggaa
gaatgcctgt
tgaagaagat
ttccatggca
cttcaatcag

cggagccgcea
aagcggegge
aagggcttca
cgcgactact
cgcacgcagc
ttttacatgg
gacgaggcca
gctgggetty
actctggggce
aagattcgag

cgtcccgect
agatcagcat
atcggcacct
tcttcgeget
agtactacta
gccgaacatt
tctaccagct
gcaatggtgg
ttgcagctta
atggatggca

gcgcgcetgec
ccgcggeatc
gcacttcact
ggcgcacacg
cgagaagtgc
acagaacacc
tggattggat
tcttgggagy
tggatatggc
gatagaagag

gccatggcca
gtgggcgtgg
ctggtcaagg
gtgcgcgacc
cccaagaggg
atgatcaacc
atggaggagt
cttgctgect
atccgatatg
gcagatgatt

agcccctgac
agaacgtggc
accgcaacgt
acctggtggg
tttattacct
ttggcctgca
tagaagaaat
gcttcctgga
aatatggaat
ggctcaggca



601

661

721

781

841

901

961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121

tggaaacccc
agtagagcac
atatgacacc
tgctcgggcy
tgtgctggac
ttttgaaggg
agatgtcatc
gtttgatgcc
catccctgag
ggaaatcacc
gcgctggect
gataaatcag
gagaaggatg
cattgtgggc
ccaagtattc
gatcactcca
gaaaattggg
gggtgatgac
ttctcagttc
gcaggtgaag
catgtacaac
cggtggcaaa
agtggcagag
ggaaaactac
gatttccacc
ggccctgacc
agagaacctg
atatgaggca
tgacaagggc
gttttatcat
aaaagtcagc
agccgcctcg
gaacatggag
caaagccaat
ttggagccce
ccacagtgag
tgctgacgat
agaagccaaa
aagttcacta
agtgaggaga
agtctgttct
tctttaaaaa
cccttggaac

tgggagaagg
acagaggccg
ccagtgcctg
cccaatgact
cggaatctgg
aaggagctaa
cgacgtttca
ttcccagatc
ctgatgagga
cagaagacct
gtagagctgg
aagcacttag
tctctgatag
tcccacgcetg
aaggacttta
aggcgctgge
gaggactacg
atcttcctcc
ctggagaagg
cggatccacg
cgcattaaga
gctgccectg
gtggtgaaca
agagtgtctc
gcaggcaccg
atcgggacca
ttcatcttcg
aaagaatatt
tttttttcte
gacaggttta
cagctgtaca
gggaaattct
ccttctgaca
ggaaagtaag
tgtgcctgea
caccgcctgc
ccatcttctt
ggaacgtgag
aagtgagatc
gaaactcaca
ttatgaacca
ccatttgaat
ctattattaa
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cccgecctga
ggaccaaatg
ggtatctgaa
ttaacctcag
ccgagaacat
gattgaagca
aagcctccaa
aggttgccat
tttttgtgga
tcgcctacac
tggagaattt
ataaaattgc
aagaggaagg
tgaacggcgt
gtgagctaga
tcttactctg
tgaaggactt
gcgagatctc
agtacaaagt
agtacaagcg
aagacccaaa
gatactacat
atgaccctat
ttgcagaaaa
aagcctcagg
tggatggggc
gcatgagagt
atgaggcact
ccaagcagcc
aagtttttgc
tgaatccaaa
ccagtgaccg
taaagatttc
acaaataaat
tcagggtgaa
ccagaccact
gcactgctgc
tcccagaaag
tccctacatc
accctggagg
caacaaaagg
ttttagagcc
agctatggac

gttcatgctg
gatcgacacc
caacaccgtc
agactttaat
ctccecgggtce
ggagtatttt
gtttgactcc
ccagctgaat
tattgaaaaa
caaccacacg
gcttcctcga
tgccttgttt
agtcaagagg
ggctaaaatc
accagacaag
caacccgggc
gagccagctg
caacgtgaag
gaagatcaac
acagctcctg
gaagctattc
ggccaaactt
ggttggaagc
agtcattcca
gacaggcaac
caacgtggaa
agaggacgtg
tccagagctg
tgacctcttc
agactatgaa
ggcctggaac
aacgattaag
tctgtccggt
aaccagggga
ctccccacgg
agcgcttcac
acagcaaaac
tggcttttca
ctgtctgctc
gtcaagaaac
gagaaaaaga
acatttctta
ccactgccct

cctgttcact
caggtggtcc
aacaccatgc
gttggagact
ctctatccca
gtggtggcty
agcaatagtg
gacacccacc
ctgccctggt
gtgctcccag
catttgcaaa
cctaaagatg
atcaacatgg
cactcagaca
tttcagaata
ctggcagagt
acgaagctga
caggagaaca
ccgtcctcca
aactgcctgc
gtgcccagaa
atcataaagc
aagttgaaac
gccacagatc
atgaagttca
atggccgagg
gctgetttgg
aagctggcca
aaagacttag
gcctacgtca
atcatggtcc
gagtacgccc
gaacccagcg
gagggcacta
ctccccactc
cacataagca
ctatttctca
ggaaaaggga
tgccatgaag
accttcttcc
tgactcaaaa
aacattagtg
gaaaaaaaaa

tctacggaag
tggcccttce
gcctctggtc
acattcaggc
atgataattt
ctaccttgca
ccgaaactgc
ctgcacttgc
ccaaggcatg
aagccctgga
tcatttacga
ttgaccgtct
cccatctctg
tcgtgaagac
aaaccaacgg
taatagcaga
acagcttcct
agctgaagtt
tgttcgacgt
acgtggtcac
cagttataat
tgatcacatc
tcatcttcct
tgtcggagca
tgcagaatgg
aagccgggoa
acaagaaagg
ttgatcaaat
tcaacatgct
aatgtcaaga
tcaaaaatat
gggacatctg
gtggggcgaa
cttcctggtg
cccgecttec
tctgatgaac
gaatacttct
tgacacagtc
gacatgatga
aaataaccac
gacagaggag
agtcatgaaa
aaaaaa
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Appendix A2:ClustalW alignment of ovine glycogen phosphorylase protein
sequences.

Ovine_pygm SRPLTDQEKRKQ I SVRGLAGVENVTELKKNFNRHLHFTLVKDRNVATPRDYYFALAYTVR 60
Ovine_pygb AKPLTDGERRKQISVRGLAGLGDVAEVRKSFNRHLHFTLVKDRNVATRRDYYLALAHTVR 60
Ovine_pygl AKPLTDQEKRRQISIRGIVGVENVAELKKGFNRHLHFTLVKDRNVATPRDYFFALAHTVR 60
::**** *:*:***:**:_*: :*:*::*_ ***::***:***
Ovine_pygm DHLVGRWIRTQQHYYEKDPKRIYYLSLEFY IGRTLQNTMVNLALENACDEATYQLGLDME 120
Ovine_pygb DHLVGRWIRTQQRYYERDPKRIYYLSLEFYMGRTLQNTMVNLGLQNACDEAIYQLGLDLE 120
Ovine_pygl DHLVGRWIRTQQYYYEKCPKRVYYLSLEFYMGRTLQNTMINLGLQNACDEAIYQLGLDME 120
B R ***- ***- - -** *- -
Ovine_pygm ELEE1EEDAGLGNGGLGRLAACFLDSMATLGLAAYGYGIRYEFGIFNQKISGGWQMEEAD 180
Ovine_pygb ELEEIEEDAGLGNGGLGRLAACFLDSMATLGLAAYGYGIRYEFGIFNQKIVNGWQVEEAD 180
Ovine_pygl ELEEIEEDAGLGNGGLGRLAACFLDSMATLGLAAYGYGIRYEYGIFNQKIRDGWQIEEAD 180
*** ****
Ovine_pygm DWLRYGNPWEKARPEFTLPVHFYGRVEHTSQGAKWVDTQVVLAMPYDTPVPGYRNNVVNT 240
Ovine_pygb DWLRYGNPWEKARPEYMLPVHFYGRVEHSPEGVRWLDTQVVLAMPYDTPVPGYKNDTVNT 240
Ovine_pygl DWLRHGNPWEKARPEFMLPVHFYGRVEHTEAGTKWIDTQVVLALPYDTPVPGYLNNTVNT 240
- * .*- *- ***
Ovine_pygm MRLWSAKAPNDFNLKDFNVGGY 1QAVLDRNLAEN I SRVLYPNDNFFEGKELRLKQEYFVV 300
Ovine_pygb MRLWSAKAPNDFKLHDFNVGGY IEAVLDRNLAEN I SRVLYPNDNFFEGKELRLKQEYFVV 300
Ovine_pygl MRLWSARAPNDFNLRDFNVGDYIQAVLDRNLAENISRVLYPNDNFFEGKELRLKQEYFVV 300
-k il
Ovine_pygm AATLQD I IRRFKSSKFGCLDPVRTNFDAFPDKVAIQLNDTHPSLAIPELMRILVDQERLE 360
Ovine_pygb AATLQD I IRRFKSSKFGCRDPVRTSFETFPDKVAIQLNDTHPALAIPELMRILVDVEKVD 360
Ovine_pygl AATLQDVIRRFKASKFDSSNSAETAFDAFPDQVAIQLNDTHPALAIPELMRIFVDIEKLP 360
****** ***** *** . .. * *--***- - -** *--
Ovine_pygm WEKAWEVTVKTCAYTNHTVLPEALERWPVHL IETLLPRHLQI I'YEINQRFLNRVAAAFPG 420
Ovine_pygb WGKAWE I TKKTCAYTNHTVLPEALERWPVSMFEKLLPRHLD I ' YAINQRHLDHVAALFPG 420
Ovine_pygl WSKAWEITQKTFAYTNHTVLPEALERWPVELVENLLPRHLQIIYEINQKHLDKIAALFPK 420
* **** * ki -, -*** ***- *---** *xk
Ovine_pygm DVDRLRRMSLVEEGAVKR INMAHLC IAGSHAVNGVARIHSE I LKKT I FKDFYELEPHKFQ 480
Ovine_pygb DVDRLRRMSV IEEGDCKR INMAHLCV I GSHAVNGVAR IHSE I VRQSVFKDFYELEPEKFQ 480
Ovine_pygl DVDRLRRMSLIEEEGVKRINMAHLCIVGSHAVNGVAKIHSDIVKTQVFKDFSELEPDKFQ 480
*********- -** - -*** *- - -**** *hkAhk ***
Ovine_pygm NKTNG I TPRRWLVMCNPGLAEVIAERIGEEY IADLDQLRKLLSYVDDESFIRDVAKVKQE 540
Ovine_pygb NKTNG I TPRRWLLLCNPGLAET IVER IGEDFLTDLSQLKKLLPLVGDEAL IRDVAQVKQE 540
Ovine_pygl NKTNGITPRRWLLLCNPGLAELIAEKIGEDYVKDLSQLTKLNSFLGDDIFLREISNVKQE 540
o * * ***-:: **k ** *xk . :-*- ::*-::-****
Ovine_pygm NKLKFSAYLEKEYKVHINPNSLFD IQVKRIHEYKRQLLNCLHVITLYNRIKKEPNKFFVP 600
Ovine_pygb NKVKFSAFLEKQYGVKVNPSSMFDVHVKR IHEYKRQLLNCLHVVTLYNRIKKDPTQAFVP 600
Ovine_pygl NKLKFSQFLEKEYKVKINPSSMFDVQVKR IHEYKRQLLNCLHVVTMYNRIKKDPKKLFVP 600
**:*** :***:* *::**_*:**:: :*: :*_: *kk
Ovine_pygm RTVMIGGKAAPGYHMAKMI IRL ITAIGDVVNHDPVVGDRLRVIFLENYRVSLAEKVIPAA 660
Ovine_pygb RTVMIGGKAAPGYHMAKK T IKLVTSIGDIVNHDP IVGDRLKV IFLENYRVSLAEKVIPAA 660
Ovine_pygl RTVIIGGKAAPGYYMAKLIIKLITSVAEVVNNDPMVGSKLKLIFLENYRVSLAEKVIPAT 660
**-k ********* *kk *-k * - *::_::** ** ** -*-- -
Ovine_pygm DLSEQISTAGTEASGTGNMKFMLNGALT IGTMDGANVEMAEEAGEENFF I FGMRVEDVER 720
Ovine_pygb DLSQQISTAGTEASGTGNMKFMLNGALT IGTMDGANVEMAEEAGAENLFIFGLRVEDVEA 720
Ovine_pygl DLSEQISTAGTEASGTGNMKFMQNGALTIGTMDGANVEMAEEAGEENLFIFGMRVEDVAA 720
***- **-
Ovine_pygm LDQKGYNAQEYYDRIPELRHI IDQLSSGFFSPKQPDLFKD I'VNMLMHHDRFKVFADYEEY 780
Ovine_pygb LDRKGYNAHEYYNHLPELQQAVDQINSGFFSPREPDCFKDVVNMLLNHDRFKVFADYEAY 780
Ovine_pygl LDKKGYEAKEYYEALPELKLAIDQIDKGFFSPKQPDLFKDLVNMLFYHDRFKVFADYEAY 780
** *hk - * ***- -***- -**-_ *****--** ***- -
Ovine_pygm VKCQERVSALYKNPREWTRMV IRNIATSGKFSSDRT IAQYARE IWGVEPTRQRMPAPDEK 840
Ovine_pygb VACQAQVDQLYRNPKEWTKKV IRNIACSGKFSSDRTITEYARD IWGAEPPALQTPPPSLP 840
Ovine_pygl VKCQEKVSQLYMNPKAWN IMVLKN IAASGKFSSDRTIKEYARD IWNMEPSD IKISLSGEP 840
= :*_ *x **: *_ *::*** *hkhhhkhkhhkhk :***:**_ **_ - _ .
Ovine_pygm - 841
Ovine_pygb RD-———---- 842
Ovine_pygl SGGANKANGK 850




Appendix A3: Composition of Mouse Feeds.

Control Feed
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_Ingredient Addition Rate (g/100g)
Sucrose 10
Casein (Acid) 20
Canola Oil 7
Cellulose 5
Starch 39.75
Dextrinised Starch 13.20
dl Methionine 0.30
AIN_93_G Minerals 3.50
AIN_93 G Vitamins 1
Choline Chloride 50% w/w 0.25

Modified Feed containing 5% Tributyrin (Sigma-Aldrich)

Ingredient Addition Rate (g/100g)
Sucrose 10
Casein (Acid) 20
Canola Oil 7
Tributyrin 5
Cellulose 5
Starch 34.75
Dextrinised Starch 13.20
dl Methionine 0.30
AIN_93 G Minerals 3.50
AIN 93 G Vitamins 1
Choline Chloride 50% w/w 0.25
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Appendix A4: List of Suppliers

Abbott Australasia Pty Ltd: Botany, NSW, Australia
Affymetrix® Santa Clara, CA, USA.

Ambion® Austin, TX, USA.

Amresco® Solon, OH, USA.

Animal Resources Centre: Murdoch, WA, Australia.
Applied BioSystems Foster City, CA, USA.

ARC: Murdoch, WA, Australia

BCF Technology Ltd. Livingston, Scotland, UK.
BioRad Hercules, CA, USA.

BMG Labtech GmbH Offenburg, Germany.
Clontech Mountainview, CA, USA.

GE HealthCare Buckinghamshire, England, UK.
Glenforrest Stockfeeders: Glenforrest, WA, Australia.
Gradipore: Frenchs Forrest, NSW, Australia.
GraphPad Software Inc. San Diego, CA, USA.
IMVS Veterinary Services Gilles Plains, SA, Australia.
Invitrogen Carlsbad, CA, USA.

JRH Biosciences Inc. Lenexa, KA, USA.

Jurox: Hunter Valley, NSW, Australia

Kodak Rochester, NY, USA.

Leica Microsystems GmbH Wetziar, Germany.
Millipore Billerica, MA, USA.

Mimotopes Pty Ltd. Clayton, Vic, Australia.
National Biosciences Inc. Plymouth, MN, USA
National Diagnostics Atlanta, GA, USA.

New England Biolabs Ipswich, MA, USA.

Pierce Biotechnology Inc. Rockford, IL, USA.
Promega Madison, WI, USA

Research Diagnostics Inc. Concord, MA, USA.
Roche Basel, Switzerland

Sigma-Aldrich St Louis, MO, USA

Stratagene La Jolla, CA, USA.

Qiagen Hilden, Germany.
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Appendix A5: Buffers and Solutions

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich.

General Solutions:

Phosphate Buffered Saline (PBS)
137mM NaCl

2mM KCI

10mM Phosphate

pH 7.4

20xSSC

300mM Sodium citrate
3M NaCl

pH 7.0

TAE
40mM Tris-acetate
1mM EDTA

TBE
90mM Tris-borate
2mM EDTA

TBS

137mM NaCl
2mM KCI
25mM Tris
pH7.4

Solutions for Native Gel Activity Assays:

Native Homogenisation Buffer A

50mM Imidazole pH 7.0

1mM DTT

20mM EDTA

100mM NaF

20% glycerol

Mammalian tissue and cell protease inhibitor cocktail (Sigma-Aldrich)

Native Homogenisation Buffer B

50mM Imidazole pH 7.0

1mM DTT

20mM EDTA

20% glycerol

Mammalian tissue and cell protease inhibitor cocktail (Sigma-Aldrich)

Native Gel Enzyme Activating Stain
20mM B-glycerophosphate pH 6.8
2mM EDTA

1mM DTT

10mM NaF

30mM Glucose-1-phosphate

1% Glycogen

with or without allosteric effectors:
5mM AMP and/or 0.7M Na, SO,
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Solutions for Western Blot Analysis:

Phosphate Buffered Saline / 0.1% Tween-20 (PBS-T)
137mM NaCl

2mM KCI

10mM Phosphate

0.1% Tween-20 (Amresco)

pH 7.4

Western Blot Blocking Solution: Phosphate Buffered Saline / 0.1% Tween-20 / 5%
Skim milk (PBS-T)

137mM NaCl

2mM KCI

10mM Phosphate

0.1% Tween-20 (Amresco)

5%w/v Skim-milk powder (Carnation)

pH 7.4

Fixatives for Inmunohistochemistry:

1%formalin/PBS

137mM NaCl

2mM KCI

10mM Phosphate

1%v/v 37% Formaldehyde
pH 7.4

Solutions for Northern Blot Analysis:

Transfer Buffer
150mM Sodium citrate
1.5M NacCl

pH 7.0

High Stringency Wash Buffer
1.5mM Sodium citrate

15mM NaCl

pH 7.0

0.1% SDS

Low Stringency Wash Buffer
30mM Sodium Citrate

300mM NacCl

pH 7.0

0.1% SDS





