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ABSTRACT

Denervation leads to skeletal muscle atrophy, which is a decrease in muscle mass and
force; the latter exceeding expectation from mass loss. In some cases, nerve regeneration
following an injury takes several months. During this time, muscle mass and force loss become
severe as fibers are replaced by connective and fat tissue, which can further prolongs normal
muscle function recovery once reinnervation occurs. The objectives of this study were 1)
document the angiotensin 1-7 (Ang 1-7) hypertrophic effect in innervated mouse skeletal muscle;
2) test the hypothesis that Ang 1-7 prevents muscle atrophy and maintain force following short 2
and 4 week denervation; 3) as well as following long 16 week denervation. Innervated and
denervated mice were treated with Ang 1-7 or diminazene aceturate (DIZE), an ACE2 activator,
to increase plasma Ang 1-7 level. In normal innervated extensor digitorum longus (EDL) and
soleus muscle, Ang 1-7 increased muscle weight, cross sectional area (CSA) and tetanic force,
which represents the muscle maximum force. During the short denervation period (2-4 weeks),
Ang 1-7 did not prevent muscle mass and CSA loss, but fully abolished the loss of normalized
tetanic force to CSA while accentuating twitch force. Normalized tetanic force was maintained
as Ang 1-7 partially reduced the extent of membrane depolarization which normally observed
with denervation, and it fully prevented the loss of membrane excitability. The protective effect
of Ang 1-7 on maximum tetanic force was also observed after 16 weeks of denervation, but only
in EDL not in soleus. About 35-40% of denervated EDL and soleus muscle fibers became
reinnervated over the 16 week period and Ang 1-7 enhanced the recovery of muscle mass and

tetanic force in both EDL and soleus. All Ang 1-7 effects on twitch and tetanic force were




completely blocked by A779, a Mas receptor (MasR) antagonist, and were not observed in MasR
deficient (MasR™) muscles. Ang 1-7 did not affect how denervation modulates changes in the
protein content MuRF-1 atrogin-1, two atrophic proteins, total and phosphorylated Akt, S6K and
4EPB, three hypertrophic proteins. So, the Ang 1-7 effect involves an activation of its MasR, but
it is not clear which intracellular pathway it then affects. This is the first study providing
evidence that Ang 1-7 maintains normal muscle function in terms of tetanic force and membrane

excitability during 2, 4 and 16 week denervation periods.
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CHAPTER 1

INTRODUCTION




Muscle atrophy is defined as a decrease in muscle mass and size, which can eventually
lead to partial or complete muscle wasting. Muscle atrophy occurs as a consequence of aging;
chronic diseases including heart failure, kidney disease, cancer and diabetes; or due to loss of
muscle activity for such reasons as limb immobilization, spinal cord injury (SCI), peripheral
nerve injury and space travel (Martinez et al., 2010; Wang and Mitch, 2014; Gosker et al.,
2000). A consequence of muscle atrophy is a decrease in the force generated by the muscle,
which is in fact greater than the expected loss from the reduction in muscle mass. The decrease
in force associated with atrophy restricts patients’ movement and ability to perform the activities
of normal life such as walking or moving objects. It also increases the risk of accidents while
performing tasks, thereby reducing quality of life. Another consequence of atrophy is a
significant impact on metabolism, such as glucose homeostasis, because of lower glucose uptake
by atrophied muscles. Therefore, preventing muscle atrophy associated with chronic diseases can

improve quality of life.

Serious complications also occur following major peripheral nerve injury when nerve
regeneration requires a long time to complete (Galvin and Eichinger, 2016; Berry and Bril, 1982;
Blom and Dahlback, 1970). For example, nerve repair following a level Il injury or axonotmesis
takes 3 to 6 months, while for a level 111 injury or neurotmesis, the repair can be as long as 6-12
months (Galvin and Eichinger, 2016; Berry and Bril, 1982; Blom and Dahlback, 1970; Menorca
et al., 2013). However, connective tissue and fat start to replace muscle fibers within two months
of denervation. When innervation is achieved, more time is needed to restore muscle fiber
morphology and functionality. Therefore, finding a mechanism to prevent muscle atrophy and

functional loss until reinnervation is completed will improve final function recovery.




Recent studies have provided evidence that activation of the Mas Receptor
(MasR)/Angiotensin 1-7 (Angl-7) signaling pathway reverses muscle atrophy induced by
Angiotensin Il (Ang Il) in chronic diseases and muscle immobilization (Martinez et al., 2010;
Wang and Mitch, 2014; Gosker et al., 2000). The effectiveness of activating the MasR /Ang1-
7 signaling pathway to prevent muscle atrophy and functional loss associated with denervation
remains to be determined. Accordingly, the overall objective of this PhD project is to test the
effectiveness of Ang 1-7 at preventing muscle atrophy and function loss during short (2-4 weeks)
and prolonged denervation (16 weeks) periods, and to understand the mechanisms of action of

Ang 1-7.
1.1 THE CYCLE OF MUSCLE CONTRACTION

Muscle contraction is initiated when the motor neuron releases acetylcholine at the
synaptic cleft of the neuromuscular junction (NMJ). Acetylcholine binds to ligand nicotinic
receptors, causing a membrane depolarization that eventually triggers an action potential (AP)
which propagates along the sarcolemma and down the t-tubules, where it activates the Ca*
release from sarcoplasmic reticulum (SR) (Fig. 1.1). Once Ca®" diffuses to the sarcomere, where
force is developed, it binds to troponin C, a protein located on the thin filament (actin) of the
sarcomere. Then, the troponin allosterically moves tropomyosin, another protein on the thin
filament, freeing the myosin binding site on actin. Myosin has along fibrous tail and globular
head, which binds to actin. After myosin binds to actin, it pulls the actin filaments toward the
centre of the sarcomere to generate force or do work, while using ATP to convert chemical
energy to mechanical energy. Relaxation occurs when there is no more action potential on the
cell membrane, allowing Ca®** to be pumped back into the SR by the active Ca** ATPase

transport mechanism (Macintosh et al., 2012).




FIGURE 1.1
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Figure 1.1: Skeletal muscle contractzion cycle (Macintosh et al., 2012).




Skeletal muscle expresses various fiber types, each with specific contractile and
biochemical characteristics to meet the functional demand. Based on the myosin isoform
expression, skeletal muscle fibers are first divided into slow twitch (type 1) and fast twitch (type
I1) fibers. Type Il is further categorized into type IIA, 1IB and 11X fibers. In general, type | and
I1A fibers have high oxidative capacity, which allows them to be very efficient at using oxygen
to generate ATP, and can be active for long periods of time before they fatigue. Type 1B fibers
have the highest glycolytic capacity, as they fatigue much more quickly than oxidative fibers.
Finally, type 11X fibers have intermediate properties between IIA and 1I1B (Schiaffino and

Reggiani, 2011).

1.2 KEY CHANGES DURING MUSCLE ATROPHY

Skeletal muscle atrophy occurs in a variety of conditions, including starvation; aging;
systematic diseases such as diabetes, heart or renal failure; cancer; and muscle disuse such as
immobilization and spinal cord or motor neuron injury, the latter resulting in denervation
(Martinez et al., 2010; Wang and Mitch, 2014; Gosker et al., 2000). Muscle atrophy caused
by fasting and diabetes involves reduction in insulin level and elevated glucocorticoid level.
Cancer and cachexia are associated with increased TNFo. Renal failure involves metabolic
acidosis. Despite the different pathological stimuli for muscle atrophy, there are similarities and
differences in atrophied muscle characteristics and the severity of muscle damage, which will be
discussed next by comparing changes that occur during fasting, diabetes, muscle immobilization

and following denervation.




MUSCLE MASS AND FIBER CSA

Muscle mass is the first important indicator of atrophy under pathological conditions.
Loss of muscle mass can occur very quickly in a very short period. Fasting induces a rapid
muscle mass loss, reaching 14% for the gastrocnemius muscle after just two days (Lecker et al.,
2004). Three to seven days denervation and immobilization result in 6 to 33% muscle weight
loss (Krawiec et al., 2005; Singh and Hood, 2011a). Loss of muscle mass becomes more
pronounced under chronic conditions, and varies depending on the length of the disuse period.
Muscle disuse following nerve injury and/or hindlimb suspension induce significant muscle mass
loss, which reaches 45-40 % at 2 weeks, 67-60% at 4 weeks and 70-80 % after 4-8 months
(Gutmann and Zelend, 1962; Hnik, 1962; Higashino et al., 2013; J et al., 2007; Xu and Gu, 1999;
H et al., 2001). In chronic diseases such as diabetes, muscle mass loss reaches 20-33% in the
gastrocnemius and 23% in the soleus muscle 2 weeks after injected mice with streptozotocin to

induce type | diabetes (Ono et al., 2015).

As muscle mass decreases, the cross sectional area (CSA) also diminishes by 45% in the
diabetic gastrocnemius muscle (Ono et al., 2015). Following 2-4 week denervation, the mean
CSA of the tibialis anterior (TA) and extensor digitorum longus (EDL) muscles decrease by 38%
and 33%, respectively (Sartori et al., 2013a). Over a 2-month period following spinal cord injury,
the CSA of human quadriceps muscle type I, 1A and 11X fibers decrease by 40%, 51% and 49%,
respectively (Scelsi, 2001). In general, type Il fibers atrophied sooner than type | fiber (Borisov
et al., 2001c; Lu et al., 1997; Karpati and Engel, 1968; Davis and Kiernan, 1980). For example,
in rat EDL, the CSA for type I, 1A and I1B fibers decrease by 9%, 32% and 39% following 4
weeks denervation, while after 10 weeks, the decrease are 26%, 50% and 60%, respectively

(Niederle and Mayr, 1978). Eventually, denervated muscle weight and CSA stabilize at 10-20%




of the normal innervated muscle weight and CSA (Jg and Yd, 1999; Ma et al., 2007a; Wang et

al., 2001).

MUSCLE FIBER INTEGRITY

As atrophy progresses following denervation, muscle passes through several dramatic
changes involving muscle integrity loss, fiber degeneration, sarcomere disorganization and
replacement of muscle mass by fibrotic connective tissue and fat. At the sarcomere level,
atrophic muscle shows progressive disorganization of the sarcomere pattern. Z lines lose their
parallel arrangement, while SR proliferates between myofibrils and junctions with t-tubules after
just one week denervation in some fibers (Lu et al., 1997; Schmalbruch et al., 1991). In regard to
the actin/thin and myosin/thick filaments (where force is generated), there is a 40% loss in

myosin protein content within 14 days of denervation (Jakubiec-Puka, 1992).

The excitation contraction coupling mechanism is also affected, as t-tubule networks
become disorganized within 3 weeks of denervation, however, this disorganization similar to
those observed in immature fibers (Takekura et al., 1996; Salvotri et al., 1988). As a result of
excitation contraction mechanism dysfunction, muscle fibers stop contracting. For example, only
3-8% of fibers in rat soleus and TA muscles contract after 13-44 weeks denervation (Squecco et

al., 2009).

Denervation also decreases the number of myonuclei per fiber in some but not all
muscles. A 20-60% reduction in the number of nuclei has been reported in rat limb muscles
following a 2- to 16-week denervation period, while no change occurred in 10-day to 16-week
denervated rat diaphragms and plantaris muscles (Hikida et al., 1997; Wada et al., 2002; Zhong

et al., 2005; Viguie et al., 1997; Aravamudan et al., 2006). The importance of any changes in




myonuclei numbers is therefore unclear due to this variation in the myonuclei range between
studies. Denervation also activates satellite cells within days. Their numbers increase by 3-fold
in the first 2 months of denervation in mice and rats (Viguie et al., 1997). A noticeable result of
activating satellite cells is the generation of new fibers among the original atrophied ones (Chen

et al., 2010; Carraro et al., 2005; Rossini et al., 2002).

In the advanced stage, the amount of connective tissue increases, and is followed by a
progressive fiber necrosis and replacement of muscle mass by fat and fibrous connective tissue
(Borisov and Carlson, 2000b; Borisov et al., 2001a). The duration of atrophy progression is
different between species. For example, necrotic fibers can be detectable as early as 2 months
after denervation in rats (Borisov and Carlson, 2000a; Borisov et al., 2001b), whereas denervated
rabbit muscle exhibits atrophy, but not necrosis, after one year (Ashley et al., 2006). In contrast
to laboratory animals like rats/mice, the rate of atrophy progression in humans is much slower,
taking years to reach similar stages. For example, a biopsy of denervated human quadriceps
muscle shows a 40% reduction in CSA after 1-2 years, while severe reduction in fibers diameter,
replacement of muscle fibers by adipocytes and connective tissue, and pronounced fiber necrosis

become detectable 4 years after denervation (Mddlin et al., 2005).

Finally, capillary loss is one feature of denervated muscle, as the capillary/muscle ratio
decreases by up to 90% after 18 months in fast twitch rat muscle (Borisov et al., 2000). The
extent of capillary loss is larger around type Il fibers than type I fibers, implying that type II

fibers atrophied sooner than type | fibers.

FORCE

A major physiological consequence of atrophy is a loss of force generating capacity.

Tetanic force, which represents the maximum force a muscle can generate, decreases by 14-16 %

8




in mice gastrocnemius muscles during a 24-28 hour fasting period (Milan et al., 2015a; Sartori et
al., 2013b). More importantly, when tetanic force is normalized to the CSA, the force loss is 8%;
I.e., the decrease in force exceeds the decrease expected from muscle mass and CSA loss (Milan
et al., 2015a; Sartori et al., 2013b). So, from this point on, all the decrease in force will be that of

the normalized force to emphasize this aspect of muscle atrophy.

Muscle disused, following immobilization or hindlimb suspension, results in a 35%
reduction in tetanic force in mice TA muscles over a period of 14 days (Morales et al., 2016).
In contrast, a 14-day denervation period reduces tetanic force of rat EDL muscle by 63%, a loss
that continues as denervation is prolonged, reaching 85-95% after 4-8 weeks and more than 98%
after 4-12 months (Spector, 1985; Dow et al., 2004; Carlson et al., 1996; al-Amood et al., 1991;
Kalliainen et al., 2002). Finally, denervation also modifies the kinetics of force development.
Twitch force, which occurs following a single action potential, becomes slower, as both the time
to reach peak force and the time to relax are prolonged in denervated muscles (Baumann et al.,
2016a). As twitch contraction is slower, the force-frequency curve is shifted toward lower
stimulation frequencies because summation of twitch contractions as the frequency is increased
starts at lower frequencies in denervated muscle compared to innervated one (Baumann et al.,

2016a).

The tetanic force loss and changes in contractile kinetics are most likely due to changes
occurring in the excitation-contraction coupling mechanism, and loss of sarcomere proteins as
mentioned above (Pellegrino and Franzini, 1963) as well as to loss in membrane excitability,

which will be discussed in the next section.




MEMBRANE EXCITABILITY

Resting membrane potential depends primarily on the CLC-1 chloride channels and
Kir.2.1 potassium inward rectifier channels (Pedersen et al., 2009b; a; Leech and Stanfield,
1981). At rest, ions move across the cell membrane to reach their equilibrium, and their net
flux depend on the difference between the membrane potential and their electrochemical
equilibrium. For K* ion, the equilibrium potential is -95 mV (Ramahi and Ruff, 2014). As the
membrane resting potential (resting Eym) varies between -65 and -85 mV (Ammar et al.,
2015b), K* diffuses more outward than inward, i.e., has a net efflux that forces the resting Eu
toward the K* equilibrium, making the resting Ey more negative. On the other hand, CI™ ions
constantly efflux at resting to bring membranes potential to its equilibrium potential, being -66
mV, and that efflux reverses to influx when resting Ey depolarized during action potential to
repolarized the membrane (Dulhunty, 1978). Therefore, the net balance between K* and CI’

ions movement bring the resting membranes potential ranging from -70 to -75 mV.

At rest, the voltage gated sodium channels (Nav.1.4), which are responsible for the action
potential depolarization phase, and the voltage gated potassium channels (Ky), which are
responsible for the action potential repolarization phase, are closed. When the membrane is
depolarized to about -60 mV following the binding of acetylcholine to its receptor or by an
electrical simulation, the Na™ membrane conductance increases as Nay1.4 channels open. As the
Na® equilibrium potential is about +67 mV, a net Na" influx occurs, leading to a depolarization
of the sarcolemma from a mean resting Ey of -75 mV to an overshoot of +30 mV, which
constitutes the AP depolarization phase. Eventually, Nay1.4 channels become inactivated, while
Ky channels open, allowing a net K* efflux; both events are important for the repolarization

phase back to -70 mV.(McGraw, 1999).
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In denervated muscle, resting membrane potential depolarizes from a normal -70/-75 mV
to -60/-55 mV within 4 days (Bray et al., 1976; Vyskocil et al., 1973; Albuquerque et al.,
1971a; Albuquerque and Thesleff, 1968b; Kotsias and Venosa, 1987a). The depolarization is
due to changes in Na* permeability (Pna), K™ permeability (Px) and CI” permeability (Pc|). The
Pna increases via an unknown mechanism that does not involve Nav 1.5 Na’ channels
(Seabrooke et al., 1988). As Py, increases, more Na* enters muscle fibers rendering resting Ey
less negative. Denervation reduces Pk as the expression of the Kir2.1 K* channel decreases (Bray
et al.,, 1976; Vyskocil et al., 1973; Albuquerque et al., 1971a; Albuquerque and Thesleff,
1968b). Lower Pk then reduces the K* efflux and its capacity to maintain a normal resting E.
CIC-1 CI' channels account for 80% of membrane conductance. Denervation causes decrease in
the mRNA level of CIC-1 channels by 20% in the gastrocnemius and TA muscles after 2-14 days
denervation (Klocke et al., 1994). As there are fewer CIC-1 channels, the CI current significantly
decreases by 50% within one week of denervation (Chen and Jockusch, 1999). Thus,
concomitant higher Py, and lower Pk and P¢; result in a depolarized resting Ey, the K* efflux and

CI"influx are less efficient at opposing the Na* depolarization.

The Na* K" ATPase pump is a primary active pump that transports three Na* out and two
K" in the sarcoplasm per cycle. As it transports one extra positive charge outside, it also
contributes up to 15-20 mV to the negativity of resting Ey (Ammar et al., 2015a; Chibalin et al.,
2012). Immobilization and denervation decrease the Na-K ATPase pump protein content by 13-
25% within 2 weeks in different muscles (Clausen et al., 2011a; Zemkova et al., 1990; Leivseth
et al., 1992; Tyapkina et al., 2009). It is important to know that electrogenic Na* K™ ATPase
pump activity contributes to 10% of membrane depolarization (Tyapkina et al., 2009). After 7

day immobilization, the membrane depolarized by 10% in both EDL and soleus muscles, and
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blocking Na* K" ATPase pump with ouabain brought about similar depolarization (Tyapkina et

al., 2009).

A major consequence of membrane depolarization is an inactivation of Na* channels. Na*
channels have three gates: i) the activation gate that starts to open at -60 mV to generate an AP,
i) a fast inactivation gate that closes during the AP to allow for the repolarization phase and iii) a
slow inactivation gate that closes over sec to minutes when resting Ey is depolarized (Hayward
et al., 1997). Slow inactivation gates are all opened when Ey is more negative than -80 mV, and
reach 50% of inactivation at -62 mV (Hayward et al., 1997). All inactivation gates are closed
when Ey less negative than -50 mV (Chahine et al., 1996). As Na* channels are inactivated, the
capacity to generate normal action potential decreases; i.e., a small degree of inactivation lowers
action potential amplitude. The decrease in AP amplitude is further exaggerated by the higher
Pna and the lower Na* K* ATPase pump activity, because they allow for increases in intracellular
Na® concentration that reduce the Na® current during the depolarization phase, ultimately
contributing to the decrease in AP amplitude. Eventually, no AP can be generated once all
channels are inactivated; at this point, the fiber is unexcitable and can no longer contract. In fact,
studies have shown that tetanic force is well maintained up to a resting Ep of -65 mV, and drops
drastically to zero between -60 and -55 mV (Cairns et al., 1995; Ammar et al., 2015a). Thus most
of the decrease in force occurs in the range for which slow inactivation gates go from 50% to

100% (Kotsias and Venosa, 2001, 1987b).

As action potential amplitude decreases even as small as 5 mV, less Ca®* is released from
the sarcoplasmic reticulum (SR) (Zhu et al., 2014). If the amount of Ca?* released results in sub-
maximal sarcomere activation, then less force is generated in addition to the force loss of

unexcitable fibers. Although denervation and hindlimb unloading increase the concentration of
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resting intracellular Ca®* by 36-42% (Hines and Knowlton, 1933; Ingalls et al., 1999), Ca®*
release upon stimulation decreases in mouse FDB maintained for 7 and 14 days in culture
(Albadrani and Renaud unpublished, 2014); a condition for which adult muscle fibers behave
like denervated fibers in situ in regard to physiological and morphological properties such as
CSA, fiber degeneration, membrane depolarization and AChR supersensitivity (Morel et al.,
2010; Bekoff and Betz, 1977). While lower AP amplitude is one mechanism responsible for the
lower Ca”* release, a potential second mechanism may involve the Ca** release mechanisms per
se. The release of Ca®* from SR involves two Ca®* channels: i) the dihydropyridine receptor
(DHPR), which is the Ca** channel (Cay1.1, also known as L-type Ca’* channel), is located on
the transverse tubule, and acts as a voltage sensor that detects action potential, and ii) the
ryanodine receptor (RyR1), located on the SR, and responsible for Ca** release. In skeletal
muscle, the DHPR physically interacts with the RyR, the latter being directly activated by the
former during an action potential to release Ca**. Contrary to the skeletal muscle isoform, the
cardiac isoform does not interact with the RyR (Protasi, 2002). Long term denervation (25 to 50
days) increases the expression of DHPR al cardiac isoform mRNA level in rat EDL, while in the
soleus muscle the skeletal isoform mRNA level increases more than control, but it remains to be
determined if such changes contribute to lower Ca?* release (Péréon et al., 1997). So far, the
expression of skeletal muscle RyR appears unaffected by denervation in rat EDL, whereas in the
soleus it increases significantly, and this cannot be the reason for the lower Ca** release (Péréon

et al., 1997).

In summary, force loss following denervation depends on three major factors: 1) losing
muscle mass; 2) changes in isoforms and/or content of the “functional proteins” that regulate

resting Em, action potential generation (i.e., membrane excitability, Ca®" release and force
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generation); and 3) losing fiber integrity including t-tubule, SR and sarcomere degradation
and/or disorganization. The latter two factors are responsible for the lower normalized force or

greater decrease in force than the decrease expected from mass loss.

MUSCLE FIBRILLATION

Another consequence of denervation or SCI is muscle contracture or fibrillation, which
occurs due to spontaneous generation of action potentials by muscle fibers themselves (Robinson
et al., 1991; Purves and Sakmann, 1974). As a result of that, there is a loss of extensibility in soft
tissues and spanning joints, leading to limb deformation such as a downward or upward angle of
the foot or hands (Neelands et al., 2001a). This phenomenon occurs due to changes in membrane
conductance, leading to a depolarized membrane potential to a potential close to the action
potential threshold (Purves and Sakmann, 1974). The time course to develop fibrillation varies
between muscles and species, being detectable within 1-3 weeks in human and 3-7 days in rats
(Sekiguchi et al., 2012a; Heaton and Kobler, 2005; Arancio et al., 1989; Salafsky et al., 1968;
Burns et al., 2007). In addition, the incidence of fibrillation can be very large, occurring in 62%

of all guinea pig fibers in the soleus and 44% in the EDL (Robinson et al., 1991).

1.3 OTHER CHANGES IN PROTEINS INVOLVED IN THE EXCITATION AND

CONTRACTION MECHANISMS

As mentioned above, the expression of several proteins that are involved in excitation,
Ca”" release and reuptake, sarcomere activation and force development decreases during atrophy.
Denervation modifies the expression of other proteins that also involved in excitability and
contraction. One major denervation effect is a remodulation of the NMJ. Normally, the nAChRs

are specifically expressed at the NMJ. After denervation, nAChRs are expressed all along the
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muscle fiber (Adams et al., 1995a) as their mRNA level increase 100-fold within 3 day of
denervation (Merlie et al., 1984). The mRNA level reaches its peak within 7-9 days of
denervation, then returns back to base level after 1-4 months (Adams et al., 1995a; Ma et al.,
2007a; Apel et al., 2009). Furthermore, the embryonic isoform is composed of two a, one 3, one
6 and one y subunits; in the adult stage, the embryonic y subunit replaces by the € subunit (Ma et
al., 2007b; Adams et al., 1995a). Following denervation, the adult € subunit nAChR is replaced
by the embryonic isoform y subunit within 3 days, and reaches a peak within 1-2 weeks before
returning back to normal level in 2- 4 weeks (Adams et al., 1995a; Ma et al., 2007a; Apel et al.,
2009). Despite the presence of nerves, immobilization also increases embryonic nNAChR isoform
expression in skeletal muscle (Lee et al., 2014). This suggests that the nAChR remodelling
associated with denervation/immobilization requires active motor neurons for the maintenance

of normal nAChR isoforms.

During development, muscle fibers express the Navl.5 Na® channel, which is also
expressed in adult cardiac muscle. Following birth, the Nav1.5 isoform is replaced by the Navl.4
isoform (Kallen et al., 1990). Following denervation, the reverse is observed, as the Nay1.4
MRNA level transiently declines before returning back to base level within 5-7 days of
denervation. Whereas the mRNA level of Nay1.5 reaches its peak by day 3 of denervation, then
declines to 30% of the peak (Morel et al., 2010; Yang et al., 1991; Awad et al., 2001). Following
reinnervation or chronic stimulation, Nav1.5 channel expression subsequently declines, which
suggests that muscle requires interaction with an active motor neuron to maintain normal Na*
channel contents/isoforms (Morel et al., 2010; Yang et al., 1991; Awad et al., 2001). One
consequence of the change in Na* channel isoform is the fibrillation associated with denervation

(Sekiguchi et al., 2012b). Lidocaine, a Na* channel blocker with a higher affinity for Nav1.5 than
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Navl.4, decreases the extent of fibrillation in denervated muscle (Sekiguchi et al., 2012b). It has
been suggested that the Nav1.5 channel has a faster recovery from the fast inactivation state,

reducing the refractory period causing hyperexcitability (G. E. KirschM. F. Anderson, 1986).

Ca?*-sensitive K" voltage channels are voltage and Ca?*-sensitive channels that are
activated by membrane depolarization and increases intracellular Ca®* concentration. These
channels are also divided into three major groups according to their conductance (i.e., by which
K" passes through their pores): the small-conductance (SK), the intermediate conductance (1K)
and the big conductance (BK) Ca** sensitive K* channels (Diness et al., 2015). The SK channel
is normally expressed during embryonic development, while the BK channel is expressed in
mature muscle fibers (Hartzell and Fambrough, 1972; Rogart and Regan, 1985; Gonoi and
Hasegawa, 1991; Pribnow et al., 1999). Denervation results in the appearance of the SK channel
(Neelands et al., 2001a; Vergara and Ramirez, 1997). For example, 6- to 9-day denervation
increases the SK3 mRNA and protein levels of rat soleus muscle by 2.5-fold and 60%;
respectively. Reinnervation or electrical stimulation prevents that increase (Favero et al., 2008).
As discussed above, denervation causes membrane depolarization and increases resting
intracellular Ca*™ concentration, two events that activate SK channels. More importantly, there is
evidence that the SK channel is a major component causing hyperexcitability and fibrillation
(Neelands et al., 2001b). Apamin treatment, to selectively block SK channels, or EGTA
treatment, to lower intracellular Ca** concentration, both suppress the hyperexcitability and
fibrillation in denervated rat muscle (Neelands et al., 2001b). The authors of the study suggested
that the concomitant depolarization and increases resting intracellular Ca®* concentration
increase the SK open probability, leading to a Ca®* entry and further membrane depolarization

toward the action potential threshold. Once the depolarization causes En to reach the threshold,
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then action potentials are generated by the Nay1.5 channels giving rise to the fibrillation

(Sekiguchi et al., 2012b).

Denervation also affects the isoform and content of the Ca** ATPase pump (SERCA), the
pump that transports Ca*? back into the SR to allow muscles to relax. In skeletal muscle, two
SERCA isoforms are expressed: the fast isoform SERCAL, which is mainly expressed in fast
twitch muscles; and the slow isoform SERCA2, which is mainly expressed in slow twitch
muscles (Hamaldinen and Pette, 2001). Over a 28-day denervation period, the mRNA and
protein level of SERCAZ in the soleus muscle decrease by 45% and 24%, respectively, while
SERCALI remains unchanged. Over the same denervation period, SERCA1 mRNA and protein
level in the EDL muscle decrease by 13% and 22%, respectively, while SERCA2 remains
unaffected (Schulte et al., 1994). Overall, these changes in protein content result in a lower
capacity to pump Ca*" back into the SR by 63% in the soleus and 22% in the EDL muscle
(Schulte et al., 1994). Such reduced capacity to pump Ca** has three effects: 1) lower SR Ca®*
content contributing to the decrease in Ca** release during contraction; 2) slowing down in the
capacity of muscle to relax; and 3) an increased in resting intracellular Ca** that can interfere
with Ca®* sensitive signaling pathways, such as an activation of the calcineurin/ NFAT signalling
pathway, which favour fiber type composition switch towards type I and 1A fibers (Schulz and
Yutzey, 2004) as well as increases in mitochondrial ROS production (Powers et al., 2012;

Brookes et al., 2004) .

Finally, denervation induces a shift in fiber type distribution—i.e., the myosin isoforms
being expressed. For example, after 2 weeks denervation, type | and type Il A fibers decrease by
15% and 28%, respectively, while type 11X increases by 42% in the soleus muscle. In the EDL

muscle, denervation increases type IIA fibers by 25% and decreases type I, 11X and 11B fibers
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by 72%, 47% and 60%, respectively (Jakubiec-Puka, 1992). Furthermore, during a 50-day
denervation, type IIB fibers decrease by 27% concomitantly with a 27% increase in type 11X
fibers in EDL, while there is a 16% shift in fiber type composition from type | to type IIA fibers
in soleus muscle (Patterson et al., 2006). Another study, this time on rabbit TA muscle,
reported a shift from type 11X to type IIA fibers after 10 weeks of denervation—i.e., from 30
% type 1A and 66% type 11X fibers to 97% type 1A with no more type 11X fibers while the
number of type I fibers remained unchanged, being 2% (Ashley et al., 2006). The same study
also reported that 20% of fibers express the neonatal fiber type isoform after 10 weeks
progressively increasing to 75% after 51 weeks (Ashley et al., 2006). In general, those studies
suggested that denervation shifts fiber type composition toward faster type 11X fibers in the
order of I>IIA>1IX in the slow soleus muscle and toward type IIA in the order of

[IB>11X>IIA in fast TA and EDL muscles.

1.4 REGULATION OF MUSCLE MASS

Muscle mass is regulated by two major pathways: the hypertrophic and atrophic
pathways. A fine balance between those pathways leads to normal healthy muscle. The
regulation of muscle mass is complex and involves cross-talk between several cellular signaling
pathways, such as the Akt-mTOR signaling pathways, the bone morphogenic protein signaling

pathway, the autophagic lysosomal pathway and the ubiquitin-proteasome system.

HYPERTROPHY PATHWAYS

Hypertrophy is defined as an increase in the muscle mass and size of pre-existing fibers.

Hypertrophy occurs during postnatal development or in response to either strength training
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and/or anabolic hormone stimulation (such as testosterone and catecholamines). During

hypertrophy, the rate of protein synthesis exceeds the rate of protein degradation.

Several intracellular signaling pathways have been identified for hypertrophy, including
the IGF-1 activated protein kinase B (Akt) / mammalian target of rapamycin (mTOR) pathway,
Bone morphogenic protein (BMP)/ Smad pathway and Wnt7a pathway (Schiaffino et al., 2013).
In relation to this project, the Akt/mTOR pathway is the most important for four reasons. First,
the Akt/mTOR signaling pathway is recognized as a master regulatory protein synthesis
signaling pathway that increases protein synthesis (Glass, 2005; Vandenburgh et al., 1990;
Bonaldo and Sandri, 2013). Second, activation of the Akt/mTOR pathway is crucial in
preventing protein degradation or atrophic pathway, as it inhibits the atrophic related gene
expression (Fig. 1.2). Third, this pathway is transiently activated following denervation
(MacDonald et al., 2014a). Fourth, it is a major pathway that is activated by Ang 1-7, the protein

of interest in this project, as discussed in a later section.
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IGF-1 is a 7.6 kD protein that has 50% similarity with insulin (Boulware et al., 1994). It
is @ major growth factor synthesized by several tissues including skeletal muscle (Werner et al.,
2008). The IGF-1 receptor is a tyrosine kinase receptor composed of two a subunits, the
extracellular subunits that act as the IGF-1 binding site, and two [ subunits, the intracellular
subunits that contain the tyrosine kinase domains (Werner et al., 2008) . Each B subunit is linked

to a-subunit by disulfide bonds on the

extracellular side. Upon binding of IGF-

1 to its receptor, the intrinsic tyrosine

kinase (B subunits) is activated and

autophosphorylates itself, which then

phosphorylates the insulin  receptor Z L&)
FoxO mTOR2 mTOR1
substrate (IRS). Phosphorylated IRS then > : )
MURE-1  Atrogen-1 K.
acts as a docking site to recruit and von fecoe
Protein degradation Protein synthesis

activate  phosphatidylinositol-3-kinase

Figure 1.2: The IGF-1 activating Akt/mTOR

(PI3K) to eventually lead to the signalling pathway (Hakuno and Takahashi, 2018).

phosphorylation of Akt and mTOR (Fig.

1.2) (Schiaffino and Mammucari, 2011). There are two mTOR proteins: mTORCL1 and the
mTORC2 (Bhaskar and Hay, 2007). When mTORCL1 is phosphorylated, it promotes protein
synthesis via the phosphorylation of Eukaryotic Translation Initiation Factor 4E (elFAE)-binding
protein 1 (4E-BP) and S6 kinase (S6K) proteins (Bodine et al., 2001a; Rommel et al., 2001).
Phosphorylation of 4E-BP1 causes its release from elFAE, allowing the binding of elF4E to
elFAG, which promotes mRNA translation initiation (Bodine et al.,, 2001a). S6K

phosphorylation, on the other hand, leads to the phosphorylation of S6 ribosomal protein
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involved in mRNA translation (Jefferies et al., 1997). The mTORC2 activation, on the other
hand, induces a feedback phosphorylation of Akt that amplifies the Akt/mTOR signal axis, as
well as allowing the phosphorylation of FoxO, a major atrophic family of transcriptional factors,
to inhibit atrophic genes expression (Guertin et al., 2006). The Akt/mTOR signaling pathway is
also activated by different upstream triggers to induce hypertrophy, including B-adrenergic and

Ang 1-7 receptors, which will be discussed later.

Several studies have demonstrated the importance of the Akt/mTOR pathway in
hypertrophy. A 3-week exposure of the gastrocnemius muscle to tamoxifen, an estrogen receptor
agonist acting via Akt /mTOR, increases mean fiber CSA by 50% (Blaauw et al., 2010). Another
study reported that mean gastrocnemius muscle fiber CSA from 2-week-old transgenic mice
overexpressing an active Akt is 2-time greater than that of wild type mice (Izumiya et al., 2008).
Physical activity, such as 14-day muscle loading of the plantaris muscle (obtained when cutting
the gastrocnemius and soleus tendons) increases total Akt (T-Akt) protein content and its
phosphorylation (P-Akt) level by 4- and 9-fold, respectively, concomitantly with a 45% increases
in plantaris muscle weight compared to control muscles (Bodine et al., 2001b). Conversely,
pathological conditions that induce muscle atrophy downregulate the Akt/mTOR signaling
pathway activity. For example, 2 to 3 weeks immobilization causes a 50% decrease in the Akt
phosphorylation level in TA muscle (Morales et al., 2016; MacDonald et al., 2014b).
Interestingly, some pathological conditions transiently upregulate the Akt/mTOR signaling
pathway such as following denervation (Castets et al., 2019; MacDonald et al., 2014b). The
Akt/mTOR signaling pathway is upregulated starting from day one after denervation (Castets et
al., 2019). Even after 3 weeks denervation, total Akt and P-Akt protein content in the TA muscle

is 57 fold greater than in normal muscle (MacDonald et al., 2014a) ,despite the fact that a major
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atrophy process is occurring. The authors of the study actually suggested that the increase in Akt
and P-Akt acts as a compensatory mechanism to prevent further atrophy. This is an interesting

fact, considering that denervation leads to muscle atrophy.

Bone morphogenic protein (BMP)/ Smad signaling pathway is another positive muscle
mass regulatory pathway. BMP ligands are transforming growth factors for which 15 isoforms
have been identified (Wang et al., 2014). BMP binds to a cell surface receptor that is comprised
of two dimers of type | and type Il serine/threonine kinase receptors forming a heterotetrameric
complex (Wang et al., 2014). Upon complex formation, the constitutively active type Il receptor
transphosphorylates the type | receptor. As the latter becomes active, it phosphorylates
downstream substrate proteins such as Smad 1/5/8, which are transcription factors (Wang et al.,
2014). Phosphorylated Smad 1/5/8 forms a complex with another transcription factor, Smad 4,
and the complex translocates to the nucleus to downregulate expression of several genes, such as

the Fbox gene, one of the atrophic genes that encode for ubiquitin ligase (Sartori et al., 2013b).

Injecting mice muscle with either the vector encoding BMP7 to increase its expression or
a constitutively active type | receptor induces hypertrophy in normal muscle. Four to seven
weeks after the injection, the TA and EDL muscle mass increase by 25-35% and 20%,
respectively (Sartori et al., 2013b; Winbanks et al., 2013). Following 7 weeks of active type |
receptor overexpression, the TA CSA significantly increases by 50%, while the maximum tetanic
force increases by 20% (Sartori et al., 2013b). The increased muscle mass is associated with a
significant increase in Smad 1/5 phosphorylation level, as well as the phosphorylation levels of

Akt, mTOR, 4EBP and S6K (Winbanks et al., 2013).

Overexpression of the active type | receptor reduces muscle mass loss associated with

denervation (Sartori et al., 2013b; Winbanks et al., 2013). For example, overexpression of active
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type | receptor in the TA muscle reduces the extent of muscle weight and CSA loss during 2-
week denervation to the point that weight and CSA are no longer significantly different from that
of normal innervated muscle (Sartori et al., 2013b; Winbanks et al., 2013). Also, verexpression
of active type | receptor increases the phosphorylation level of Smad 1/5, whereas Smad 6, a
endogenic inhibitor of phosphorylated Smad 1/5, expression decreases after 3- to 14-days of

denervation (Sartori et al., 2013b; Winbanks et al., 2013).

ATROPHY PATHWAYS

Atrophy is the result of greater protein degradation rate exceeding protein synthesis rate
(Bonaldo and Sandri, 2013). There are two major protein degradation systems that are activated
during muscle atrophy: i) the autophagic lysosomal pathway and ii) the ubiquitin-proteasome
system (UPP) (Milan et al., 2015a; Wang and Mitch, 2014). In healthy muscle, a balanced
activation of protein synthesis and protein degradation systems is crucial to maintain normal
homeostasis in skeletal muscle. Autophagy is a mechanism that allows for the degradation and
recycling of cellular components (Milan et al., 2015a; Wang and Mitch, 2014). During this
process, targeted cytoplasmic components are isolated from the rest of the cell within a double-
membrane vesicle known as an autophagosome. After the fusion of an autophagosome with a
lysosome, which contains several protease enzymes, components are degraded into their smaller
units, such as amino acids, fatty acids, nucleic acids and carbohydrates (Milan et al., 2015a;
Wang and Mitch, 2014). A major factor upregulating autophagy is the transcription factor
Forkheah box O (FoxQO) family, which are transcriptional activators that regulate several atrophic
gene expressions under stress conditions such as starvation, oxidative stress, ageing and disused
atrophy (Baehr et al., 2007; Milan et al., 2015b; Greer and Brunet, 2008). For example, 24-hour

fasting significantly increases autophagy vesicle formation in wild type TA muscle, but not in
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FoxO 1, 2, 3 knockout muscle (FoxO1237). The mRNA level of cathepsin L, a lysosomal
protease, also increases by 3-fold in wild type muscle but not in FoxO123/" muscle (Milan et al.,
2015a). Compared to fasting, knockout FoxO1237/ partially prevents the increase in the
cathepsin mRNA level in denervated muscle (Milan et al., 2015b). Furthermore, 7-day
denervation significantly increases the level of several autophagy proteins by 2 to3 fold, these
proteins are involved in forming autophagosomes such as LC 3lI, a substrate for protease; Beclin
1, a regulator protein for autophagy; P62, an autophagy receptor; and ATG7, a ubiquitin like

modifier activating enzyme (O’Leary et al., 2012).

Autophagy gene expression is also regulated by histone deacetylase (HDAC). HDAC is
an enzyme that removes the acetyl group on lysine from the histone N-terminal, which then
allows histone to fold tightly around DNA, making it less accessible to transcription factors
(Ceccacci and Minucci, 2016). A study found that HDAC 1/2 regulates muscle autophagy by
increasing the expression of autophagy genes LC3 and P62 (Moresi et al., 2012). For example, in
the TA muscle, the mRNA level of LC3I1I and P62 increases by 5- to 6-fold after 24-hour fasting
in wild type mice, and that increase is abolished in HDAC1/2 knockout mice (Moresi et al.,

2012).

The ubiquitin—proteasome system is responsible for removing sarcomeric proteins. It
involves three ubiquitination enzymes: E1 ubiquitin activation proteins, E2 ubiquitin conjugation
enzymes, and E3 ubiquitin ligation proteins (Fig.1.3). Ubiquitin is a highly conserved protein
that contains 76 amino acid residues and acts as a tag for degradation of targeted proteins. E1
activates ubiquitin by forming a thio ester bond at its C-terminal; this reaction requires ATP

(Scheffner et al., 1995). Then, E1 passes the active ubiquitin protein unit to E2, and the E2-UB
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complex binds to E3 ligase. Finally, the E3 ligase catalyzes the attachment of ubiquitin unit to

the target protein via peptide bond.

This cycle repeats itself until the target protein has a chain of ubiquitin units, which

provides a signal for the protein

degradation by the proteasome 26S

Utilquitin scthvation Ubiquitin conjugaton
} " target
complex (Milan et al., 2015a; Wang > A oy
’ Et E2 5 .
Froe ubigutn "N
and Mitch, 2014). The rate-limiting | * & >< >< \
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of E3 enzymes have been identified Ittt 0 ——— B
v
y ‘2*:3' .\y
over the years, but two of them have — " o
been extensively studied in skeletal :
Protmn degraced
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muscle: i) the atrophy F-box (atrogin- | rigure 1.3: The steps of Ubiquitin-Proteasome
Pathway. Three enzymes are required to tag proteins
1/MAFbx) and ii) muscle RING | that need to be degraded with chains of ubiquitin unit; i)
E1 (ubiquitin-activating enzyme) which activates ubiquitin
. . units; ii) E2 (ubiquitin-conjugating enzyme) which
finger 1 (MuRF1) (Milan et al, prepares ubiquitin units for conjugation; and iii)) E3
. (ubiquitin ligase) which catalyzes transfer ubiquitin units
2015a; Wang and Mitch, 2014). Both | to the target protein. Next, tagged protein degrades by
proteasome and releases ubiquitin units (Murton et al.,

atrogin-1 and MuRF1 are highly | 2008).

expressed during atrophy. For example, the mRNA level of atrogin-1 and MuRF1 significantly
increases by 6- to 15-fold after 3 days of fasting or denervation (Baehr et al., 2011; Milan et al.,
2015b). Denervation also increases the protein level of MuRF1 by 70% compering to
contralateral innervated muscle after 7 days, which then returns back to base level after 14 days
(Baumann et al., 2016b). Mice lacking atrogin-1 and MuRF1 are resistant to muscle atrophy

induced by denervation (Bodine et al., 2001a). Furthermore, knockout atrogin-1 prevents muscle
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mass loss associated with fasting (Cong et al., 2011). Also, MuRF1 knockout mice are resistant
to dexamethasone-induced muscle atrophy (Baehr et al., 2011). Those studies clearly establish an

important role for those two ligases in muscle atrophy.

So far, few muscle specific proteins have been identified as substrate for atrogin-1 and
MuRF1 E3 ligase. For example, atrogen-1 promotes degradation of eukaryotic translation
initiation factor 3F (elF3F), an important translation enhancer that activates protein synthesis by
acting as scaffold protein which interconnects with mTOR1 to positively regulate mTORC
downstream pathway (A et al., 2010). MuRF-1 physically interacts and degrades the muscle
functional proteins such as myosin heavy chain (Fielitz et al., 2007; Clarke et al., 2007), myosin
binding protein C and myosin light chain (Cohen et al., 2009). The loss of these proteins is not

observed in MuRF-17" muscle.

The expression of atrogin-1 and MuRF1 is regulated by specific transcription factors such
as FoxO and myogenin, both are being essential for the regulation of muscle development and
maximal induction of the E3 genes during atrophy (Moresi et al., 2010a; Schiaffino and
Mammucari, 2011). The transcriptional activity of FoxO is also inhibited by the activation of
Akt/mTOR signaling pathway. In the presence of any growth factor such as IGF-1, the PAkt
directly phosphorylates FoxO to become inactive, which leads to excluding FoxO from the
nucleus to suppress its transcriptional activity. The inhibition of Akt/mTOR signaling pathway
allows FoxO to remain dephosphorylated (active form), so it translocates to the nucleus to
promote the expression of atrogin-land MuRF1 (Milan et al., 2015a; Wang and Mitch, 2014).
For example, the mMRNA level of atrogin-1 and MuRF1 increase by 12-14 fold after 24 hours in
fasting mouse TA muscle, an increase that is completely abolished in knockout FoxO134 mice

(Milan et al., 2015b). Moreover, following 3-day denervation, atrogin-1 and MuRF1 mRNA
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levels are, respectively, 6- and 11-fold less in knockout FoxO134 than in wild type TA muscle

(Milan et al., 2015b).

Myogenin is another transcriptional factor that plays important role in controlling Murf-1
and atrogin-1 expression during atrophy especially in denervated muscle (Moresi et al., 2010a).
It is also essential for muscle fibroblast differentiation as it facilitates cell cycle exit (Liu et al.,
2008; Brunetti and Goldfine, 1990; Walsh and Perlman, 1997). In regard to muscle atrophy, the
expression of myogenin is upregulated by muscle inactivity such as denervation (Eftimie et al.,
1991). For example, myogenin expression increases by 25-fold in the gastrocnemius and TA
muscles during 7 day denervation (Moresi et al., 2010a). As consequence of that increase, more
myogenins are translocated to the nucleus and bind to the promoter regions of Murf-1 and
Atrogin-1 genes to activate their transcription (Moresi et al., 2010b). Deleting myogenin (Myog
/) in adult mice reduces muscle atrophy following denervation (Moresi et al., 2010a). For
example, 14 days denervation induces 40% weight loss in wild type mouse TA muscle compared
to only 20% loss in Myog/ TA muscle (Moresi et al., 2010a). The mRNA levels of Murf-1 and
atrogin-1 are also significantly reduced from 15- and 7-fold, respectively, to 5-fold in Myog/

mice after 7 days denervation (Moresi et al., 2010a).

Mitochondria in atrophy

Mitochondria play additional roles in atrophy. Normally, mitochondria constantly goes
through fusion, which is the merging of two mitochondria, and fission, which is the splitting of
one mitochondria into two (Romanello and Sandri, 2016). Fused mitochondria optimize their
function, and this increases the bioenergetic capacity of muscle to produce ATP (Romanello and
Sandri, 2016). Fission, on the other hand, occurs to segregate dysfunctional or damaged

mitochondria, allowing their removal via mitophagy, an autophagy process that selectively

27




degraded damaged mitochondria (Romanello and Sandri, 2016). Therefore, any fusion and
fission cycle imbalance can dramatically change mitochondria content and function (Chen and
Chan, 2005). Denervation and immobilization decrease mitochondria density by 50% in several
muscles after 2 weeks, and a further 25% after 3-10 weeks (Kang and Ji, 2016; Kang et al., 2015;
Wessig et al., 2004; Singh and Hood, 2011a). The later change leads to reduced oxygen
consumption by 16 -45% (Singh and Hood, 2011b) and ATP production capacity by 50% (Kang
et al., 2015). Furthermore, the reactive oxygen species (ROS) increases by 5-7 fold, which

eventually activates pro-apoptotic factors (Zammit et al., 2006; Powers et al., 2010).

In fact, mitochondria play a major role in apoptosis during atrophy (Siu and Alway, 2005;
Adhihetty et al., 2007). Mitochondria contain pro-apoptotic factors that can be released through a
mitochondrial permeability transition pore (mtPTP) upon stress stimulation (Crompton, 1999).
For example, denervation increases the maximal rate of mitochondrial pores opening in the TA
muscle up to 25-35% after 21 days (Adhihetty et al., 2007), allowing for the release of pro-
apoptotic factors such as cytochrome C, apoptosis inducing factor (AIF) and endonuclease G
(Endo G) to cytoplasm, where they cleave and stimulate apoptotic pathway (Adhihetty et al.,
2007, 2008; Dejean et al., 2006; Siu and Alway, 2005). For example, the cytochrome C protein
content measured from mitochondria-free cytoplasm increases by 40% after 14-day denervation
(Siu and Alway, 2005). As consequence of cytochrome C release, it triggers the activation of
caspase-9, followed by engagement of caspase-3, which performs protein breakdown and DNA
fragmentation via caspase-activated DNase (CAD) (Plant et al., 2009; Siu and Alway, 2005).
The release of AIF and Endo G directly cause 100 fold increases in DNA fragmentation within

14 days denervation (Marzetti et al., 2010; O’Leary and Hood, 2008; Siu and Alway, 2005).
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15 THE IMPORTANCE OF PREVENTING ATROPHY FOLLOWING

DENERVATION

Loss of muscle mass, integrity, and functionality have major clinical implications,
especially following level 11 and 111 nerve injury. Level 1l nerve injury or axonotmesis involves
damage to axons and myelin sheaths, with intact connective tissue; in such cases, nerve repair
takes 3-6 months. Level Il nerve injury or neurotmesis occurs when a nerve is fully transected,
and repair takes 6-12 months as the nerve grows slowly at a rate of one inch per month (Galvin
and Eichinger, 2016; Berry and Bril, 1982; Blom and Dahlbéack, 1970; Menorca et al., 2013).
The repaired nerve thus ends up reinnervating a deteriorated and atrophied muscle, especially
in neurotmesis cases. It has been shown that muscle recovery following reinnervation depends
on how long nerve repair are delayed. For example, after 6 months from surgical reinnervated
gastrocnemius muscle that had denervated for 3 months, muscle weight recovers to only 20% of

its original weight (Kobayashi et al., 1997).

Although the atrophy process is much faster in mice/rats (i.e., weeks/months) than in
humans (i.e., years), recovery studies following reinnervation in mice/rats can highlight the
difficulties facing human skeletal muscle upon reinnervation following a prolonged
denervation period. For example, reinnervation after a 21-week denervation partially restores
original fiber type distribution, in which the proportion of type | fiber remains greater than
control in rat gastrocnemius and TA muscle (Wang et al., 2002). Among several studies that
reported force measurement following denervation, only a few show full recovery when the
nerve is repaired immediately after denervation, otherwise, the force recovery is partial
(Cederna et al., 2000; Aydin et al., 2004). The maximum force of rat gastrocnemius muscle

that has been denervated for 1-3 months, recovers only 48-50% compared to innervated muscle
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after 6 months of reinnervation surgery (Aydin et al., 2004). Another study reported that
reinnervation following 7-month denervation of mouse soleus allows for a recovery of
maximum force by 72% after 5-6 months, and by 87% after 10 months (Irintchev et al., 1990).
Resting membrane potential returns to normal values in rat EDL and soleus muscles after 22
days of nerve crushing, whereas AP properties such as overshoot does not return to normal
value even after 60 days (McArdle et al., 1980). In general, muscle recovery is not a problem
with short denervation period lasting less than 4 weeks, whereas recovery is very poor if the
denervation period exceeds 3 months (Bain et al., 2001; Aydin et al., 2004; Brown et al., 2002).
Therefore, the development of an efficient treatment to prevent atrophy associated with

denervation to preserve muscle mass and function is extremely important.

One strategy to speed up reinnervation is a classical nerve repair surgery. This surgery
involves nerve grafting, replacing the damaged nerve segment by a healthy nerve from another
part of body. After the surgery, reinnervation is facilitated as the nerve fibers start to grow from
the repair site toward the muscle. However, this approach is successful only if the distance that
requires axonal regeneration is short (Mu et al., 2017). Chronic muscle stimulation is another
approach used in the field of rehabilitation to prevent or slow down muscle atrophy in
denervated muscles (al-Amood et al., 1991; Ashley et al., 2007a). However, chronic stimulation
partially prevents muscle atrophy and fails to fully improve force recovery (Ashley et al.,
2007b). During a 10-week denervation period, the CSA and force of rabbit TA muscle
respectively decrease to 39% and 27% to that of innervated TA (Ashley et al., 2007b). When
electrical stimulation is applied for 10 weeks after the 10-week denervation period, CSA and
force partially recover to only 66%, while excitability, contractile speed, and fatigue resistance

do not return to normal levels (Ashley et al., 2007b). Notably, electrical stimulation prevents
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changes in some functional protein isoforms such as NMJ remodelling, Nav 1.5 and embryonic
nAChR gene expression y-subunit (Bezakova et al., 2001; Adams et al., 1995b). Finally,
another issue with electrical stimulation is that while it is feasible in small animals such as rats
and mice, it is a lot more difficult to use with large muscle mass as in the case for human

patients.

Several pharmaceutical approaches have been tested in attempts to counteract atrophy by
targeting mechanisms that controlling muscle mass. For example, activating the Akt/mTOR
signaling pathway using IGF-1 analogs or (-adrenergic agonists partially prevents CSA and
force loss, and decreases expression of the atrophic genes atrogin-1 and MuRF-1 in different
atrophy models (Hinkle et al., 2002; Zeman et al., 1987; Mounier et al., 2007; Vandenburgh et
al., 1991; Schiaffino and Mammucari, 2011; Neff et al., 1993). Inhibiting the myostatin pathway
with ActRIIB, a type IIB receptor antagonist, prevents muscle mass loss as well as MURF-1 and
atrogin-1 induction under conditions such as immobilization and aging, but not in denervated
muscle (Tando et al., 2016; Sartori et al., 2009; Mendias et al., 2006; Baumann et al., 2003;
MacDonald et al., 2014b). Targeting the ubiquitin proteasome system by using MG132 or
PS341, two proteasome inhibitors, fully prevents muscle mass and CSA loss. It also inhibits
induction of atrophic genes MURF-1 and atrogin-1 in different atrophy models, including
immobilization and hindlimb unloading, while reducing the atrophy in denervation model
(Supinski et al., 2009; Caron et al., 2011; Jamart et al., 2011; Beehler et al., 2006). However, the
ubiquitin proteasome system is necessary to maintain a normal biological system, chronic
inhibition of this system causes several complications such as acute cardiac failure

(Hacihanefioglu et al.). Another issue is that most of these trials have focused on the
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hypertrophic and atrophic pathways, and only a few have reported the effects on force

generation, for which the loss is often not fully reversed for an unknown reason.

Recent studies have provided evidence that the activation of the Angl-7/MasR signaling
pathway fully inhibits skeletal muscle atrophy induced by Ang Il in heart failure, chronic
pulmonary disease and renal failure (Martinez et al., 2010; Wang and Mitch, 2014; Gosker et
al., 2000). A similar effect has been shown in immobilization (Morales et al., 2016). Ang 1-7 is

therefore a potential therapeutic approach to prevent muscle atrophy in denervated muscles.

1.6 THE POTENTIAL OF ANGIOTENSIN 1-7 AT PREVENTING MUSCLE ATROPHY

Renin-angiotensin system (RAS) is a hormonal system that regulates blood pressure
involving central and peripheral mechanisms. Angiotensinogen is released by the liver, and is
cleaved to angiotensin I (Ang 1) by renin, an enzyme secreted by the kidney under the condition
of hypotension (Fig. 1.4). Ang | is further cleaved by the angiotensin converted enzyme (ACE)
to form angiotensin Il (Ang I1). Through its binding to the AT-1 receptor, Ang Il causes strong
vasoconstriction that increases blood pressure (Cisternas et al., 2015). Ang Il also promotes
water intake and sodium retention by the kidneys as further mechanisms to increase blood

pressure (Hall et al., 1990).

Notably, some conditions such as heart failure, chronic pulmonary disease and renal
failure cause an increased plasma level of Ang Il in an attempt to maintain normal blood
pressure (Martinez et al., 2010; Wang and Mitch, 2014; Gosker et al., 2000; Morales et al.,
2015a). Skeletal muscles express the AT-1 receptor and Ang Il binding activates several
atrophic mechanisms while inhibiting hypertrophic mechanisms (Fig. 1.4) (Cabello-Verrugio et

al., 2015). Treating mice with Ang Il (1 pg / kg per min) for 7 days decreases myosin heavy
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chain protein content by 50%, significantly reduces fiber diameter and lowers maximum force by
25% in gastrocnemius muscle (Cisternas et al., 2015). Even a single day of Ang Il exposure
increases the expression of two atrophy genes atrogin-1 and MuRF-1 by 2- and 3-fold,
respectively, in mouse gastrocnemius muscle (Cisternas et al., 2015). Furthermore, Ang II
increases oxidative stress, in part by enhancing NADPH oxidase (NOX) activity in skeletal
muscle, resulting in increased ROS production (Semprun-Prieto et al., 2011; Zhao et al., 2006).
Ang Il also promotes fibrosis, cellular proliferation and inflammation in skeletal muscles
(Semprun-Prieto et al., 2011; Kadoguchi et al., 2015, 2018; Morales et al., 2012). Finally, it
increases nuclear apoptosis by 8-folds, caspase 8/9 protein level by 2.5- to 3-fold and caspase-3
activity by 3-fold in diaphragm muscle over a 14-day treatment (Meneses et al., 2015). All these
effects are blocked by Losartan, an AT-1 receptor blocker, supporting the concept of a direct

effect of Ang Il via its AT-1 receptor in skeletal muscle (Siegl et al., 1995).

Non-classical renin-angiotensin system (non-RAS) is another regulatory axis of RAS.
Angiotensin 1-7 (Ang 1-7) is the main peptide of the non-RAS and is produced from Ang Il
when one amino acid is cleaved by the angiotensin converting enzyme 2 (ACE2) (Fig. 1.4).
ACE?2 is expressed in several tissues, including the plasma membrane of skeletal muscle and
capillary endothelia cells (Mori and Tokuyama, 2007; Fernandes et al., 2010). Ang 1-7 is also
produced from Ang I, a reaction carried out by the neprilysin enzyme (NEP) (Ward et al., 1995;
Dragovi¢ et al., 1996; Vaghy et al., 1995). Ang 1-7 acts as local vasodilator, counteracting the
vasoconstriction effect of Ang Il (Cabello-Verrugio et al., 2015). Similar to Ang II, the
physiological effects of Ang 1-7 are not limited to a control of blood pressure. Ang 1-7 has anti-
oxidant effect in diabetic hypertensive disease (Li et al., 2016) and anti-inflammatory effect in

allergic asthma as well as ischemic stroke conditions (Bennion et al., 2016; El-Hashim et al.,
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2012). It improves glucose uptake and insulin sensitivity in a model of type Il diabetes by
increasing glucose transport 4 (GLUT4) translocation to the cell membrane (Santos et al., 2014).
In skeletal muscle, Ang 1-7 binds to the G-protein coupled transmembrane receptor Mas (MasR)
and decreases the activity of the atrophic pathway while increases the activity of the hypertrophic

pathway in different muscle atrophy models(Cabello-Verrugio et al., 2015), as discussed below.

One major impact of Ang 1-7 in skeletal muscle is a complete reversal of the Ang II-
induced atrophy. For example, Ang 1-7 completely prevents the reduction in fiber diameter,
myosin heavy chain protein content and force loss induced by Ang Il (Cisternas et al., 2015). A
major mechanism of action for Ang 1-7 involves a 3-fold increase in Akt phosphorylation as it
stimulates the master hypertrophic pathway Akt/mTOR pathway (Fig. 1.4) (Cisternas et al.,
2015). The Akt activation also results in the phosphorylation of FoxO, reducing its activity and
resulting in a decreased expression of atrogin-1 and MuRF-1 (Morales et al., 2015b; Cisternas et
al., 2015). Ang 1-7 blocks the Caspase Bax/Bcl2 axis, reducing myonuclear apoptosis of atrophic
muscle associated with Ang Il (Meneses et al., 2015). The chronic elevation of ROS production
by Ang Il is also prevented by Ang 1-7 (Morales et al., 2014). For example, pre-treating C2C12
myoblast with Ang 1-7 (10 nM) for 1 hour prior to an exposure to Ang 11 (500 nM) for 24 hours

reduces ROS production by 2.5-fold (Morales et al., 2014).
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FIGURE 1.4
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Figure 1.4: Classical RAS and nonclassical RAS axis regulate muscle mass. “The
classical RAS pathway driven by Ang Il (red arrows) is an inducer of skeletal muscle atrophy
involved in the regulation of several mechanisms of muscle mass control such as protein
degradation, protein synthesis and myonuclear apoptosis. Ang Il induces protein degradation
through ROS accumulation that modulates the expression of MURF-1 and atrogen-1 through
NF-«B and P38 MAPK activation. Also, Ang Il activates FoxO which also regulate the
expression of MuRF-1 and atrogen-1. Moreover, Ang Il increases its catabolic action by down
regulating protein synthesis via Akt inhibition. In contrast to Ang Il, the non-classical RAS
pathway (green arrows), activated by Ang 1-7, can change the balance toward anabolic
pathway by Akt activation and stimulation of protein synthesis. Ang 1-7 negative regulates
protein degradation by decreasing MuRF-1 and atrogen-1 expression, as well as inhibiting
pro-apoptotic pathway” ©"*"* " (Cabello-Verrugio et al., 2015).
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In the dystrophic mice mdx model, Ang 1-7 decreases local fibrosis, restores muscle
architecture, increases muscle mass and improves muscle function by inhibiting the TGF-B
signaling pathway (Acufia et al., 2014). The maximum tetanic force generated by the
gastrocnemius muscle of dystrophic mice is 80% less than its wild type counterpart. Tetanic
force increases during a 2-month Ang 1-7 treatment, becoming only 42% less than in wild type
muscle (Acufa et al., 2014). A779, a MasR antagonist, completely abolished the Ang 1-7 effects
in dystrophic mice, supporting the concept that Ang 1-7 acts via its receptor MasR (Acufia et al.,
2014). Furthermore, Ang 1-7 prevents muscle atrophy associated with sepsis syndrome (Pinsky,
2004; Winters et al., 2010). Treating mice with lipopolysaccharide-endotoxin (LPS, 1 mg/Kg)
for 14 days to induce sepsis reduces gastrocnemius maximum force by 25% compared to control;
concomitant administration of Ang 1-7 (100 ng/kg/min) prevents the force loss (Morales et al.,
2015b). It also prevents the increase in MURF-1 and atrogin-1, as well as the phosphorylation of
mitogen activated protein kinase (p38 MAPK) induced by LPS (Morales et al., 2015b). The
authors of this study have suggested that Ang 1-7 prevents muscle atrophy associated with

endotoxin through p38MAPK dependent mechanism.

Finally, Ang 1-7 prevents muscle atrophy and force loss associated with the disuse
model. For example, immobilization of TA muscle for 2 weeks decreases isometric strength by
35%, but not in Ang 1-7 treated mice (Morales et al., 2016). The other immobilization effects —
that are, the 38% muscle mass loss, the 2.5- to 2.7-fold increase atrogin-1 and MuRF-1 mRNA
level, and the decrease Akt phosphorylation level — are also prevented by Ang 1-7 treatment
(Morales et al., 2016). Notably, all Ang 1-7 effects in immobilized muscle are not observed in

MasR knockout mice, again suggesting that the Ang 1-7 effects involves MasR.

36




Together, these studies provide evidence that Ang 1-7 acts as a potential anti-atrophic

factor under different pathological conditions. It remains to be determined, however, how

effective Ang 1-7 is at preventing muscle atrophy and function loss following denervation

model.
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OBJECTIVES AND HYPOTHESIS

The overall objective of this Ph.D. thesis is to test the hypothesis that “Angiotensin 1-7 (Ang 1-
7) prevents muscle atrophy and force loss following denervation”.

To test this hypothesis, three aims are proposed as follows:
Aim 1: To document the hypertrophy effect of Ang 1-7 in normal mouse skeletal muscle.

Aim 2: Test the hypothesis that Ang 1-7 prevents muscle atrophy and force loss following a
short 2 and 4 weeks denervation period.

Aim 3: Test the hypothesis that Ang 1-7 prevents muscle atrophy and force loss following a
long 16 week denervation period.
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CHAPTER 2

METHODS AND MATERIALS

2.1 ANIMALS

Wild type CD-1 mice and the Mas receptor knockout mice (MasR/") generated by
Walther et al., 1998 (Walther et al., 1998) were used. Mice were bred, fed ad libitum and housed
according to the guidelines of CCAC (Canadian Council for Animal Care). The Animal Care

Committee of the University of Ottawa approved all surgical and experimental procedures.

2.2 GENOTYPING

All MasR” mice were genotyped using NucleoSpin Tissue kit (cat# 740952.250,
Macherey Nagel, Germany). Briefly, a 2-3 mm piece of ear was incubated in a proteinase
digestion buffer overnight at 56°C. After adding elution buffer, digested tissues were incubated
at 70°C for 10 min before being centrifuged 5 min at 11000 g. Supernatant was washed with
ethanol, and the extracted DNA subjected to PCR using the following primers:

Forward: GCC GTT GCC CTC CTG GCG CCT GGG

Reverse: GGC AGC GCG GCT ATCGTG G

Bands were visualized using gel Doc imager (Bio Rad, U.S.A).

2.3 DENERVATION PROCEDURE — ANG 1-7, DIZE AND A779 TREATMENT

Mice received a subcutaneous injection of buprenorphine (0.05 mg/kg) before surgery.
For the surgery, mice were anesthetized using 2.5-3.5% isoflurane and 1 ml of sterile 0.9% NaCl
solution was injected in the neck to minimize dehydration. A small posterolateral (mid-thigh)

incision was made, and 3-4 mm of the sciatic nerve was removed. For the Ang 1-7 treatment
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(Sigma Life Science) with and without A779 (Tocris bioscience), a small incision was made in
the subscapular area to create a pocket to insert an osmotic pump just under the skin (Alzet,
Durect Co. 1002 (period of 2 weeks), 1004 (period of 4 weeks) and 2006 model (period of 6
weeks with replacements when it necessary). Both Ang 1-7 and A779 were administrated at dose
of 100 ng/kgemin. A topical application of 2% bupivacaine was placed on the wound.
Diminazene Aceturate (DIZE) (Santa Cruz Biotechnology), on the other hand, was administrated
by oral gavage at a dosage of 15 mg/kgeday, which increases plasma Ang 1-7 levels by almost 4-
fold (Zhang et al., 2015), without or with a treatment with A779 by osmotic pump as described
above. One group of denervated mice received sucrose at 1 g/kgeday also by oral gavage as a

control for the DIZE treatment.

2.4 FORCE MEASUREMENT

Prior to muscle excision, mice were anaesthetized with a single intraperitoneal injection
of 65 mg ketamine/13 mg xylazine/2 mg acepromazine per kg body weight, and sacrificed by
cervical dislocation. EDL and soleus were then dissected out for in vitro experiments. Muscles
were positioned horizontally in a Plexiglas chamber. One end of the muscle was fixed to a
stationary hook, while the other end was attached to a force transducer (Model # 400A, Aurora
Scientific Canada). The transducer was connected to a KCPI3104 data acquisition system
(Keithley, USA) and data were recorded at 5 kHz.

Muscle length was adjusted to give maximal tetanic force while muscles were stimulated
every 100 sec. The force-frequency relationship was measured after a 30 min equilibrium period.
Frequency 50 represented the stimulation frequency at which muscles generated 50% of

maximum force (i.e., tetanic force). Force-frequency relationship of each muscle was fitted by
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non-linear regression analysis to a sigmoidal curve (Sigma, U.S.A., Version 13) from which

frequency 50 was calculated as follows:

FORmax

(—(FreqC—FFSO))

FF50 =

1+ e

Where,

FF50: Frequency 50

FORmax: Maximum tetanic force
Freq: Stimulation frequency

C: Constant

Twitch and tetanic force, defined as the force developed following a single stimulation
pulse or a train of pulses respectively, was calculated as the difference between the maximum
force during a contraction and the force measured 5 msec before the contraction was elicited.
Forces are presented in N and N/cm? (i.e., normalized to CSA). At the end of each experiment,
muscle weight (free of tendons) was measured and converted to a volume using a density of 1.06
g/lcm® and CSA was calculated by dividing muscle volume by the length measured in the bath.
Time to peak was defined as the time interval between the first stimulation and the time force
reached its maximum during a contraction. Half-relaxation time for a twitch contraction was
defined as the time interval between the time at which force reached a peak and the time force
had decayed by 50% during the relaxation phase while for a tetanic contraction it was the time
interval between the time of the last stimulation was applied and the time when force had
decayed by 50% during the relaxation phase.

Stimulation
Electrical stimulations were applied across two platinum wires (4 mm apart) located on

opposite sides of the muscles. They were connected to a Grass S88X stimulator and a Grass
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stimulation isolation unit (Grass Technologies/Astro-Med Inc., U.S.A.). Twitch contractions
were elicited with a 0.3 ms, 10 V (supramaximal voltage) single pulse while tetanic contractions
were elicited with 400 ms trains of the same pulses at frequencies varying between 10 and 200
Hz.

Physiological Solutions

Physiological saline solution contained (in mM): 118.5 NaCl, 4.7 KCI, 2.4 CaCl,, 3.1
MgCl,, 25 NaHCOs3, 2 NaH,PQO,, and 5.5 D-glucose. Solutions were continuously bubbled with
95% 0,-5% CO, to maintain a pH of 7.4. Experimental temperature was 37°C. Total flow of
solutions in the muscle chamber was 15 ml/min being split just above and below the muscle in
order to prevent any buildup of reactive oxygen species, which is quite large at 37°C and

deleterious in terms of force generation (Edwards et al., 2007).

2.5 RESTING EM AND ACTION POTENTIAL MEASUREMENTS

Resting membrane potential (resting En) and action potential were measured using glass
microelectrodes. Microelectrodes tip resistances were 7-10 MQ and that of the reference
electrode ~1 MQ. All electrodes were filled with 3 M KCI. A recording was rejected when the
change in potential upon penetration was not a sharp drop or when the microelectrode potential
did not return to zero upon withdrawal from the fiber. Stimulating electrodes for force
measurements were disconnected. Instead, single action potentials were elicited using fine
platinum wires 2 mm apart placed as close as possible to the surface fibers and move laterally to
stimulate fibers in the region where the microelectrode was positioned. This approach was used
to reduce the extent of contracting fibers and prevent the breaking or dislodging of
microelectrodes. To further reduce the number of contracting fibers, action potentials were

triggered using a single 2-10 V, 0.3 ms square stimulating pulse; usually a low voltage was
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enough to trigger an action potential in innervated muscle fibers while higher voltages were often
necessary with denervated fibers. When an action potential was not triggered, voltage was
always increased to 10 V to properly verify that the fiber was unexcitable. Data were digitized
using a KCP13104 data acquisition system (Keithley, USA) at 400 kHz.

The number of excitable fibers, resting Ew, action potential overshoot and maximum rate
of depolarization were determined in 5-15 fibers in each muscle. Overshoot was taken from the
action potential peak while maximum rate of depolarization was first calculated by linear
regression analysis of every 10 data points and taken from the peak value. Individual values for
each muscle were averaged, and the final mean was calculated from the muscle average values.
For these parameters, the numbers of samples are reported as the number of muscles with the

total number of tested fibers in parentheses.

2.6 FIBRE TYPING AND CROSS SECTIONAL AREA (CSA)

EDL and soleus muscles were embedded in Tissue-Tek, frozen in isopentane precooled
in liquid nitrogen and stored at —80°C. Ten um sections were cut at —20°C using a cryostat
(Leica CM 1850), placed on positive charged glass slides and stored at —80°C. Sections were
stained using a Mouse on Mouse fluorescein kit (cat# FMK-2201, MJS Biolynx, Canada) for
type I, 1A and IIB fibers. Briefly, section was incubated 1 hour in M.O.M mouse Ig blocking
reagent and washed with PBS. Cross-section were incubated 5 min in a M.O.M diluent protein
concentrated solution before being exposed 1 hour to either mouse monoclonal anti-myosin type
| (A4.840), anti-myosin IIA ( SC-71) and anti-myosin heavy chain type IIB (BF-F3;
Developmental Studies Hybridoma Bank, USA). After 3 washout with PBS, cross-sections were
exposed 10 min to biotinylated anti mouse IgG reagent solution. Finally, cross-sections were

incubated 15 min in a fluorescein avidin (1:500) followed by 3 washout in PBS. Laminin
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staining was done by incubating cross-sections with anti-laminin antibody (1:1000, Sigma, cat#
L9393, rabbit polyclonal) for 30 min followed by Alexa 594 (1: 500, Invitrogen, cat# A-11012).
After 3 washout with PBS, slides were mounted using wet mounting media and covered it with
coverslip. Images were captured on a Zeiss Axiolmager.M2 microscope (Canada) using a digital
camera (AxioCam mRm CCD). Pictures were taken from overlapping regions of each muscle
and then collaged together. Fiber type and CSA (from the laminin boundaries) were determined
for all fibers of each muscle using Imaris software (Bitplane an Oxford Instruments company).
Unless specify otherwise, fiber type and CSA was determined for each muscle and the mean was
calculated from the individual muscles; the number of samples are reported as the number of

muscles with the total number of tested fibers in parentheses.

2.7 WESTERN BLOT ANALYSIS

EDL and soleus muscles were freeze-clamped in liquid nitrogen and kept at -80°C until
used. Muscles were homogenized in Tris lysis buffer containing 20 mM Hepes, 10 mM NacCl,
1.5 mM MgCl, 1 mM dithiothreitol, 20% glycerol, 0.1% Triton X-100, cocktail of protease
inhibitors (cat# 04693124001, Millipore Sigma, Oakville, ON, Canada) and phosphatase
inhibitors (cat# 04693124001, Millipore Sigma, Oakville, ON, Canada). Homogenates were
centrifuged 10 min at 12000 g and 4°C. Proteins concentrations in the supernatants were
determined using the BCA assay method (Thermo Scientific, U.S.A.). The final protein
concentrations were adjusted using Laemmli buffer (45 SDS, 20% glycerol, 10% beta
mercaptoethanol, 0.004% bromophenol blue, 0.125M tris HCI PH6.8) to 25 pg/ml and heated 5
min at 95°C. Proteins (25 pg) were subjected to 8% SDS/PAGE, transferred on to nitrocellulose
membrane (Bio-Rad Laboratories Inc. Miniprotean 11l apparatus) and probed with the primary

antibodies listed in Table 2.1.
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CATALOG

ANTIBODY NAME DILUTION SOURCE NUMBER
rabbit anti-total-AKT 1:1000 Cell Signaling Technology, USA 4691
rabbit anti-phospho-AKT 1:2000 Cell Signaling Technology, USA 4060
rabbit anti-total-4EBP 1:1000 Cell Signaling Technology, USA 9452
rabbit anti-phospho-4EBP 1:1000 Cell Signaling Technology, USA 9459
rabbit anti-total-S6K 1:1000 Abcame, USA ADb32529
mouse anti-phospho-S6K 1:1000 Millipore Sigma, USA MABS82
rabbit anti-MURF-1 1:1000 Cedarlane, USA 554561AP
rabbit anti-Atrogin-1 1:1000 ECM Bioscience, USA AP2041
rabbit anti-aActin 1:1000 Cedarlane, USA P AOO(;ESS(?I-EORB
oy anti-total-myosin 1:1000 Cedarlane, USA MAB4470
rabbit anti- Na-K pumpal 1:1000 Cell Signaling Technology, USA 3010S
rabbit anti- Na-K pumpo2 1:1000 Millipore Sigma, USA 07674

Table 2.1. List of primary antibodies used for Western blots.

To visualize the band, blots were subjected to either horseradish peroxidase conjugated

goat anti-rabbit antibody (1:5000 dilution, cat#7074, Cell Signaling Technology, USA) or goat

anti-mouse antibody (1:5000 dilution, cat#G21040, Thermo Fisher Scientific, USA) as

secondary antibody. Immunoreactions were visualized and quantified by chemiluminescence

ECL (PerkinElmer, Inc. MA, USA) using the LICOR imaging system (model# 2800, USA).

2.8 EXPERIMENTAL PROTOCOL

Three aims were proposed in the Introduction. For each aim, the wild type CD-1 mice

were used to test the effects of Ang 1-7 per se and DIZE, an ACE2 agonist to increase plasma

Ang 1-7 levels. To determine that the Ang 1-7 is via its Mas receptor, two approaches were used:

i) Ang 1-7 or DIZE treated mice were concomitantly treated with A779, a MasR antagonist, and

i) a MasR” mouse model. For force, membrane potential, fiber types and CSA measurements,
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the treatment durations were either 2, 4 and 16 weeks while a 3 day treatment period was added

for the Western blots analyses of the hypertrophic and atrophic pathways. The details of all the

experimental conditions are also listed in Table 2.2.

force following a long 16 week
denervation period

TREATMENT TIME
AIMS MICE CONDITIONS PERIOD

1. To document the hypertrophy effect of | ¢ CD-1 | ® Untreated (control) e 4 week
Ang 1-7 in normal mouse skeletal e MasR™ | ® Ang 1-7 treated e 16 week
muscle I-

2. Test the hypothesis that Ang 1-7/ DIZE | CD-1 e Innervated (control) e 3 days
prevents muscle atrophy and maintain | | MasR™ | ¢ Denervated o 2 weeks
force following a short 2 and 4 weeks | /- e Denervated / Ang 1-7 o 4 weeks
denervation period o Denervated / Ang 1-7-

AT79
e Denervated / sucrose
e Denervated / DIZE
e Denervated / DIZE -A779

3. Test the hypothesis that Ang 1-7/DIZE | ¢« CD-1 | ® Innervated (control) * 16 week

prevents muscle atrophy and maintain | ¢ pMasr- | ® DENErvated
I- e Denervated / Ang 1-7

Denervated / Ang 1-7-
AT79

Denervated / sucrose
Denervated / DIZE
Denervated / DIZE-A779

Table 2.2. Details of the various Ang 1-7/DIZE treatment and the time periods for each of

the three aims listed in the Introduction.

2.9 STATISTICAL ANALYSIS

Data are expressed as mean + standard error (S.E.). One way ANOVAs was used to

determine statistical differences for protein content measured by western blots, muscle weights

and CSA. For force measurements, split plot ANOVAs were used to determine statistical

differences. Comparisons between mouse groups involved muscles from different mice and thus

the data were independent from one another. In this case, the S.E. for statistical differences was
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the population S.E. (whole plot). Comparisons between force at different frequencies involved
data from the same muscles, and thus data were not independent from one another. In this case,
the S.E. for statistical differences was the S.E. between muscles (split plot). Calculations were
made using the GLM (General Linear Model) procedures of the Statistical Analysis Software
(SAS Institute Inc., Cary, NC, USA). When a main effect or an interaction was significant, the
least square difference (L.S.D.) was used to locate the significant differences. The word

“significant” refers only to a statistical difference (P<0.05).
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CHAPTER 3

RESULTS

AIM 1

ANGIOTENSIN 1-7 IS A HYPERTROPHIC
FACTOR IN MOUSE SKELETAL MUSCLE

This Results section contains the text from a manuscript in preparation, which will soon be
submitted to the American Journal of Physiology: Cell Physiology. Text and title of this section
are from the manuscript in preparation.

48




BODY AND MUSCLE WEIGHT

Ang 1-7 did not significantly increase body weight over a 4 and 16 week period in wild
type mice and MasR/" mice (Fig. 3.1). Notably, mean body weights of MasR/" mice were
significantly less than wild type mice. Ang 1-7 had few significant effects on wild type muscle
mass (Fig. 3.2). After 4 weeks, mean soleus and tibialis weights were greater with than without
Ang 1-7, but when expressed as a ratio of body weight, there was no difference between control
and Ang 1-7-treated mice (Fig. 3.2). After 16 weeks, muscle weight to body weight ratios were
significantly greater in Ang 1-7 treated than in non-treated soleus and gastrocnemius. Ang 1-7
had no effect on EDL muscle mass. Mean muscle mass to body weight ratios of MasR”" EDL
and soleus were significantly greater than those of wild type muscles. The same was observed for
control and Ang 1-7 treated MasR™ gastrocnemius for the 16 week group. Ang 1-7 did not

significantly affect MasR”™ muscle mass.
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Figure 3.1. Ang 1-7 had no effect on body weight while mean body weights of MasR™" mice

were significantly less than that of wild type mice. Ang 1-7 was delivered using an osmotic

pump at a rate of 100 ng/kgemin for 4 or 16 weeks. Abbreviations: C: control; A: Ang 1-7; W.T.:

wild type. Vertical bars represent the S.E. of 5-11 mice. Ang 1-7 had no significant effect on

body weight (ANOVA, P > 0.05).

Mean body weight of MasR™" mice significantly different from that of wild type; ANOVA,

and LSD, P < 0.05.
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FIGURE 3.2
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Figure 3.2. Ang 1-7 significantly increased soleus and gastrocnemius muscle/body weight

ratios after 16 weeks of treatment. Muscle weights are expressed in mg (A, C, E, G) and as a
ratio of body weight (mg/g, B, D, F, H). Abbreviations: C: control; A: Ang 1-7; W.T.: wild type.

Vertical bars represent the S.E of 5-21 muscles.

Mean value significantly different from that of control.

*
§

ANOVA,

b

muscle significantly different from that of wild type;

Mean value from MasR™"

and LSD, P < 0.05.
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TWITCH AND TETANIC FORCE

Ang 1-7 increased mean normalized twitch force after 4 and 16 week treatment in both
wild type EDL and soleus muscles compared to untreated muscle (Fig. 3.3 C, D). The increased
twitch force was associated with significantly longer relaxation phase but not time to peak (Fig
3.3 A, B, Table 3.1). Ang 1-7 also caused significant increases in normalized maximum tetanic
force, which represents the maximum force a muscle can generate; the increases being 21-23%
in EDL and 22-37% in soleus muscles (Fig. 3.3 E, F). Mean half-relaxation times following a
tetanic contraction were longer in wild type EDL and soleus, but significant only for soleus and
after 16 weeks (Table 3.2). Finally, Ang 1-7 caused a shift in the force-frequency relationship
toward lower stimulation frequencies (Fig. 3.3G, H). The Ang 1-7 effects were significant at 4
weeks as mean frequencies at which muscle generated 50% of maximum force, named here
frequency 50, decreased from 129 to 103 Hz for EDL and from 62 to 46 Hz for soleus (Fig. 3.3l,
J). Although the decreases were not significant at 16 weeks, mean frequency-50 for EDL and
soleus were respectively 14% and 16% less than in untreated muscles.

On an average base, MasR™ EDL and soleus significantly generated greater twitch force
than their wild type counterparts (Fig. 3.4 C, D). The greater twitch forces were associated with
significantly longer half-relaxation time (Fig. 3.4A, B; Table 1), but not with longer time to peak,
which on average were actually significantly shorter in MasR™ than in wild type soleus (Table
3.1). Mean tetanic forces were not significantly different between wild type and MasR” muscles
(Fig. 3.4E, F). MasR” EDL force-frequency relationship occurred at lower stimulation
frequencies than in wild type EDL, with a significant difference at 4 weeks (Fig. 3.4G, I). A
similar difference in force-frequency relationship between wild type and MasR™ soleus was
observed, but the difference was not significant (Fig. 3.4H, J). Ang 1-7 had no significant effects

on any of the contractile properties of MasR”™ EDL and soleus (Table 3.1, 2; Fig. 3.4).
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TABLE 3.1

4 WEEKS 16 WEEKS
PARAMETERS MUSCLE MOUSE
CONTROL Ang 1-7 CONTROL Ang 1-7
Time to Peak (msec) EDL Wild type 7.2+11 8.5+0.8 5.8+0.4
MasR” 8.2+0.8 6.6 + 0.4 5.1+0.3 5.7+0.7
SOLEUS Wild type 15.7+0.6 15.5+0.8 12.9 +0.6*
MasR”" 13.3+0.7° 12.8+0.8° 11.1+0.4° 12.9 + 0.5*
¥%-Relaxation Time (msec) EDL Wild type 5.8+0.3 7.4+0.6* 7.7£0.6*
MasR”" 10.2+1.2° 8.5+ 0.6* 7.5+0.4° 7.4+0.7
SOLEUS Wild type 10.3+1.1 14.5 +1.3* 16.3+ 1.1*
MasR”" 16.6+2.2° 14.6+1.7 10.8+0.8 12.6+0.8°

Table 3.1. Ang 1-7 prolonged twitch half-relaxation time but not the time to peak in wild type and not in MasR™ muscles. Ang

1-7 was delivered using an osmotic pump at a rate of 100 ng/kgemin for either 4 or 16 weeks. Data are presented as MEAN = S.E. of

4-6 muscles.
* Mean value significantly different from that of control.

3 Mean value significantly different from that of wild type; ANOVA and L.S.D., P <0.05.
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TABLE 3.2

4 WEEKS 16 WEEKS
PARAMETERS MUSCLE MOUSE
CONTROL Ang 1-7 CONTROL Ang 1-7
Time to Peak (msec) EDL Wild type 118.8 £11.0 107.4£9.3 129.8 £11.3
MasR™” 118.5+22.2 102.3 8.0 139.1 +31.2 95.4 + 6.6
SOLEUS Wild type 204.6 0.7 201.3+1.3 2104+ 1.1
MasR™” 211.8+1.2° 210.2+0.9° 208 +12.4 202.1+3.8°
Y-Relaxation Time (msec) EDL Wild type 19.0+29 15.7+£0.7 24.4+0.9
MasR™ 27.8+1.4° 28.3+1.4° 245+12.2° 16.4 + 1.4*°
SOLEUS Wild type 433+1.7 48.6 +3.0 63.0 £ 3.1*
MasR™" 52.3+3.6 52.6 +3.9 45.7£12.8 41.9 £8.18

Table 3.2. Ang 1-7 prolonged the half-relaxation time, especially in soleus, while it had no effect in MasR” EDL and soleus.

Ang 1-7 was delivered using an osmotic pump at a rate of 100 ng/kgemin for either 4 or 16 weeks. Data are presented as MEAN =+

S.E. of 5-6 muscles.

*

Mean value significantly different from that of control.

Mean value significantly different from that of wild type; ANOVA and L.S.D., P < 0.05.
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Figure 3.3. After 4 and 16 weeks of treatments, Ang 1-7 significantly increased twitch and

tetanic force as well as shifted the force-frequency curve toward lower stimulation

frequencies in wild type EDL and soleus muscle. A-B) Each twitch trace is plotted as a percent

of the maximum force. C-D) Mean twitch forces (N/cm?) measured from a single stimulation. E-

F) Mean tetanic forces (N/cm?), representing the maximum force muscles generated, was

measured during a 400 msec train of pulses at 200 Hz. G-H) Force-frequency relationships with

force expressed as a percent of the force measured at 200 Hz. I-J) Frequency 50 is the

stimulation frequency at which 50% of maximum force is reached (see Methods for details).

Vertical bars represent the S.E of 5-6 muscles.

*

Mean twitch, tetanic force or frequency 50 significantly different from that of control;

ANOVA, and LSD, P < 0.05.
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FIGURE 3.4

AL EDL . TWATCH

i C) IWITEH - EDL

£} TETAMUS - EDL
4 O

FHREDUENCY 20 i)

TMITCH FORCE (Womd)
TETANIC FORCE (Micord)

= » % L TS 10 128 50 175 MM
Macht’ FREQUENCY (M2

20 rec

- F) TETANUS - SO.EUS M) SOLEUS ) BOLEUS
¥) SOLELS - TWITTH . 5 s oo : 500 @
g .
S =
£ E £
» w 2
¥ 8 >
3 & 3 &
ad -
@
] g 3
H = go
E :-
n
a » 25 23 s 1 125 1% 174 £ L3 C A
23 nsos s S G
FREQUENCY ¢ LT, 4 1

Mask

Figure 3.4. After 4 and 16 weeks of treatments, Ang 1-7 did not increase twitch and tetanic
force as well as did not cause a shift in the force-frequency relationship in MasR™ EDL and
soleus. A-B) Each twitch trace is plotted as a percent of the maximum force. C-D) Mean twitch
forces (N/cm?®) measured from a single stimulation. E-F) Mean tetanic forces (N/cm?),
representing the maximum force muscles generated, was measured during a 400 msec train of
pulses at 200 Hz. G-H) Force-frequency relationships with force expressed as a percent of the
force measured at 200 Hz. I-J) Frequency 50 is the stimulation frequency at which 50% of
maximum force is reached (see Methods for details). Vertical bars represent the S.E of 5-6
muscles. For all parameters, Ang 1-7 had no significant effect on MasR™ muscles (ANOVA, P >

0.05).

Mean twitch, tetanic force or frequency 50 of MasR™ muscles under control conditions were

significantly different when compared to that of wild type; ANOVA, and LSD, P < 0.05.
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CONTRACTILE COMPONENT

Myosin and a-Actin protein content

Ang 1-7 did not alter a-actin protein content in EDL muscles while in soleus a 44% and

66% increases was observed after 4 and 16 weeks of treatment, albeit the differences were not

significant (Fig. 3.5A, B). Ang 1-7 had no significant effect on myosin protein content in both

EDL and soleus (Fig. 3.5C, D).
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FIGURE 3.5
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Figure 3.5. Ang 1-7 slightly increased a-actin protein content in soleus while having no
effect on myosin protein content. For each time period, protein contents are expressed relative
to the content in untreated soleus (CON) from age matched mice. Dotted lines represent a ratio
of one. Vertical bars represent the S.E. of 4-5 muscles (the S.E. of CON is from the 4 week data).

None of the differences were significant; ANOVA P > 0.05.
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Fiber type composition

The number of wild type EDL fibers expressing type I, IIA and IIB myosin were
respectively 2%, 15% and 60% (Fig. 3.6). Ang 1-7 did not significantly modify the EDL fiber
type composition. MasR™ EDL had a similar fiber type composition when compared to wild type
EDL. In wild type soleus with and without Ang 1-7, the number of fibers expressing type I
myosin was 62-58% while for type IIA myosin it was 54-37% type IIA, with no fibers
expressing type 1B myosin (Fig. 3.7). The proportion of fibers expressing type | myosin was
significantly lower in MasR™ than wild type soleus while a slightly greater number of fibers

expressed type 1A myosin in MasR™ than in wild type soleus.
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FIGURE 3.6
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Figure 3.6. Ang 1-7 did not significantly alter the fiber type composition of CD-1 and
MasR” EDL. A) Images of fibers expressing type I, 1A and 11B myosin in untreated (CON) or
16 week Ang 1-7 treated EDL. Color: green, myosin; red, laminin. The number of fibers
expressing B) type I, C) type IIA and D) type 1B myosin is expressed as a percent of the total
number of fibers. White horizontal bars: 100 um. Vertical bars represent the S.E. of 4-5 muscles
(total number of fibers: 52-105 for myosin I; 431-727 for myosin I1A; 1738-2729 for myosin

11B).




FIGURE 3.7
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fibers expressing type I and 1A myosin in untreated (CON) or 16 week Ang 1-7 treated soleus.
Color: green, myosin; red, laminin. The number of fibers expressing B) type | and C) type 1A
myosin is expressed as a percent of the total number of fibers. White horizontal bars: 100 pm.
Vertical bars represent the S.E. of 4-5 muscles (total number of fibers: 1,111-2,166 for myosin I;

1,256-2,600 for myosin 11A).

Mean value for MasR™ soleus significantly different from that of control wild type soleus

under similar conditions; ANOVA and L.S.D., P < 0.05.




Fiber type cross section area (CSA)

Ang 1-7 significantly increased mean CSA of wild type EDL type | fibers by 80% after 4
week and by 108% after 16 week (Fig. 3.8A). The CSA frequency distribution of type I fibers
was also significantly shifted toward larger fibers (Fig. 3.8 B, C). All type I of control EDL had
CSA ranging between 200 and 700 um?, this proportion fell to 57% and 44% after 4 and 16
weeks of Ang 1-7 treatment, respectively; i.e., about half of the Ang 1-7 treated EDL type |
fibers had CSA becoming greater than 700 pm?. The Ang 1-7 effects were less apparent for type
I1A and 11B fibers. On average, there were slight, but non-significant, increases in mean CSA for
type 1A (Fig. 3.8E) and type 1IB (Fig. 3.81) fibers. However, there was a significant shift toward
greater CSA for type 1A fibers after 16 week of Ang 1-7 treatment: 60% of untreated fibers had
CSA ranging from 200 to 600 um?, a number that significantly decreased to 38% with Ang 1-7
while for the 600-1000 pm? range the number of untreated fibers was 33% increasing to 56% for
treated fibers (Fig. 3.8G). A smaller, but not significant, shift was also observed at 16 weeks for
type IIB fibers: there was a 10% decrease in the number of Ang 1-7 treated fibers in the 1500-
2200 um? range and a 7% increase in the 2200-4000 um? range (Fig. 3.8K).

Considering the effect of Ang 1-7 in wild type EDL, we also determined the effect of
lacking of MasR on the CSA of each fiber type. On an average basis, mean CSA of control
MasR™ type | and IIA fibers were not significantly different from their wild type counterpart
(Fig. 3.8A, E). Control MasR™ type 11B fibers, on the other hand, had significantly smaller mean
CSA than their wild type counterpart (Fig. 3.81). Accordingly, the CSA distribution for control
type | and 11A fibers were similar between wild type and MasR™ while a significant shift toward
lower CSA was observed for control MasR™ type 11B fibers (Fig. 3.8D, H, L). A 4 week Ang 1-7

treatment had no effect on mean and distribution of CSA for all three fiber types in MasR” EDL.
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Ang 1-7 treatment also caused significant hypertrophy in CD-1 soleus. For type I, mean
CSA increased by 17% and 33% after 4 and 16 week of Ang 1-7 treatment, respectively (Fig.
3.9A). There were also clear and significant shifts in the CSA frequency distribution toward
larger CSA after an Ang 1-7 treatment (Fig. 3.9B, C). For example at 16 weeks, type | fibers
with CSA ranging between 1,100 and 2,000 pm? decreased from 54% (control) to 29% (Ang 1-7
treated) while for fibers with CSA greater than 2,300 pm? the proportion increased from 16%
(control) to 38% (Ang 1-7). As observed for EDL, Ang 1-7 had a smaller effect on the CSA of
type I1A fibers (Fig. 3.9E). Although a significant shift toward larger CSA was observed after 4
week Ang 1-7 treatment, the shift was less obvious after 16 weeks (Fig. 3.9F, G). Fiber CSA of
MasR ™ soleus fibers were smaller than their wild type counterpart, especially type 1A, and Ang

1-7 did not cause any significant increases in CSA.
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FIGURE 3.8
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Figure 3.8. Ang 1-7 significantly increased the CSA of wild type (CD-1) EDL type I and I1A
but not of 11B fibers. CD-1 and MasR”™ mice were either untreated (CON) or Ang 1-7 treated
for either 4 or 16 weeks. Mean CSA for A) type I, E) 1A and 1) IIB fibers; the vertical bars
represent the mean from 4-5 EDL (total number of fibers: 3,309-4,233). For the CSA frequency
distributions, CSA were divided in bin of 100 um? and the numbers of fibers in each bin are
given as a percent of the total number of fibers. The number of type I fibers (B-D) being very
low, data from 4-5 EDL (for a total of 52-179 fibers) were combined together (so no S.E.). For
type 11A and IIB fibers, a frequency distribution was calculated for each muscle and the mean
and S.E. are from 4-5 muscles (total of 431-727 type I1A fibers - F-H and 1,772-2,730 type 11B
fibers — J-L).

*  Mean CSA (A, E) or frequency distribution (B-D, F-H) significantly different from that of
control (CON).

Mean CSA or frequency distribution of MasR™ EDL significantly different from that of
control wild type EDL under similar conditions; ANOVA and L.S.D. for mean CSA value,
Fisher test for CSA distribution; P < 0.05.
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FIGURE 3.9
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Figure 3.9. Ang 1-7 significantly increased fiber CSA in wild type soleus. CD-1 and MasR™"
mice were either untreated (CON) or Ang 1-7 treated for either 4 or 16 weeks. Mean CSA for A)
type | and E) IIA; the vertical bars represent the mean from 4-5 soleus (total number of fibers:
2,392-3,542). For the CSA frequency distributions, CSA were divided in bin of 100 pm? and the
number of fibers in each bin are given as a percent of the total number of fibers. A frequency
distribution was calculated for each muscle and the mean and S.E. are from 4-5 muscles (total of

1,111-2,166 type | fibers — B-D and 1,258-2,512 type 1A fibers — F-H).

*  Mean CSA (A, E) or frequency distribution (B-D, F-H) significantly different from that of

control (CON).
Mean CSA or frequency distribution of MasR™ soleus significantly from that of control wild

type soleus under similar conditions; ANOVA and L.S.D. for mean CSA value, Fisher test for

CSA distribution; P < 0.05.
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HYPERTROPIC AND ATROPHIC PROTEINS

As a MasR activation by Ang 1-7 results in an activation of the Akt pathway, we first
determine how Ang 1-7 affects the total and phosphorylation levels of Akt and two mTOR
downstream targets, 4-EPB and S6K. We also expected that the Ang 1-7 effects on this pathway
might occur sooner than 4 and 16 weeks; so, we added two extra times: 3 days and 2 weeks. Ang
1-7 had no effect on the total content of all three proteins in EDL muscle (Fig. 3.10A). At 3 days
of Ang 1-7 treatment, P-Akt protein content and the P-Akt/T-Akt ratio were respectively 41%
and 56% greater than in control EDL (Fig.3.10 A, B). Such increases were not observed at 2, 4
and 16 weeks of Ang 1-7 treatment. Similarly, P-4EPB protein content and P-4EPB/T-4EPB
ratio increased by 58-59% at 3 days with no changes at 2, 4 and 16 weeks (Fig. 3.10C, D). On
the other hand, Ang 1-7 had no effect on P-S6K protein content (Fig. 3.10 E, F). The effects of
Ang 1-7 in soleus were basically the same as those observed in EDL. The increased in P-Akt and
P-4EPB, respectively, protein content at 3 days were 78% and 49% with no change thereafter as
well as no effect on S6K (Fig. 3.11). As an activation of Akt pathway leads to the inhibition of
the atrophic pathway, we also determined the Ang 1-7 effects on MuRF-1 and atrogin-1 protein
content. There were some tendencies in lower MuRF-1 and atrogin-1 protein content, but the

differences were very small (Fig. 3.12).
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FIGURE 3.10
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Figure 3.10. In EDL and only after three days, Ang 1-7 slightly increased the
phosphorylation of Akt (P-Akt) and 4EPB (P-4EPB), but not of S6K (P-S6), while it had no
effect on the total (T) protein content at any one time periods. For each time period, protein
contents are expressed relative to the content in untreated EDL (CON) from age matched mice.

Dotted lines represent a ratio of one. Vertical bars represent the S.E. of 4-5 muscles (the S.E. of

CON is from the 3 day data). None of the differences were significant; ANOVA P > 0.05.
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FIGURE 3.11
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Figure 3.11. In soleus and only after three days, Ang 1-7 slightly increased the
phosphorylation of Akt (P-Akt) and 4EPB (P-4EPB), but not of S6K (P-S6), while it had no
effect on the total (T) protein content at any one time periods. For each time period, protein
contents are expressed relative to the content in untreated soleus (CON) from age matched mice.
Dotted lines represent a ratio of one. Vertical bars represent the S.E. of 4-5 muscles (the S.E. of

CON is from the 3 day data). None of the differences were significant; ANOVA P > 0.05.
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FIGURE 3.12
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Figure 3.12. In EDL and soleus, Ang 1-7 did not significantly affected MuRF-1 and atrogin-
1 protein content (ANOVA P > 0.05). For each time period, protein contents are expressed
relative to the content in untreated EDL or soleus (CON) from age matched mice. Dotted lines
represent a ratio of one. Vertical bars represent the S.E. of 4-5 muscles (the S.E. of CON is from

the 3 day data).
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CHAPTER 4

RESULTS

AIM 2

“ANGIOTENSIN 1-7 COMPLETELY PREVENTS
THE EXCESSIVE FORCE LOSS ASSOCIATED
WITH 2-4 WEEK DENERVATION IN MOUSE EDL
AND SOLEUS”

This Results section contains the text from a manuscript, which is being revised for the Journal
of General Physiology. Text and title of this section are from the manuscript.
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MUSCLE WEIGHT AND CSA

EDL and soleus muscle weight per se (data not shown) or expressed as a ratio of body
weight (Fig. 4.1) gave rise to similar results. EDL muscle to body weight ratio did not
significantly decrease during the first three days of denervation (Fig. 4.1A) whereas a significant
17% decrease occurred for the soleus (Fig. 4.1B). Neither Ang 1-7 nor DIZE altered muscle
weight loss. Muscle to body weight ratio further decreased over the 2 and 4 week denervation
period; the decreases after 4 week being 38% and 48% for EDL and soleus, respectively.
Treating mice with Ang 1-7 had no significant effect on the weight ratio. DIZE-treated muscles,
on the other hand, had significantly higher weight ratio than denervated-sucrose treated muscles;
the significant effects occurred only for the 2 week denervation period for EDL and both 2 and 4
week period for soleus; for the latter muscle A779, a MasR antagonist, inhibited the DIZE effect
at 4 week. MasR™ EDL and soleus muscle to body weight ratios were greater than the CD-1
muscles (Fig. 4.1 B, D). The loss of muscle weight over a 4 week denervation period was 52%
and 48% for EDL and soleus, respectively. Treating MasR” with Ang 1-7 did not affect the

extent of muscle weight loss.
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Figure 4.1. Ang 1-7/DIZE significantly reduced muscle weight loss at 2 week denervation

for EDL and at 2 and 4 week denervation for soleus; an effect not observed in the presence

of A779 or in MasR™ soleus. Ang 1-7 and A779 were delivered using an osmotic pump (100

ng/kgemin) while sucrose (1 g/kgeday) and DIZE (15 mg/kgeday) were given once daily by

gavage. Abbreviations: INN: innervated; DEN: denervated; SUC: sucrose. Vertical bars

represent S.E of 5-19 muscles.

*

Mean muscle weight significantly different from that of INN muscles.
Mean muscle weight significantly different from that of DEN or DEN/SUC muscles;

ANOVA and L.S.D., P <0.05.
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To specifically determine how Ang 1-7 affects muscle fibers, we next measured fiber
cross sectional area (CSA). Mean EDL fiber CSA decreased by 32% during a 4 week
denervation period (DEN and DEN/SUC in Fig. 4.2A). The extent of the decreases in CSA was
not altered when mice were treated with either Ang 1-7 or DIZE. Denervation significantly
reduced the proportion of fibers with CSA greater than 1500 pm? while it significantly increased
the proportion of fibers with CSA below 1200 um? (Fig. 4.2B). Neither Ang 1-7/DIZE nor A779
(data not shown for the latter) affected the CSA frequency distribution. The effects of
denervation, Ang 1-7 and DIZE on soleus fiber CSA (Fig. 4.3) were very similar to those of EDL
with three exceptions. One, 4 week denervation reduced soleus fiber CSA by 61% compared to
only 32% in EDL. Two, the shift toward lower CSA in the CSA distribution was much more
pronounced in soleus. Three, A779 significantly exaggerated the CSA loss in soleus muscle, but

not in EDL.
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FIGURE 4.2
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Figure 4.2. Ang 1-7 did not prevent the decrease in fiber CSA associated with 4 week
denervation in EDL. CSA values were divided in bin of 100 pm? and the numbers of fibers in
each bin are presented as a percent of the total number of fibers analyzed. For clarity, the CSA
distributions of EDL from mice treated with the MasR antagonist, A779, is not shown as it was
similar to that of DEN/Ang 1-7 and DEN/DIZE. Abbreviations: INN: innervated; DEN:
denervated; SUC: sucrose. The CSA frequency distribution was first determined for each muscle,
then mean and S.E. (vertical bars) were calculated from 4-5 muscles (with a total number of

fibers ranging between 2,728 and 4,797).

* The CSA distribution was significantly shifted toward lower CSA when compared to

INN; ANOVA, and L.S.D., P <0.05.
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FIGURE 4.3
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Figure 4.3. Ang 1-7 did not prevent the decrease in fiber CSA associated with 4 week
denervation but A779 significantly worsened the decrease in CSA in soleus. CSA values
were divided in bin of 100 pm? and the numbers of fibers in each bin are presented as a percent
of the total number of fibers analyzed. Abbreviations: INN: innervated; DEN: denervated; SUC:
sucrose. The CSA frequency distribution was first determined for each muscle, then mean and

S.E. (vertical bars) were calculated from 4-5 muscles (with a total number of fibers ranging

between 1,970 and 3,850).

*  The CSA distribution was significantly shifted toward lower CSA when compared to INN.
3 The CSA distribution was significantly shifted toward lower CSA when compared to DEN

or DEN/SUC; ANOVA AND L.S.D., P <0.05.
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TETANIC AND TWITCH FORCE

As EDL became smaller over the 2 and 4 week denervation period, mean tetanic forces in
Newton (N) decreased significantly when compared to their innervated counterpart (Fig. 4.4A,
B). Mean tetanic forces of Ang 1-7 or DIZE treated denervated EDL were significantly greater
compared to that of untreated denervated EDL, but remained significantly less than innervated
EDL. However, when tetanic forces were normalized to CSA, EDL mean tetanic forces from
Ang 1-7 and DIZE treated denervated EDL were no longer significantly different from that of
innervated EDL while those of untreated denervated EDL were still significantly less by 36%
(Fig. 4.4C, D). Thus, both Ang 1-7 and DIZE fully prevented the loss of normalized tetanic force
associated with denervation; an effect completely inhibited by A779. Mean tetanic force of
MasR™ EDL also decreased during a 4 week denervation period, a decrease that was similar to
that of CD-1 EDL (Fig. 4.4B). However, when tetanic force was normalized to CSA, mean
tetanic force of denervated MasR” EDL decreased by only 17% compared to 36% in CD-1
denervated EDL (Fig. 4.4D). Ang 1-7 did not allow for an increased in normalized tetanic force

during a 4 week denervation period as it did for CD-1 EDL.

Similarly, all denervated soleus mean tetanic forces in N were significantly lower than in
innervated soleus (Fig. 4.4E, F), whereas the CSA normalized mean tetanic forces of Ang 1-
7/DIZE treated but not of untreated denervated soleus remained similar to those of innervated
soleus (Fig. 4.4G, H). Again A779 completely blocked the Ang 1-7/DIZE effect. For MasR™
soleus 4 week denervation resulted in lower mean tetanic force in N (Fig. 4.4F), but notably no

loss in the CSA normalized tetanic force whether or not mice were Ang 1-7 treated (Fig. 4.4G).

Two week denervated EDL generated greater mean twitch forces, either in N or N/cm?,

than innervated EDL (Fig. 4.5A, C); the increased in the normalized twitch force being 88% for
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denervated (DEN) and 53% for sucrose-treated denervated EDL (DEN/SUC). Ang 1-7 and DIZE
treated denervated EDL generated even greater twitch force than untreated denervated EDL;
mean normalized twitch forces of Ang 1-7 and DIZE treated EDL were respectively 200% and
270% greater than that of innervated EDL. Similarly, 4 week denervation resulted in greater
twitch force that was further increased by Ang 1-7 and DIZE; their effects being completely
blocked by A779 (Fig. 4.5B, D). Innervated MasR™ EDL mean normalized twitch force was 1.8-
times greater than that of innervated CD-1 EDL. For MasR™ EDL, mean twitch force after 4
week denervation became 2.8-times greater than in innervated MasR™ EDL; an effect much
greater when compared to wild type EDL for which the difference was only 1.8-fold. Ang 1-7
did not caused any further increase in twitch force of denervated MasR” EDL. Denervation, Ang
1-7, DIZE and A779 effects in soleus were similar to those described for EDL for CD-1 and

MasR™ soleus (Fig. 4.5 E-H).
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FIGURE 4.4

A} EDL - 2WEEKS B)EDL - 4 WELEKS C)EDL - 2WEEKS D)EDL . A WEEKS
s coA 208 = co MNasR' A5 coi cot Mot
240 250 < T N
i 8
u 200 4 308 4 Z E
s 143 4 153 < é * % S
! 10 108 é?é §
: /W
= ) ¢
5 i %%
}é’é. & &"’j“’ ”\gc .g\&o\\
e v &‘?;‘y? f‘*ﬁ;f &
& & 4
£)SOLEUS - 2 WEEKS F) SOLEUS - 4 WEEKS G) SOLEUS - 2 WEEKS HI SOLEUS - A WEEKS
0~ CcO-1 s Ot et 28+ co-1 3 = D MasR -
3 5 3
200 200 |

-
-

H
15 <4

g

108 4

TETANIC raonce vy

5 4

e ;}éfifp& i

TETANIK: FORCE (Wenr')

- -
[

‘5 4

&

Figure 4.4: Ang 1-7 and DIZE significantly prevented the loss of tetanic force in CD-1 EDL
and soleus associated with 2 and 4 week denervation periods. Tetanic force represents the
maximum force a muscle can generate and was measured at 200 Hz. It is expressed in newton
(N) (A, B, E, F) and as normalized to CSA in N/cm? (C, D, G, H). Abbreviations: INN:

innervated; DEN: denervated; SUC: sucrose. Vertical bars represent the S.E of 5-6 muscles.

*  Mean tetanic force significantly different from that of INN muscles;
3 Mean tetanic force significantly different from that of DEN or DEN/SUC muscles.
T

Mean tetanic force significantly different from that of CD-1 muscles ANOVA, and L.S.D.,

P < 0.05.
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Figure 4.5. Ang 1-7 and DIZE significantly increased twitch force of CD-1 EDL and soleus

associated with 2 and 4 week denervation periods, but not in MasR™ muscles. Mean twitch

force is expressed in N (A, B, E, F) and as normalized to CSA in N/cm? (C, D, G, H).

Abbreviations: INN: innervated; DEN: denervated; SUC: sucrose. Vertical bars represent the

S.E of 5 muscles.

*

8

P <0.05.
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Mean twitch force significantly different from that of INN muscle;
Mean twitch force significantly different from that of DEN or DEN/SUC muscle.

Mean twitch force significantly different from that of wild type soleus; ANOVA and L.S.D.,




Two and four week denervation was also associated with a significant shift in the CD-1 EDL
force-frequency relationship toward lower stimulation frequencies; a shift that was not prevented by Ang
1-7 or DIZE (Fig. 4.6A-D). The shift occurred as twitch contractions became slower (Fig. 4.6E) with
mean times to peak and half-relaxation times becoming significantly longer in denervated muscles (Table
4.1). As a consequence of prolonged twitch contractions, stimulation at 50 Hz still resulted in individual
twitches in innervated EDL while there was a clear summation of twitch contractions in denervated EDL
(Fig. 4.6F). Wild type EDL time to peak and half-relaxation time during tetanic contractions also became
significantly prolonged following 4 week denervation (Table 4.2). Neither Ang 1-7 (Tables 4.1, 2) nor
DIZE (data not shown) reversed the denervation effects on time to peak and half-relaxation time. Similar
to wild type EDL, the force-frequency relationship of denervated soleus was significantly shifted toward
lower stimulation frequencies (Fig. 4.7). Contrary to EDL, however, the shift was accentuated by Ang 1-7
and DIZE for both the 2 and 4 week denervation. Soleus twitch contractions also became significantly
longer with prolonged time to peak and half-relaxation time; effects not reversed by Ang 1-7 (Table 4.1)
or DIZE (data not shown). For tetanic contractions, time to peak was not affected while half-relaxation

time were significantly longer in wild type denervated than innervated soleus (Table 4.2).
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FIGURE 4.6
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Figure 4.6: In CD-1 EDL, Ang 1-7 did not prevent the shift in the force-frequency
relationship toward lower stimulation frequencies that occurred after 2 and 4 week of
denervation. A-B) Force-frequency relationships. Force is expressed as a percent of the force
measured at 200 Hz. C-D) Frequency 50 is the stimulation frequency at which force was 50% of
the maximum tetanic force (see Methods for calculations). E) Examples of twitch force traces
from innervated and denervated muscles. Forces are plotted as a percent of the maximum force
during contraction. F) Example of force traces elicited at 50 Hz from innervated and denervated
muscle. Horizontal bars show the 200 msec portions of the contractions that are expanded below.
Abbreviations: INN: innervated; DEN: denervated; SUC: sucrose. Vertical bars (A, B) represent

the S.E of 5 muscles.
* Mean frequency 50 significantly different compared to INN muscles; ANOVA, and

L.S.D., P <0.05.
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Figure 4.7: In CD-1 soleus, Ang 1-7 did not prevent the shift of the force-frequency

relationship toward lower stimulation frequencies following 2 and 4 week of denervation.

A-B) Force frequency relationships. Forces are expressed as a percent of the force at 200 Hz. C-

D) Frequency 50 is the stimulation frequency at which force was 50% of the maximum tetanic

force (see Methods for calculations). Abbreviations: INN: innervated; DEN: denervated; SUC:

sucrose. Vertical bars represent S.E of 5 muscles.

*

Mean frequency 50 significantly different from that of INN.

Mean frequency 50 significantly different from that of DEN or DEN/SUC soleus; ANOVA,

and L.S.D., P <0.05.
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TABLE 4.1

WILD TYPE MasR™"
MUSCLE CONDITIONS
TIMETO HALF -RELAXATION TIMETO HALF-RELAXATION
PEAK (msec) TIME (msec) PEAK (msec) TIME (msec)
EDL INNERVATED 72+1.1 5.8+0.3 8.2 £0.8 102+1.2
DENERVATED 148 £1.4* 94+1.1 13.4 £0.8* 17.0 + 1.5*"
DENERVATED N N o o
ANG 1-7 13.0x11 11.9+£0.7 17.3+4.2 20.5+5.3
SOLEUS INNERVATED 157+0.6 10311 13.3+0.7 16.6 +2.24
DENERVATED 33.7+£1.0* 38.5+£4.9* 28917 43.9 £4.5*
DENERVATED * * st *
ANG 1.7 34711 37.2+2.7 25.3+35 356+9.1

Table 4.1. Ang 1-7 did not reverse the significant prolongation of twitch contraction associated with 4 week denervation for

wild type and MasR™ EDL and soleus. Ang 1-7 was delivered using an osmotic pump at a rate of 15 mg/kg/day. Data are presented

as MEAN = S.E. of 5-6 muscles.

* Mean value significantly different from that of innervated muscles.

1-

Mean value significantly different from CD-1 muscles; ANOVA and L.S.D., P < 0.05.




TABLE 4.2

WILD TYPE MasR ™"
MUSCLE CONDITIONS HALE -
TIME(r;I]'SCgCI;’EAK vy R TIME(;’SCG)CI;’EAK HAL_F“-'I\?/IEEL(}A“)S(Q;I'ION
(msec)

EDL INNERVATED 118.8 +11.0 19.0 2.9 118.5 +22.2 27.8+1.4

DENERVATED 196.9 + 3.8* 44.8 +2.7% 178.4 + 18.7* 53.4 + 3.0%
DE'\A'iIFéle_;ED 197.4 +2.7* 45.2 + 2.5% 191.7 + 8.4* 63.8 + 13.1*"

SOLEUS INNERVATED 204.6 0.7 433+1.7 211.8+1.2 52.3+3.6
DENERVATED 208.0 + 6.0 95.3 +5.9* 213.4+1.4 103.8 + 10.2*
DENERVATED N .

ANG 1.7 210.0 5.3 97.6 +11.7 212.0 £5.0 85.2+11.3

Table 4.2. Ang 1-7 did not reverse the prolongation of the tetanic time to peak in EDL and half-relaxation time of EDL and

soleus associated with 4 week denervation in wild type and MasR™ mice. Ang 1-7 was delivered using an osmotic pump at a rate

of 15 mg/kg/day. Tetanic contractions for EDL and soleus were respectively elicited at 200 and 140 Hz. Data are presented as MEAN

+ S.E. of 5-6 muscles.

* Mean value significantly different from that of innervated muscles.

T Mean value significantly different from CD-1 muscles; ANOVA and L.S.D., P < 0.05.
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Although 4 week denervation had small effects on tetanic force loss in MasR™ than in
wild type EDL and soleus, significant shift of the force-frequency relationship toward lower
stimulation frequencies were observed in denervated compared to innervated MasR™ muscles
(Fig. 4.8). However, contrary to wild type muscles, Ang 1-7 did not accentuate the shift in
MasR™ soleus. Again, the shift in the force-frequency relationship was linked to prolonged
twitch contractions as both time to peak and half-relaxation time were significantly longer in
denervated than innervated EDL and soleus (Table 4.1). Notably, mean half-relaxation time of
denervated MasR” EDL and soleus were significantly longer than those of denervated wild type
EDL and soleus. Longer tetanic contraction times to peak and half-relaxation times were also
observed in denervated than in innervated MasR™ EDL, whereas only half-relaxation times were

significantly longer in denervated MasR™ soleus (Table 4.2).
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Figure 4.8. Force-frequency relationships of MasR” EDL and soleus were significantly
shifted toward lower stimulation frequencies after a 4 week denervation period. Mean
forces of A) EDL and C) soleus are expressed as a percent of the force at 200 Hz. Mean
frequency 50 is the stimulation frequency at which force was 50% of the maximum tetanic force
(see Methods for calculations). Abbreviations: INN: innervated; DEN: denervated. Vertical bars

represent S.E of 5 muscles.

Mean frequency 50 significantly different compared to innervated muscles; ANOVA, and

L.S.D., P <0.05.
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MEMBRANE EXCITABILITY, RESTING Eyy AND ACTION POTENTIAL

It is well established that the sarcolemma of denervated muscle fibers are depolarized
(Albuquerque and Thesleff, 1968b; Albuquerque et al., 1971b; Wareham, 1978; CLAUSEN et
al., 1981). Thus, we next tested whether Ang 1-7 improves resting Ey as one potential
physiological mechanism that prevents the loss of normalized tetanic force following
denervation. Fiber excitability was 100% in innervated EDL as all fibers generated an action
potential upon a single stimulation (Fig. 4.9A). After a 4 week denervation period, fiber
excitability fell to 42-49% (DEN and DEN-SUC). The Ang 1-7 treatment completely prevented
the loss of fiber excitability while excitability was 85% in DIZE treated denervated EDL. As
previously reported, denervated fibers were significantly depolarized compared to innervated
fibers; mean resting Em being -62 mV for denervated fibers vs. -73 mV for innervated fibers
(Fig. 4.9B). Both Ang 1-7 and DIZE significantly, but not completely, reduced the extent of
depolarization in denervated EDL fibers; resting Ey being -69 mV. Mean overshoots were
significantly less in denervated than innervated fibers, an effect completely prevented by Ang 1-
7 and DIZE (Fig. 4.9C). Mean maximum rate of depolarization of denervated fibers were 2.2-2.7
fold less than in innervated fibers; however, for this parameter neither Ang 1-7 nor DIZE
significantly abolished the denervation effect (Fig. 4.9D). The effects of denervation, Ang 1-7
and DIZE in soleus were basically similar to those of wild type and MasR”™ EDL (Fig. 4.9E-H).

Considering that the normalized mean tetanic forces of MasR™ EDL and soleus were less
affected by denervation than their CD-1 counterpart and that Ang 1-7 fully prevented the loss of
membrane excitability and normalized tetanic force, we also determined the effect of denervation
on fiber excitability of MasR™ EDL and soleus. Although mean fiber excitability and resting E
significantly decreased during the 4 week denervation compared to innervated muscles, the

extent of the decreases was less in MasR™ than in CD-1 muscles. Contrary to CD-1, mean action
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potential overshoot was completely abolished in denervated MasR™ EDL and soleus as the mean
action potential peak were respectively -8 and -4 mV.

Fiber excitability is suppressed when resting Em becomes less than about -60 mV (Cairns
et al., 1995; Ammar et al., 2015b). So, to better understand how the reduced resting Ewm
depolarization with Ang 1-7/DIZE affected membrane excitability, we determined the frequency
distribution of resting Em. For innervated EDL, resting Enm ranged from -90 to -60 mV (Fig.
4.10A); i.e., none of the fibers was in the unexcitable range. The resting Ey distribution of
denervated fibers was significantly shifted toward less negative Ey, and up to 35% of the fibers
had resting Em less negative than -60 mV. Ang 1-7 significantly shifted the resting Ewm
distribution toward more negative Ey, reducing the number of fibers with resting Eyn less
negative than -60 mV to zero. A similar situation was observed with DIZE, except that the
number of fibers with resting Em below -60 mV was 11% (Fig. 4.10B) in agreement with the
decrease in fiber excitability (Fig. 4.9A). The effects of denervation, Ang 1-7 and DIZE in soleus

were basically similar to those of EDL (Fig. 4.10C, D).
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FIGURE 4.9
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Figure 4.9. Ang 1-7 significantly improved membrane excitability in 4 week denervated
EDL and soleus. Action potentials were triggered with a single stimulation. Excitability is
defined as the number of fibers that generated an action potential upon stimulation and is
expressed as a percent of all tested fibers. Abbreviations: INN: innervated; DEN: denervated.
Mean values from individual fibers were first averaged for each muscle, and mean and S.E.
(vertical bars) were calculated from 5-6 muscles with a total number of tested fibers ranging

between 70 and 123.

*  Mean value significantly different from that of INN muscle;
3 Mean value significantly different from that of DEN or DEN/SUC muscle;
T

Mean value for DEN MasR™ muscles significantly different from mean value of DEN CD-1

muscles; ANOVA and L.S.D., P < 0.05.
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FIGURE 4.10
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Figure 4.10. Ang 1-7 partially shifted the resting Eu distribution of 4 week denervated CD-
1 EDL and soleus toward that of innervated muscles. Resting Em were divided in bin of 5
mV; the number of fibers from all muscles was counted for each bin and is expressed as a
percent of the total number of fibers tested. Abbreviations: INN: innervated; DEN: denervated.

Total number of samples used for the distribution was 70-123 fibers from 5-6 muscles.

Resting Ey distribution significantly shifted compared to that of INN muscle;

Resting Ew distribution significantly shifted compared to that of DEN or DEN/SUC muscle;

Fisher test, P < 0.05.
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The membrane depolarization associated with denervation is due to an increased Na*
permeability and decreased K* permeability (Kotsias and Venosa, 1987b). The Na* K" pump
content, which contributes up to -15 mV to the resting Ey in innervated muscles (Chibalin et al.,
2012; Ammar et al., 2015b), also decreases during denervation (Clausen et al., 1982; CLAUSEN
et al.,, 1981; Wareham, 1978). So, we measured the Ang 1-7 effects on the pump al and a2
subunit protein content over a 4 week denervation period. Denervated EDL had significantly
greater al and a2 protein content than innervated EDL, the differences being 1.8- and 1.5-fold,
respectively (Fig. 4.11A-B). The increase in al reached 2.9- and 2.3-fold for Ang 1-7 and DIZE
treated, respectively. Ang 1-7 also increased the a2 protein content by 2.0-fold when compared
to innervated EDL. Contrary to the situation in EDL, 4 week denervation resulted in significant

decreases in both a1 and a2 content by 40-50% while neither Ang 1-7 nor DIZE had any effect.

CONTRACTILE COMPONENTS

Denervation also leads to decreases in sarcomere contents, especially near the cell
membrane within 2 week (Yang et al., 2020). We therefore determined the total a-actin and
myosin content to document whether Ang 1-7 reduces the loss of contractile proteins during 4
week denervation period. The a-actin protein content was reduced by 23% in denervated EDL,
by 10% in Ang 1-7 treated and by 19% in DIZE treated EDL (Fig. 4.11C). Denervation caused
greater decreases in a-actin in soleus as the content was reduced by 52%. Although no decrease
in a-actin was detected with Ang 1-7, the difference with denervated soleus was not significant
while DIZE had no effect. Ang 1-7 and DIZE caused decreases in total myosin content even

when denervation alone had small effect (Fig. 4.11D).
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FIGURE 4.11
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Figure 4.11. Ang 1-7 significantly increased the Na® K* pump protein content in CD-1 EDL
but not the a-actin and myosin content after 4 weeks denervation period. Ponceau staining is
from the 4 weeks Western Blots to provide an example for total proteins. Abbreviations: I,
innervated, D, denervated; A, denervated-Ang 1-7 treated; Di, denervated-DIZE treated. Vertical
bars represent the S.E of 6-8 muscles.

*  Mean value significantly different from that of INN muscle;

S Mean value significantly different from that of DEN muscle; ANOVA and L.S.D., P < 0.05.
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Fiber type composition

Normal innervated EDL muscle contained 60% type 11B, 15% type 1A and 2% type |
fibers (Fig. 4.12A, B, D, F). After 4 week denervation, the proportion of fibers expressing type |
and 1A myosin significantly increased in EDL muscle to 7% and 96%, respectively, while the
number of fibers expressing type 1B myosin did not change. However, as shown in Fig. 4.12A,
while a large number of denervated fibers still expressed type 1B myosin, the intensity of the
staining is much less in denervated than innervated fibers. Ang 1-7 partially reduced the increase
in the number of fibers to 4% for the expression of type I myosin and to 54% for type IIA
myosin. Contrary to EDL, innervated soleus muscle contain 62% type | fibers and 44% type I1A
fibers (Fig. 4.13). Neither denervation nor Ang 1-7 significantly affected the fiber type

composition in soleus.
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FIGURE 4.12
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Figure 4.12. Denervation significantly increased the expression of myosin I and 1A in CD-1

EDL while Ang 1-7 partially reduced that effect. A) Images of type I, IIA and IIB fibers in
innervated (INN), denervated (DEN) and denervated Ang 1-7 treated EDL (DEN-ANG 1-7). The
numbers of fibers expressing B) myosin I, C) myosin 1A and D) myosin 1B fibers are expressed
as a percent of the total number of fibers. Percent values were calculated for each muscle, then
mean and S.E. (vertical bars) were calculated from 4-5 muscles. Horizontal white bars: 100 pm.
The total number of fibers analyzed for INN, DEN and DEN-Ang 1-7 were respectively 3293,

4144 and 4321.
*  Mean value significantly different from that of INN muscle;

Mean value significantly different from that of DEN muscle; ANOVA and L.S.D., P <0.05.
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FIGURE 4.13
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Figure 4.13. Neither denervation nor Ang 1-7 affected the expression of myosin I and I1A in

CD-1 soleus. A) Images of type | and 1A and fibers in innervated (INN), denervated (DEN) and

denervated Ang 1-7 treated EDL (DEN-ANG 1-7). The number of fibers expressing B) myosin |

and C) myosin 1A expressed as a percent of the total number of fibers. Percent values were

calculated for each muscle, then mean and S.E. (vertical bars) were calculated from 4-5 muscles.

Horizontal white bars: 100 um. The total number of fibers analyzed for INN, DEN and DEN-

Ang 1-7 were respectively 2889, 2877 and 3826.
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HYPERTROPHIC AND ATROPHIC PATHWAY

Total Akt (T-Akt) and phosphorylated Akt (P-Akt) protein contents were significantly
greater in 2 and 4 week of denervation, but not after three days, when compared to levels in
innervated EDL (Fig. 4.14A, B). Neither Ang 1-7 nor DIZE affected T-Akt and P-Akt content.
T-4EBP and P-4EBP slightly increased after 3 days and 2 week of denervation followed by a
decrease at 4 week (Fig. 4.14C, D). Ang 1-7 had only one significant effect as it increased T-
4EBP at 3 days. Significant increase in P-S6K content was observed only at 2 week denervation
without any effect of Ang 1-7 or DIZE (Fig, 4.14E, F). In soleus, denervation significantly
increased T-Akt content at 2 week; there were also increases in P-Akt content at 2 and 4 week,
but the differences to innervated were not significant (Fig. 4.15A, B). There were no significant
changes in T-4EPB and P-4EPB as well as for T-S6K and P-S6K (Fig. 4.15-C-F). Neither Ang
1-7 nor DIZE affected levels of Akt, 4EPB and S6K. Significant decreases in MuRF-1 protein
content were observed in EDL at 4 week and in soleus at both 2 and 4 week (Fig. 4.16A, B),
while decreases in atrogin-1 were observed at both 2 and 4 week, being especially significant at

4 week (Fig. 4.16, C, B). Neither Ang 1-7 nor DIZE affected MuRF-1 and atrogin-1 levels.
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FIGURE 4.14
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Figure 4.14. In CD-1 EDL, Ang 1-7 did not significantly affect the changes in total (T) and
phosphorylated (P) A-B) Akt, C-D) 4-EPB and E-F) S6K protein content associated with 3
days, 2 and 4 week denervation (DEN). Protein contents were first normalized to the total
protein content and then expressed relative to the content in innervated muscle. Ponceau staining
is from the 3 day Western Blots to provide an example for total proteins. Abbreviations: I, INN
and 0d: innervated; D and DEN; denervated; A: denervated-Ang 1-7 treated; Di: denervated-
DIZE treated. Vertical bars represent the S.E of 6-8 muscles.

*  Mean protein content significantly different from that of INN muscles; ANOVA and L.S.D,

P < 0.05.
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Figure 4.15. In CD-1 soleus, Ang 1-7 mostly did not significantly affect the changes total
and phosphorylated A-B) Akt, C-D) 4-EPB and E-F) S6K protein content associated with 3
day, 2 and 4 week denervation. Protein contents were first normalized to the total protein
content and then expressed relative to the content in innervated muscle. Ponceau staining is from
the 3 day Western Blots to provide an example for total proteins. Abbreviations: I, INN and 0d:
innervated; D and DEN; denervated; A: denervated-Ang 1-7 treated; Di: denervated-DIZE
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8 Mean protein content significantly different from DEN muscles; ANOVA and L.S.D, P <

0.05.
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FIGURE 4.16
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Figure 4.16. In CD-1 EDL and soleus, Ang 1-7 had no significant effect on the changes

MuRF-1 and atrogin-1 protein content associated with 3 day, 2 and 4 week denervation.

Protein contents were first normalized to the total protein content and then expressed relative to

the content in innervated muscle. Ponceau staining is from the 3 day Western Blots to provide an

example for total proteins: 1, INN and 0d: innervated; D and DEN; denervated; A: denervated-

Ang

*

1-7 treated; Di: denervated-DIZE treated. Vertical bars represent the S.E of 6-8 muscles.

Mean protein content significantly different from that of INN muscles; ANOVA and L.S.D,
P <0.05.
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CHAPTER 5

RESULTS

AIM 3

“ANGIOTENSIN 1-7 PREVENT THE EXCESSIVE
FORCE LOSS ASSOCIATED WITH 16 WEEK
DENERVATION IN MOUSE EDL BUT NOT IN

SOLEUS AND ENHANCING MUSCLE RECOVERY
UPON REINNERVATION”

This Results section contains the text from a manuscript, which will be submitted to the Journal
of Physiology: Cell Physiology. Text and title of this section are from the manuscript.
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VARIATIONS IN THE FORCE-FREQUENCY RELATIONSHIP

Sixteen weeks after the denervation surgery, the force- frequency relationship of EDL
and soleus muscles could be divided into three groups (Fig. 5.1A, B). One group had force-
frequency relationship significantly shifted toward lower stimulation frequencies when compared
to innervated muscles as observed after 2 and 4 week denervation (Chapter 4). A second muscle
group had force- frequency relationship either similar to that of innervated muscles in the case of
EDL or slightly shifted toward greater stimulation frequency than innervated muscles in the case
of soleus. For the third muscle group, force-frequency relationship was intermediate between the

first two groups.

Next, we plotted the FF50, which is the stimulation frequency at which muscles
generated 50% of maximum force, against muscle mass. EDL muscles with very low FF50 also
had the lowest muscle/body weight ratio, while other EDL had FF50 above 80 Hz had muscle
mass similar to that of innervated muscles (Fig. 5.1C). Similarly, soleus muscles with very low
FF50 had very low muscle/body weight ratio. However, not all soleus with FF50 above 40 Hz,
like innervated ones, had normal muscle/body weight ratio (Fig. 5.1D). To test whether some
reinnervation had occurred, we repeated the experiments and observed the presence of a nerve
entering muscles that had larger muscle mass and FF50 values while muscles without a nerve

had low FF50 and muscle mass.
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FIGURE 5.1
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Figure 5.1. Examples of force-stimulation frequency relationships and frequency 50-

muscle/body weight ratios 16 week after the denervation surgery. A-B) The force-

stimulation frequency relationships could be divided into three groups: 0, typical relationship of
denervated muscles (see text for more details); A, relationship close to the mean relationship of

innervated muscles (----); O, intermediate relationship. C-D) Frequency 50 is the stimulation

frequency at which 50% of maximum force is generated (see Methods for calculations) and is
plotted against the muscle/body weight ratios. The dashed lines were generated by non-linear

regression to better visualize the difference in the increase in FF50 and muscle/body weight

ratios.
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Next, we determine if the increase in FF50 and muscle mass were associated with
increases in fiber CSA. Using another group of denervated muscles stained for laminin, we
observed three different situations: i) all fibers with low mass had very small CSA (Fig. 5.2B),
while muscles with a large mass either had ii) a mixture of small and large fibers (Fig. 5.2C), or
iii) all fibers had large CSA (data not shown). To determine that large fibers were not the results
of some regeneration as reported in human muscles (Bacou et al., 1996; Maier and Bornemann,
1999), muscle sections were stained with embryonic myosin. As expected, there was no
embryonic myosin in normal innervated soleus while every fibers of a denervated soleus
expressed embryonic myosin (Fig. 5.3A, B). Notably, embryonic myosin expression was much
less in large fibers with large muscle mass (Fig. 5.3C). Finally, other muscles cross-sections were
stained with hematoxylin and eosin to determine if large fibers had central nuclei, which is a
feature of regenerated fibers. As shown in Fig. 5.4, there were no central nuclei in normal

innervated fibers and very few in large fibers of muscles that had been denervated (Fig. 5.4).

We therefore suggest that the large fibers observed in muscles that had been denervated
was not the results of fiber regeneration, but to a reinnervation which is some cases was partial
and in other complete (see Discussion for more details). The data were therefore separated into
two groups: i) fully denervated muscles were those with FF50 lower than 40 Hz for EDL, and 30
Hz for soleus (Fig. 5.1), and ii) reinnervated muscles were those with FF50 >40 Hz and >30 Hz
in EDL and soleus, respectively. As we did not control the reinnervation process, we often ended
up with small number of reinnervated muscles, as small as either one or zero, for some
conditions. The differences in muscle weight, FF50, twitch and tetanic force between untreated
and sucrose treated mice, between Ang 1-7 and DIZE treated mice, and between Ang 1-7/A779

and DIZE/AT779 treated mice were small. Data were therefore combined for each of denervated

103




and reinnervated muscles to represent: i) untreated mice, ii) Ang 1-7/DIZE treated and iii) Ang

1-7/DIZE/ATT9 treated muscles in order to properly do statistical analyses.
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FIGURE 5.2

A) INNERVATED B) DENERVATED C) REINNERVATED

I 1
k——-‘
/

Figure 5.2: Examples of differences in CSA between A) normal innervated soleus, and in
soleus that had been denervated for which B) all fibers had small CSA and C) some but not
all fibers had CSA similar to that of innervated muscle. Red: laminin staining. Horizontal bar:

100 pm.
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FIGURE 5.3

A) INNERVATED B) DENERVATED C) REINNERVATED

Figure 5.3: Examples of embryonic myosin expression in A) normal innervated soleus, and
in soleus that had been denervated for which B) all fibers had small CSA and C) some but
not all fibers had CSA similar to that of innervated muscle. Green: embryonic myosin; red:

laminin staining. Horizontal bar: 100 pm.

106




FIGURE 5.4

A) INNERVATED B) DENERVATED C) REINNERVATED

Figure 5.4: Examples of hematoxylin and eosin staining in A) normal innervated soleus,
and in soleus that had been denervated for which B) all fibers had small CSA and C) some

but not all fibers had CSA similar to that of innervated muscle. Horizontal bar: 100 pm.
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REINNERVATION INCIDENCE, MUSCLE WEIGHT AND FORCE
GENERATION

Reinnervation incidence in EDL was 39% for both untreated (7 of 18 muscles) and Ang
1-7/DIZE (10 of 26 muscles) treated muscles. For soleus, reinnervation incidence was 33% (6 of
18 muscles) for untreated muscles and 39% (10 of 26 muscles) for Ang 1-7/DIZE treated
muscles. Notably, reinnervation incidences were lower in Ang 1-7/DIZE/AT779 treated muscles,

being 30% (3 of 10 muscles) for EDL and 20% (2 of 10 muscles) for soleus muscles.

Mean muscle masses of EDL either expressed in mg or as a ratio to the body weight in
mg/g were significantly lower in denervated muscles, but were not significantly different
between untreated, Ang 1-7/DIZE or Ang 1-7/DIZE/A779 treated muscles (Fig. 5.5A, B).
Reinnervated EDL had significantly greater mean muscle mass than denervated EDL.
Furthermore, Ang 1-7/DIZE treatment further increased EDL muscle mass to the point where the
muscle/body weight ratio of was no longer different from that of innervated EDL (Fig. 5.5B).
AT779 partially reduced the Ang 1-7/DIZE effects as mean muscle/body weight ratio of
reinnervated EDL remained significantly lower than those of innervated EDL. The situation was
the same in soleus (Fig. 5.5C, D), except for the Ang 1-7/DIZE/AT779 treated muscles. However,

there were only two muscles for this group with values of 0.087 and 0.323 mg/g.
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FIGURE 5.5
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Figure 5.5. Angiotensin 1-7 had no effect on muscle weight loss in 16 week denervated
muscles while it significantly improved muscle weight of reinnervated muscles. Muscle
weight are presented A) & C) in mg and B) & D) as a ratio of muscle body/weight in mg/g.
Abbreviations and as explained in the text: INN, innervated; DEN, data from denervated mice
with and without sucrose treatment; REINN, data from mice with reinnervated muscles with and
without sucrose treatment; A-D, mice treated with either Ang 1-7 or DIZE. Vertical bars

represent the S.E of 3-16 muscles.

*  Mean value significantly different from that of innervated muscles.
T Mean value significantly different from that of reinnervated muscles;
¥

Mean value significantly different from that of denervated muscles under similar conditions;

ANOVA and L.S.D., P <0.05.
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Denervated EDL had force-frequency relationship shifted toward lower stimulation
frequencies compared to innervated EDL; mean FF50 of innervated and denervated EDL being,
respectively, 97 and 13 Hz (Fig. 5.6A, C). Ang 1-7/DIZE treatment had no significant effect on
the relationship in denervated EDL. Reinnervated EDL, on the other hand, had force-stimulation
relationship and mean FF50 similar to that of normal innervated EDL. Ang 1-7/DIZE treatment
did not affect the relationship of reinnervated EDL, but when A779 was added to the treatment,
there was a significant shift of the relationship toward higher stimulation frequency. The
situation was basically the same for soleus, except that the relationship for untreated and treated
soleus were slightly shifted to higher stimulation frequencies when compared to normal

innervated soleus (Fig. 5.6B, D).
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FIGURE 5.6
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Figure 5.6. Ang 1-7 did not affect the force-stimulation frequency relationships of
denervated and reinnervated EDL and soleus. Mean force-frequency relationship of A) EDL
and B) soleus. Forces are expressed as a percent of the force measured at 200 Hz. Mean
frequency 50 of C) EDL and D) soleus. Abbreviations and as explained in the text: INN,
innervated; DEN, data from denervated mice with and without sucrose treatment; REINN, data
from mice with reinnervated muscles with and without sucrose treatment; A-D, mice treated with

either Ang 1-7 or DIZE. Vertical bars represent the S.E of 3-16 muscles.

Mean value significantly different from that of innervated muscles.

T
I

Mean value significantly different from that of reinnervated muscles;
Mean value significantly different from that of denervated muscles under similar conditions;
ANOVA and L.S.D., P <0.05.
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As a result of muscle mass loss, mean twitch and tetanic force in Newton (N) were
significantly less in denervated than normal innervated EDL (Fig. 5.7A, B). Although mean
normalized twitch force to CSA was 46% greater in denervated than in innervated EDL, the
difference was not significant due to a large variability (Fig. 5.7A). Ang 1-7/DIZE treated
denervated EDL mean twitch force was 78% greater than that of innervated EDL. A779 blocked
the Ang 1-7-induced twitch force increase. The increased in twitch force of denervated EDL was
associated with prolonged contraction and relaxation times for both denervated treated and

untreated muscle (Table. 5.1).

Mean normalized tetanic force of denervated EDL was significantly lower by 55%
compared to innervated muscle (Fig. 5.7D), while the loss was reduced to 40% in Ang 1-7/DIZE
treated EDL,; an effect completely blocked by A779. Ang 1-7 did not reverse the prolongation of
tetanic time to peak and half-relaxation time in muscles that remained denervated for 16 weeks
(Table. 5.2). Reinnervated EDL still generated less tetanic force than innervated ones while those
treated with Ang 1-7/DIZE generated similar tetanic force compared to innervated EDL. Again,
this effect was blocked by A779. The denervation and reinnervation effects as well as the Ang 1-
7/DIZE and A779 effects were qualitatively similar in soleus compared to EDL (Fig. 5.7E-H).
On a quantitative basis, however, denervation caused greater loss in normalized tetanic force and

the Ang 1-7/DIZE treatment had smaller effects.
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FIGURE 5.7
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Figure 5.7. Ang 1-7 increased tetanic force of both denervated and reinnervated EDL and
soleus. Twitch contraction were elicited with one stimulation while tetanic contractions were
elicited with 400 msec train of pulses at 200 Hz. A-B and E-F) Forces are in Newton (N). C-D
and G-H) Forces were normalized to the muscle CSA in N/cm?. Abbreviations and as explained
in the text: INN, innervated; DEN, data from denervated mice with and without sucrose
treatment; REINN, data from mice with reinnervated muscles with and without sucrose

treatment; A-D, mice treated with either Ang 1-7 or DIZE. Vertical bars represent the S.E of 3-

16 muscles.

*  Mean force significantly different from that of innervated muscles.
3 Mean force significantly different from that of denervated muscles.
T Mean force significantly different from that of reinnervated muscles.
¥

Mean force significantly different from that of denervated muscles under similar treatment

conditions; ANOVA and L.S.D., P <0.05.
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TABLE 5.1

MUSCLES PARAMETERS CONDITIONS DENERVATED REINNERVATED
EDL Time to Peak (msec) INN 7.2 £1.1(5)
DEN 17.8£0.8(9)" 9.1+338(3)
Ang 1-7 & DIZE 17.2+ 1.1 (9)* 7.0+ 0.8 (7)
Ang 1-7 & DIZE | A779 19.7+1.2 (N* 5.9+ 0.4 (3)
Y-Relaxation Time (msec) INN 58%0.3(5
DEN 22.3+1.3(9)* 12.6 £6.7 (3)
Ang 1-7 & DIZE 21.9+ 1.1 (9)* 8.4+ 1.6 (7)
Ang 1-7 & DIZE | A779 233+ 1.7 (7)* 7.7+15(3)
SOLEUS Time to Peak (msec) INN 15.7 £ 0. 6 (6)
DEN & DEN-SUC 27.9+1.9 (9)* 13.9+ 2.4 (4)
Ang 1-7 & DIZE 26.3+1.0 (7)* 10.0+0.7 (6)*T
Ang 1-7 & DIZE | A779 31.9+ 1.1 (8)*° 10.8 M*
Y2-Relaxation Time (msec) INN 10.3+ 1.1 (6)
DEN 33.0+3.5(9)* 23.2+7.0 (4)*
Ang 1-7 & DIZE 37.1+14 (N 153+ 1.1 (G)T

Ang 1-7 & DIZE | A779

42.4+2.9 (8)*

19.8 1*

Table 5.1. Ang 1-7 did not reverse the prolongation of twitch contraction for muscles that remained denervated for 16 weeks. Delivery of

Ang 1-7 or DIZE, sucrose and A779 was as described in Fig. 5.1. There was no significant difference (P > 0.05) between denervated and sucrose-
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treated denervated mice, between Ang 1-7 or DIZE-treated mice, and between Ang 1-7/A779 and DIZE/A779-treated mice; so data were

combined. Data are presented as MEAN = S.E. (number of muscles).

*  Mean value significantly different from that of innervated muscles.

Mean value significantly different from that of denervated muscles.

Mean value significantly different from that of reinnervated muscles; ANOVA and L.S.D., P < 0.05.
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TABLE 5.2

MUSCLES PARAMETERS CONDITIONS DENERVATED REINNERVATED
EDL Time to Peak (msec) INN 118.8 + 11.0 (5)
DEN 196.6 + 3.9 (9)* 153.4 +37.7 (3)
Ang 1-7 & DIZE 206.6 + 4.0 (9)* 160.4 + 23.1 (7)*
Ang 1-7 & DIZE | A779 200.7 £ 7.6 (7)* 166.0 + 19.8 (3)*
Y-Relaxation Time (msec) INN 19.0 £ 2.9 (5)
DEN 62.8+2.5 (9)* 33.4+0.3(3)
Ang 1-7 & DIZE 69.3+9.3 (9)* 33.6+1.4(7)
Ang 1-7 & DIZE | A779 68.4 + 3.7 (7)* 29.5+15(3)
SOLEUS Time to Peak (msec) INN 204.6 £ 0.7 (6)
DEN & DEN-SUC 215.8 £ 6.4 (9) 210.8 £3.5(4)
Ang 1-7 & DIZE 212.0+£9.2 (7) 209.9 £ 6.1 (6)
Ang 1-7 & DIZE | A779 213.4+£7.3 (6) 204.3+£3.7 (2)
Y2-Relaxation Time (msec) INN 43.3+ 1.7 (6)
DEN 82.2+6.7 (9)* 56.7 + 3.9 (4)
Ang 1-7 & DIZE 80.2 + 6.2 (6)* 53.9+4.2 (6)

Ang 1-7 & DIZE | A779

95.7 + 6.9 (8)* 62.9+6.1(2)*

Table 5.2. Ang 1-7 did not reverse the prolongation of tetanic time to peak and half-relaxation time in muscles that remained denervated

for 16 weeks. Delivery of Ang 1-7 or DIZE, sucrose and A779 was as described in Fig. 5.1. There was no significant difference (P > 0.05)
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between denervated and sucrose-treated denervated mice, between Ang 1-7 or DIZE-treated mice, and between Ang 1-7/A779 and DIZE/AT779-

treated mice; so data were combined. Data are presented as MEAN = S.E. (number of muscles).
*  Mean value significantly different from that of innervated muscles.

Mean value significantly different from that of denervated muscles; ANOVA and L.S.D., P < 0.05.
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REINNERVATION INCIDENCE, MUSCLE WEIGHT AND FORCE
GENERATION IN MASR” MUSCLES

Sixteen weeks after the denervation surgery, 11% (1 of 9 muscles) of EDL had been
reinnervated in MasR” muscles, and this percent increased to 33% (2 of 6 EDL) after 19 weeks.
For soleus, the incidence of reinnervated was 12% (1 of 8 muscles) and 67% (4 of 6 muscles)
after 16 and 19 weeks, respectively. Although the reinnervation incidence was greater after 19
than after 16 weeks, means values of muscle weight, tetanic force, twitch force and force-
frequency relationship for 16 and 19 weeks were similar, so all data were combined.

In EDL muscle, the force frequency relationship shifted toward lower frequencies while
reinnervated muscle partially shifted toward innervated muscle (Fig. 5.8A). Again, denervation
significantly decreased the FF50, muscle weight, muscle/body ratio and tetanic force, while it
increased twitch force (Fig. 5.8B-H). Contrary to wild type reinnervated EDL, for which some
parameters fully returned back to the values in innervated muscles, all parameters of
MasR™" reinnervated EDL only partially returned back toward values in innervated EDL. The
situation was basically the same for soleus, except that the recovery of reinnervated soleus was

much better than that of EDL (Fig. 5.9).
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Figure 5.8. In denervated MasR™ EDL Ang 1-7 did not affect A) force-frequency
relationship, B) frequency 50, C) muscle mass in mg, D) muscle/body weight ratio, E)
twitch force in N; F) normalized twitch force in N/cm?, G) tetanic force in N and H)
normalized tetanic force in N/cm? 16 week after a denervation surgery. Abbreviation: INN,
innervated; DEN, denervated; Ang, Ang 1-7. Vertical bars represent the S.E. of 3-8 muscles.

*

1

Mean value significantly different from that of innervated muscles.
Mean value significantly different from that of denervated muscles; ANOVA and L.S.D., P

<0.05.
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Figure 5.9. In denervated MasR” soleus Ang 1-7 did not affect A) force-frequency

relationship, B) frequency 50, C) muscle mass in mg, D) muscle/body weight ratio, E)

twitch force in N; F) normalized twitch force in N/cm?, G) tetanic force in N and H)

normalized tetanic force in N/cm? 16 week after a denervation surgery. Abbreviation: INN,

innervated; DEN, denervated; Ang, Ang 1-7. Vertical bars represent the S.E. of 3-8 muscles.

*

1

Mean value significantly different from that of innervated muscles.

Mean value significantly different from that of denervated muscles; ANOVA and L.S.D., P

<0.05.

120




MEMBRANES EXCITABLITITY AND RESTING MEMBRANE
DEPOLARIZATION

Ang 1-7 and DIZE treatments fully prevented the loss of normalized tetanic force in EDL
and soleus during a 4 week denervation period by partially preventing the membrane
depolarization, which then allows for a recovery of normal excitability and action potential
overshoot (Chapter 4). We therefore measured action potential to determine the extent of which
the improvement in tetanic force in Ang 1-7/DIZE treated denervated and reinnervated muscles
is related to an improvement of membrane excitability. For innervated EDL muscle, 100% of
fibers were excitable (Fig. 5.10A) and the mean resting Em was -76 mV (Fig. 5.10B). Following
16 week denervation, fiber excitability had significantly declined by 45% (Fig. 5.10A) while
mean resting Em became -65 mV (Fig. 5.10B). The decline in resting Em in denervated muscle
also lead to significant decrease in mean action potential overshoot to -1 mV as well as lower
maximum rate of depolarization (Fig. 5.10C-D). Ang 1-7/DIZE fully prevented membrane
excitability loss, increased resting Em to -74 mV, action potential overshot to 15mV and
maximum rate of depolarization to 670 V/sec. Reinnervation fully improved all membrane
parameters to normal, i.e., to the values observed in normal innervated muscles. The same was
observed with soleus muscle with one exception; that is. membrane excitability of reinnervated
muscle did not improved whereas it fully recovered with the Ang 1-7/DIZE treatment (Fig.

5.10E-H).

In terms of resting Ew distribution, all innervated fibers had resting Ep more negative
than -60 mV (Fig. 5.11A). The resting Ey distribution of denervated EDL was significantly
shifted toward less negative values. More importantly, 21% of fibers in denervated EDL had
resting Enm less negative than -60 mV, a range of resting Ey for which fibers become unexcitable
(Ammar et al., 2015a). Ang 1-7 shifted the Ey distribution curve back toward that of innervated
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fibers and less than 2% of fibers had resting Eym less negative than -60 mV. Reinnervated
untreated and Ang 1-7/DIZE treated EDL had resting En distribution that was not significantly
different from that of innervated EDL. Denervated soleus had a much greater number of resting
Em less negative than -60 mV, the value being 58% (Fig. 5.11C). Furthermore, untreated
reinnervated soleus still had 20% of fibers with resting Ey less negative than -60 mV (Fig.
5.11D). Finally, for both denervated and reinnervated soleus, the number of fibers with resting

Ewm less negative than -60 mV was reduced to less than 2% when treated with Ang 1-7 or DIZE.
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FIGURE 5.10
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Figure 5.10: Ang 1-7/DIZE significantly improved membrane excitability in denervated

and reinnervated EDL and soleus. Action potentials were elicited with one stimulation.

Excitability was calculated as the number of fibers that generated an action potential and is

expressed as a percent of the total number of tested fibers. Abbreviations: INN: innervated;

DEN: denervated; REINN; reinnervated; A-D: mice treated with either Ang 1-7 or DIZE.

Vertical bars represent S.E. of 4-9 denervated muscles (76-175 fibers) and 3 reinnervated

muscles (39-53 fibers).

*
8
t
I

Mean value significantly different from that of innervated muscles.
Mean value significantly different from that of denervated muscles.

Mean value significantly different from that of reinnervated muscles.

Mean value significantly different from that of denervated muscles; ANOVA and L.S.D., P

<0.05.
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FIGURE 5.11
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Figure 5.11. Ang 1-7 shifted the resting Ey distribution of denervated and reinnervated
CD-1 EDL and soleus toward that of normal innervated muscles. Resting Ey were divided in
bin of 5 mV; the number of fibers from all muscles was counted for each bin and is expressed as
a percent of the total number of fibers tested. Abbreviations: INN: innervated; DEN: denervated;
REINN: reinnervated; A-D: Ang 1-7 or DIZE treated muscles. The number of fibers/muscles are

as provided in Fig. 5.10.

* Resting Ey distribution significantly different to that of innervated muscles;
3 Resting Ey distribution significantly different from that of denervated muscles.
T

Resting Ew distribution significantly different from that of reinnervated muscles; Fisher test,

P < 0.05.
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CHAPTER 6

DISCUSSION

NOTE: This chapter contained the integrated discussion of the three manuscripts mentioned in
Chapters 3-5. No quotation mark will appear in the Discussion.
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The overall objective of this study was to test the hypothesis that “Angiotensin 1-7 (Ang
1-7) prevents muscle atrophy and force loss following denervation”. To test this hypothesis,
three aims were proposed in the Introduction. The aims and the major findings for each of them

were as follows:

Aim 1 was to “document the hypertrophy effect of Ang 1-7 in normal mouse skeletal
muscle”. The major findings were: 1) Ang 1-7 increased skeletal muscle weight in a muscle
dependent manner; 2) it significantly increased both twitch and tetanic force; 3) Ang 1-7 shifted
the force-frequency relationship toward lower stimulation frequencies, an effect associated with
longer relaxation period; 4) Ang 1-7 had no effect on fiber type composition but significantly
increased fiber CSA, especially in type | and 11A fibers; 5) Ang 1-7 caused an initial increase in
P-Akt and P-4EBP protein contents within 3 days of treatment before it returns to normal by 2
weeks; 7) Ang 1-7 did not affect the S6K protein expression; 8) MasR” EDL and soleus had
greater muscle/body weight ratios, generated greater twitch force, but similar tetanic force, had a
force-frequency relationship shifted toward lower stimulation frequency, and in some cases had
smaller fiber CSA when compared to wild type EDL and soleus; 9) the Ang 1-7 effects on
muscle weight, force and CSA observed in wild type EDL and soleus did not occur in

MasR ™" skeletal muscle.

Aim 2 was “to test the hypothesis that Ang 1-7 prevents muscle atrophy and force loss
following a short 2 and 4 weeks denervation period”. The major findings were: 1) neither Ang 1-
7 nor DIZE prevented the loss of muscle mass and fiber CSA; 2) twitch force increased and was
further potentiated by Ang 1-7 and DIZE; 3) Ang 1-7 and DIZE were fully effective at
maintaining normalized maximal tetanic force; 4) A779, a MasR antagonist, fully blocked the

effect of Ang 1-7 and DIZE on twitch and tetanic force; 5) normalized tetanic force of MasR™
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EDL and soleus were less affected when compared to their wild type counterpart and Ang 1-7
did not potentiate twitch force; 6) neither Ang 1-7 nor DIZE prevented the shift in force-
frequency relationship in denervated EDL while causing a further shift in denervated soleus; 7)
Ang 1-7 prevented the loss in membrane excitability, membrane depolarization and decreases in
action potential overshoot; 8) Na-K pump protein content increased in EDL, an effect potentiated
by Ang 1-7 whereas in soleus denervation reduced pump content while Ang 1-7 had no effect; 9)
Ang 1-7 did not allow for an increase in actin and myosin content; 10) there was a shift in fiber
type toward type | and I1A in denervated EDL muscle, an effect partially reversed by Ang 1-7,
whereas fiber type composition of soleus was unaffected by denervation and Ang 1-7; 11) Ang
1-7 and DIZE had little effect on the protein content of total and phosphorylated Akt, 4EPB and
S6K, three important hypertrophic factors, as well as little effects on MuRF-1 and atrogin-1

content.

Aim 3 was “to test the hypothesis that Ang 1-7 prevents muscle atrophy and force loss
following a long 16 week denervation period”. The major findings were: 1) sixteen weeks after
denervation, many EDL and soleus muscles remained denervated while about a third became
reinnervated; 2) compared to innervated muscles, denervated muscles had force-frequency
relationship shifted toward lower stimulation frequencies as observed for the 2 and 4 week
denervation period; 3) reinnervation was associated with increases in muscle weight, tetanic
force, and a shift in the force-frequency relationship closer to that of innervated muscle; 4) Ang
1-7 and DIZE did not increase the incidence of reinnervation, but A779, a MasR antagonist,
reduced the incidence of reinnervation while reinnervation was delayed by a few week in MasR ™"
muscles; 4) Ang 1-7 and DIZE did not prevent muscle weight loss in denervated EDL and soleus

but significantly improved weight recovery in reinnervated muscles; 5) Ang 1-7 and DIZE had a
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small effect on normalized tetanic force of denervated muscles, whereas it significantly
improved tetanic force recovery in both reinnervated EDL and soleus; 6) Ang 1-7 and DIZE
significantly increased twitch force further in denervated muscle; 7) neither Ang 1-7 nor DIZE
prevented the shift in force-frequency relationship in denervated EDL and soleus; 8) Ang 1-7
prevented the loss in membrane excitability, membrane depolarization and decreases in action

potential overshoot in denervated muscles.

6.1 ANG 1-7 HYPERTROPHIC EFFECTS ON MUSCLE MASS IN
INNERVATED MUSCLE IS LOST FOLLOWING DENERVATION

Ang 1-7, over a 4 or 16 week treatment, only caused small increases in muscle mass of
normal innervated muscles, an effect that varied between muscles. That is, significant increases
were observed in soleus and gastrocnemius muscles, but there was no effect in EDL. It is
therefore not surprising that Ang 1-7 had little effect on body weight. When expressed in mg,
MasR™" EDL, tibialis and gastrocnemius muscle mass were smaller than their age match wild
type counterpart, which is in agreement with the finding that Ang 1-7 is important at increasing
muscle mass in wild type mice. Considering that skeletal muscle constitutes a large portion of the
body mass, it is therefore not surprising that MasR™ mice also have smaller body weight than
wild type mice.

Ang 1-7 increased mean fiber CSA of innervated fibers. The largest effect was observed
for type | fibers for both EDL and soleus. The effect was smaller for EDL and soleus type 1A
fibers and very small for EDL type IIB. It thus appears that the Ang 1-7 effectiveness at
increasing fiber CSA is in the order of type | > 1A > IIB fibers. Considering the smaller amount
of type | and 1A fibers in EDL, this also explain why Ang 1-7 has a smaller effect on muscle

mass in EDL compared to soleus.
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For the short denervation period, only DIZE reduced the extent of muscle mass loss
during a 4 week denervation period. DIZE, at 15 mg/kgeday as in this study, increases plasma
Ang 1-7 levels by almost 4-fold (Zhang et al., 2015). At 350-390 ng/kgemin using an osmotic
pump, Ang 1-7 plasma and kidney level increases by ~2-fold (Oh et al., 2012; Mori et al., 2014);
so, at a dose of 100 ng/kgeday as in this study, the increase in Ang 1-7 level is expected to be
less than with DIZE. Although one can then suggest that at a high concentration Ang 1-7 has the
capacity to reduce the extent of muscle mass loss during denervation, such conclusion is not
supported by the results on fiber CSA as neither Ang 1-7 nor the DIZE treatment prevented the
reduction in fiber CSA. Notably, A779 worsened the reduction in fiber CSA in soleus but not in
EDL. This suggest that the endogenous Ang 1-7, but not an increase in plasma level, helps at
preventing muscle atrophy in terms of mass, at least in soleus. The lack of a similar effect in
EDL may be related to the fact that denervation had greater effects on the extent of muscle mass
and force loss in soleus than EDL. Being more sensitive to the denervation effect, soleus may
also be more sensitive to a MasR inhibition. Finally, for a longer denervation period, i.e., 16
week, neither Ang 1-7 nor DIZE prevented the mass loss.

Taken together, the results suggest that Ang 1-7 at the dosages used in this study is
effective at inducing hypertrophy in normal innervated muscle in regard to muscle mass and
fiber CSA,; an effect that is basically loss in denervated muscles, except for the soleus over a

short denervation period.
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6.2 ANG 1-7 EFFECT ON CONTRACTILITY IN INNERVATED MUSCLES
IS MAINTAINED IN DENERVATED MUSCLES

Maximum tetanic force

Ang 1-7 increased the normalized maximum tetanic force to CSA in innervated muscle.
One possible mechanism is an increased density/number of actin and myosin protein; the two
proteins responsible to generate force. However, Ang 1-7 did not affect the myosin protein
content while a statistically non-significant increase in actin was observed only in soleus. It is
therefore unlikely that increases in actin and myosin protein content are a mechanism for the
Ang 1-7 induced increase in force. Further studies will be necessary to elucidate this mechanism.

Considering the Ang 1-7 effects on innervated wild type skeletal muscle, one would
expect that MasR”" EDL and soleus would generate less force. However, no difference was
observed in maximum tetanic force between wild type and MasR™ EDL and soleus. This may
not be that surprising because the Ang 1-7 induced increase in tetanic force in wild type muscles
was small so that other factors regulating force generation could easily compensate for the lack
of Ang 1-7 stimulation.

Contrary to the situation with muscle mass and fiber CSA, the capacity of Ang 1-7 to
increase tetanic force is maintained in denervated muscles. As a consequence of muscle mass
loss, the capacity of denervated muscles to generate force is drastically reduced whether it is
expressed in N or normalized to CSA in N/cm? as previously reported (Finol et al., 1981). The
decrease in normalized tetanic force suggests that the extent of the decrease exceeds the expected
decrease from just a reduction in muscle mass. This study now demonstrates for the first time
that Ang 1-7 completely prevents the loss of normalized tetanic force in both EDL and soleus
during 4 week denervation. Ang 1-7 still had a small effect after 16 week denervation. The

increases in mean normalized tetanic force in Ang 1-7 treated muscles were small and non-
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significant, but they were completely blocked by A779, a MasR antagonist, and completely
absent in MasR™, suggesting that Ang 1-7 still have an effect on tetanic force in 16 week
denervated muscles.

Ang 1-7 had little and no consistent effects on a-actin or myosin content in 4 week
denervated muscles, so the preservation of the contractile proteins cannot be a mechanism for the
maintenance of normalized force. Considering the smaller Ang 1-7 effect after 16 week
denervation, it is also unlikely that Ang 1-7 reduces the decrease in a-actin and myosin content
during prolonged denervation period. Another potential mechanism is a change in fiber type. In
EDL, 4 week denervation leads to decreases in myosin 11B expression and increases in type IlA;
an effect reversed by Ang 1-7. However, single type IIA and IIB fibers develop similar
maximum force (Bottinelli et al., 1991). Furthermore, neither denervation nor Ang 1-7 affected
fiber type composition in soleus. It is therefore unlikely that changes in fiber type composition is

involved in the preservation of normalized tetanic force in Ang 1-7 treated denervated muscles.

Recovery of membrane excitability as a major mechanism for the Ang 1-7 effect on tetanic

force

Mean resting Eyp was much less negative in 4 and 16 week denervated than in innervated
muscle fibers as previously reported (Albuquerque et al., 1971b; Albuquerque and Thesleff,
1968a; Wareham, 1978; CLAUSEN et al., 1981). Furthermore, a large proportion of denervated
muscle fibers had resting Ey less negative than -60 mV, resting Ey at which muscle no longer
generate action potential and thus force (Cairns et al., 1995; Ammar et al., 2015b). The loss of
membrane excitability was completely prevented by Ang 1-7 and almost completely by DIZE for

both denervation periods. Although mean resting Ey of Ang 1-7/DIZE treated denervated muscle
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fibers was still less negative compared to those of innervated fibers, almost none of the Ang 1-
7/DIZE treated fibers had resting Evm less negative than -60 mV, again for both denervation
periods. Finally, action potential overshoot and maximum rate of depolarization, which has been
used as an index of Na* current during the depolarization phase (Hodgkin and Katz, 1949), were
both depressed in denervated muscle fibers. Ang 1-7/DIZE allowed for normal action potential
overshoot in 4 and 16 week denervated muscle fibers and significant increases in maximum rate
of depolarization in 16 week denervated muscles. It is therefore suggested that the primary
mechanism by which Ang 1-7 completely prevents the loss of normalized tetanic force during
the 4 week denervation period is by reducing the extent of the membrane depolarization
associated with denervation allowing fibers to remain fully excitable with normal action potential
amplitude.

The situation is, however, different after 16 week denervation. That is, while Ang 1-7 still
fully prevents the loss of membrane excitability, it does not fully prevent the loss of normalized
tetanic force. This suggest that over a 16 week denervation period the loss of tetanic force is not
solely due to a loss of membrane excitability, but to other factors for which Ang 1-7 has no
effect. Future studies will be necessary to determine the nature of those factors. Finally, it is
important to note that such mechanism cannot explain the increase in tetanic force observed in
normal innervated muscles. This is because all fibers from normal innervated muscles are fully
excitable, so even if Ang 1-7 improves resting Ey in innervated fibers, it will not result in any
increase in tetanic force.

It is interesting to note that changes in resting E during the 4 week denervation period
with and without Ang 1-7 treatment occurs to the same extent in denervated EDL and soleus

despite the fact that the Na® K™ pump content increases in the former muscle and decreases in the
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latter. Using the *H-ouabain binding technique, fifteen and 31 day denervation periods result in
pump content that decreases by about 35% in rat soleus and only 15% in rat EDL (Clausen et al.,
1982; Ward et al., 1987). So, the decrease in soleus ol and a2 pump content observed in this
study is in agreement with previous studies whereas the increase in EDL is not. The increase in
pump content in mouse EDL may reflect a difference in species and may also be related to the
large increase in the number of fibers expressing type IlA fibers. Soleus muscle has fibers that
primarily express type | (63%) and type IIA (51%) myosin compared to only 25 and 16%
respectively in EDL (this study) while the pump content is 2-times greater in soleus that in
EDL(Clausen et al., 2011b; Ammar et al., 2015b). Also, the number of Hyperkalemic Periodic
Paralysis EDL fibers that expresses type IIA fibers is about ~60% (Khogali et al., 2015)
compared to 16% in normal EDL muscle while the pump content is 2-times greater in the former
than the latter muscle (Ammar et al., 2015b). Together these facts suggest that fibers expressing
type 1A myosin contains more Na* K* pump than fibers expressing type 11B myosin and as the
number of fibers expressing type 1A myosin increases to 95% in denervated EDL, there is a
concomitant increase in pump content.

The next question is how come the depolarization in denervated EDL and soleus muscles
be the same with opposite changes in pump content as well as similar effects of Ang 1-7 on
membrane excitability despite the fact that Ang 1-7 increases the pump content only in EDL.
Compared to normal muscles, Hyperkalemic Periodic Paralysis EDL muscle fibers i) are largely
depolarized, ii) contain 2-times more Na* K* pump than wild type muscles with iii) no increase
in the pump electrogenic contribution. Hyperkalemic Periodic Paralysis diaphragm, on the other
hand, has similar resting Ey compared to normal diaphragm because the pump electrogenic

contribution is twice that in normal diaphragm despite the fact that the pump content is not
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elevated (Ammar et al., 2015b). It therefore appears that changes or the lack of pump content in
both HyperKPP and denervated muscles cannot be an indication of the pump electrogenic
contribution to the resting Em. Thus, future studies will be necessary to fully understand how
Ang 1-7 prevents the membrane depolarization in denervated muscles; by determining not only
the pump electrogenic contribution, but also whether Ang 1-7 reverses the increase in Na’
permeability and decrease in K* permeability (Kotsias and Venosa, 1987b) as well as changes in
K" and CI" conductance as all these components are known to affect resting Ew.

In denervated muscle, all Ang 1-7 effects on force were blocked by A779, a MasR
antagonist, or absent in MasR”" muscles that is in agreement with the fact that Ang 1-7 acts via
its Mas receptor. A779 treatment also exacerbated the decrease in soleus fiber CSA during
denervation. These results are in agreement with the fact that Ang 1-7 acts via its MasR in
skeletal muscle. Interestingly, while the normalized tetanic force of wild type denervated EDL
and soleus were respectively 35% and 56% less than their innervated counterpart, denervated
MasR™" soleus muscle develop similar normalized tetanic force as innervated soleus whereas a
17% decrease was observed in MasR™ EDL. The resting Ey depolarization in denervated MasR™
" was smaller than in denervated wild type muscles resulting in smaller but still significant
decrease in membrane excitability. Furthermore, the overshoot was completely abolished in
denervated MasR”" muscles as the action potential peak remained negative. Together these
results suggest that the normalized tetanic force should be less in denervated than innervated
MasR™ muscles. There is therefore another mechanism that prevented the decrease in

normalized force, but this mechanism cannot be documented from this study.

134




Twitch force and force-frequency relationship

In innervated EDL and soleus muscle, Ang 1-7 also increased twitch force by 100%,
which is in agreement with the increase in tetanic force, but the latter cannot explain all of the
twitch force increase because the increases in tetanic force were only 21-24% in EDL and 22-
37% in soleus; i.e., there were much smaller than those for twitch force. So, an increased
capacity to generate force can only be a small component contributing to the increase in twitch
force. The twitch force increase was associated with longer relaxation phase, which is likely due
to slower Ca** reuptake by the sarcoplasmic reticulum. This then should allow longer time for
the force to increase. However, the twitch force increase was not associated with longer time to
peak. Therefore, Ang 1-7 may also be affecting the amount of Ca®* release allowing for
activation of the contractile proteins and greater force.

The situation is more complex in denervated muscles. Despite a decrease in action
potential overshoot and a 60% loss in excitability, the normalized twitch force to CSA became
greater in 4 week denervated EDL and soleus as previously reported (Dufresne et al., 2016; Finol
et al., 1981). Although of smaller magnitude, a twitch force increase was also observed in 16
week denervated muscles. The decrease in mean overshoot to 1-5 mV in 4 week denervated
fibers is not expected to cause large decrease in twitch force because twitch force decreases by
about 10% as overshoot decreases from 30 to 1-5 mV (Yensen et al., 2002; Cairns et al., 2003).
However, the complete loss of action potential overshoot is likely one mechanism responsible for
the smaller increase in twitch force in 16 week denervated muscles. One factor that may
counteract the expected decrease in twitch force from the excitability loss is a prolongation of the
twitch contraction (this study, (Finol et al., 1981). Contrary to innervated muscles, denervated

muscles had both time to peak and relaxation phase prolonged. The longer time periods then
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allows for more time to develop force during a twitch; whether other factors can also contribute
to the increase in twitch force cannot be determined from this study. The further increases in
twitch force by Ang 1-7 in 4 week denervated muscles can then be explained in part by the
maintenance of membrane excitability as explained above and perhaps by a direct increase in the
capacity to generate force as discussed for innervated muscles. Similarly, the increases in twitch
force in 16 week denervated muscles are most likely due to the longer time to peak and
relaxation phase, but the increases are smaller than in 4 week denervated muscles because of the
same other factors that cause large decreases in tetanic force. The prolongation of the twitch
contraction is also responsible for the major shift in the force-frequency relationship toward
lower frequencies in both innervated and denervated muscle because twitch contractions start to
fuse at lower frequencies.

For denervated muscles, the cause for the twitch prolongation and shift in force-
frequency relationship is most likely related to a decreased capacity of the Ca** ATPase pump to
transport Ca?* back in the sarcoplasmic reticulum. In denervated EDL, protein content of the fast
Ca”" ATPase pump SERCAL and the slow SERCA2 decreases in EDL and soleus, respectively
(Schulte et al., 1994). More importantly, there is a net decrease in the maximal rate (Vwax) of the
total Ca®* ATPase activity; decrease in Vuax also occurred in soleus, but to a smaller extent
when compared to EDL (Dufresne et al., 2016). Such decreases in Ca** ATPase pump activity
then slowdown Ca?* reuptake by the sarcoplasmic reticulum resulting in prolonged increase in
[Ca®*]; allowing more time to generate greater force during twitches. Finally the lack of Ang 1-7
effect on those two contractile parameters suggest that Ang 1-7 does not modify the denervation

effect on the expression and activity of either SERCA 1 and 2.
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Considering the Ang 1-7 effects on innervated wild type skeletal muscle, the mean twitch
force, was much greater in both MasR™ EDL and soleus than their wild type counterpart. Again
the greater twitch force was associated with longer relaxation period and a shifted force-
frequency relationship toward lower stimulation. Surprisingly, the prolongation of the relaxation
phase in MasR”" compared to wild type muscles was much greater than the Ang 1-7 effect in
innervated wild type muscles. As discussed above, the most likely mechanism for the longer
relaxation phase is slower Ca** reuptake. Considering the well-known fact that the knockout of
one gene affects the expression/activity of several other proteins, it is clear that the modulation of

Ca®* reuptake by Ang 1-7 is complex and will require future studies to fully understand it.

6.3 ANG 1-7 HAS LITTLE EFFECT ON THE ATROPHY AND
HYPERTROPHY PATHWAYS

Activation of the MasR by Ang 1-7 is known to activate the hypertrophic Akt/mTOR
pathway (Cisternas et al., 2015). In innervated muscle, the elevation of P-Akt and P-4EPB, a
mTOR downstream target, was only observed at day 3 of the Ang 1-7 treatment as the P-Akt and
P-4EPB levels had returned to normal by the second week of treatment. It can be argued that the
increases were not statistically significant. However, the increases ranged between 41% and 79%
after 3 days of Ang 1-7 treatment. Furthermore, the Ang 1-7 effects over time on those two
proteins were basically the same. Finally, the Ang 1-7 effects on twitch and tetanic force, force-
frequency curve and fiber CSA did not increase from 4 to 16 weeks, suggesting that the effect on
those parameters reached its maximum prior to the 4 week measurements. That therefore suggest
the changes are in P-Akt and P-4EPB at 3 days and its return to normal thereafter are

physiologically relevant and are involved in the physiological changes reported in this study.
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Akt is known to phosphorylate FoxO proteins, which then decreases the expression of
MuRF-1 and Atrogin-1 protein content (Morales et al., 2015b; Cisternas et al., 2015). However,
in this case, the decreases were very small and not substantial, suggesting that the hypertrophic
effect observed in innervated muscle is mainly via an increase activity of the Akt pathways.

Denervation has a strong impact on the content and phosphorylation of the Akt/mTOR
pathway. In regard to Akt, we observed no change in protein content after a 3 day denervation
period, but very large increases in both total and phosphorylated Akt after 2 and 4 week of
denervation in EDL and after 2 week in soleus. Large increases in phosphorylated S6K, a mTOR
downstream target, was also observed after 2 week in EDL while no change was observed for 4-
EPB. It is surprising that the Akt/mTOR pathway and especially Akt is activated after 2 and 4
week in EDL, a time when atrophy is expected to be high. However, the effect of denervation on
total and phosphorylated Akt, S6K and 4-EPB are in agreement with results recently published
for the tibialis anterior muscle (Castets et al., 2019). The authors of the study actually suggested
that a tight regulation of the Akt/mTOR pathway is required to maintain muscle homeostasis; a
reduced activation promotes more atrophy while a large and sustained activation of mTOR
results in muscle myopathy including formation of vacuoles, aggregates and abnormal nuclei. A
3 day denervation resulted in small increases in MuRF-1 and Atrogin-1 protein content while
very large decreases were observed by 2 and 4 week. Considering i) the activation of the Akt
pathway, which is known to inhibit the expression of both MuRF-1 and atrogin-1, and ii) the
conclusion of Castets et al., (2019) then our results are not surprising; i.e., the large decreases at
2 and 4 week are most likely because of an inhibition from the Akt pathway.

However, we observed little or no consistent effect of Ang 1-7 and DIZE on Akt, S6K

and 4EPB as well as for MuRF-1 and atrogin-1 content in denervated muscle. That therefore
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suggest the lack of Ang 1-7 effects on those proteins is the reason why Ang 1-7 has no effect on
actin and myosin protein content, muscle mass and fiber CSA in denervated muscle. What
remains to be determined is how Ang 1-7 improves membrane excitability and resting Ey in
denervated muscles. However, as discussed above, future studies are first necessary to determine
how Ang 1-7 modifies the activity of membrane components involved in the resting Ewm

regulation and then determine whether the Akt or another pathway is involved.

6.4 ANG 1-7 IMPROVES MUSCLE MASS AND FORCE RECOVERY
FOLLOWING REINNERVATION

On interesting finding of this study was 16 week after the denervation surgery the
presence of fibers with large CSA and force-frequency relationship similar to that of normal
innervated muscles. The presence of large muscle fibers has been reported following long period
of spinal cord injury or denervation (Biral et al., 2008; Carraro et al., 2005; Ashley et al., 2006;
Bacou et al., 1996; Maier and Bornemann, 1999). Biral et al. (2008) suggested that the large
CSA fibers were atrophy resistance fibers. If this was the case in mouse muscle, then it would
imply that following denervation there is an initial atrophy process because of the net atrophy
observed after a 4 week denervation followed by a hypertrophy process by the 3™ week. This is
quite unlikely because i) such event would be expected to occur in all muscles, not just one thrid
of them as reproted in this study, ii) all fibers of some muscles, 16 week after the denervation
surgery had large fibers as those of normal innervated muscles and it is more than unlikely that
such a complete reversal hypertrophy of all fibers really had occurred. Ashley et al. (2006)
suggested that the large fibers after a prolong period of denervation was due to incomplete fusion
of small fibers or myoblasts during regeration of muscle fibers. Again this explanation is

unlikely for mouse muscles as central nuclei were not present in the large fibers. The authors of
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other studies, in which similar large fibers are observed after a prolonged denervation explained
the phenomenon as selective reinnervation of muscle fibers that undergo compensatory
hypertrophy as they become active (Bacou et al., 1996; Carraro et al., 2005). In this study no
attempt was made to prevent reinnervation and the idea of the reinnervation is further supported
by our observation that muscles with large muscle mass and FF50 closed to that of normal

innervated muscles had a nerve entering them.

As a consequence of the reinnervation, there were large increases in muscle mass, fiber
CSA, tetanic force and a shift of the force-frequency relationship toward that of innervated
muscles. Interestingly, reinnervation did not necessarily involve all fibers within a muscle as
some fibers still had CSA similar to those that had remained denervated, while another
proportion of fibers had large CSA, i.e., reinnervation was incomplete (Fig. 5.2-4). This can then
explain why some reinnervated muscles had a force-frequency relationship that was partially
shifted toward that of normal innervated muscles. However, for most muscles the relationship of
reinnervated muscles was similar to that of normal innervated muscles. The force generated by
fully denervated muscles were very small and thus it is quite possible that a complete recovery of
the force-frequency relationship occurred in partially reinnervated muscles because the large
force generated by reinnervated fibers largely overcome the small force generated by the

remaining denervated fibers.

Ang 1-7 did not increase the incidence of reinnervation, which suggests that an increase
in Ang 1-7 levels does not enhance the reinnervation process. However, inhibiting MasR with
AT79 reduced the incidence of reinnervation while the extent of reinnervation in MasR™™ mice

was greater 19 weeks after the denervation surgery compared to after 16 weeks in wild type; i.e.,

140




reinnervation was delayed. This suggests that the endogenous Ang 1-7 contributes to the

reinnervation process and future studies will be necessary to understand that role.

Another aspect regarding Ang 1-7 and reinnervation is that muscle mass and contractility
recovery is accelerated by Ang 1-7. Compared to untreated reinnervated muscles, muscle weight
and tetanic force of reinnervated EDL and soleus were greater in Ang 1-7 treated muscles, while
membrane excitability and action potential overshoot were the same in untreated and Ang 1-7
treated reinnervated muscles. Twitch force of Ang 1-7 treated reinnervated muscles remained
greater than innervated muscle possibly due to a mechanism similar to that discussed for the
increase in twitch force in Ang 1-7 treated innervated muscle. Therefore, these results suggest
that the hypertrophic effect of Ang 1-7 that was observed in innervated muscles and lost in

denervated muscles is regained upon reinnervation enhancing the recovery from denervation.

6.5 PERSPECTIVES

As discussed in the introduction nerve could take several months to regenerate such as in
cases of nerve injury level 1l and Ill. Also, any delay in nerve repair negatively affects muscle
mass and functional recovery following reinnervation. Therefore, the development of an efficient
treatment to prevent atrophy associated with denervation and to preserve muscle function is
extremely important. This study shows that treating denervated muscle with Ang 1-7 does not
prevent mass loss, but it efficiently reduces the extent of muscle function loss over a 4 week
denervation period in term of membrane excitability and force; the preservation of force, but not
of membrane excitability, diminishes as denervation is prolonged to 16 week. Furthermore, once
muscle gets reinnervated, Ang 1-7 enhances the restoration of muscle mass and force. This study

provides a potential therapeutic Ang 1-7 treatment for denervated muscle to maintain at least
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muscle function during the denervation period as well as to enhance muscle recovery upon

reinnervation.

6.6 OVERALL CONCLUSION

Ang 1-7 is a hypertrophic factor in innervated muscles. It increases muscle weight and
CSA as well as tetanic force. This effect is abolished in Mas/™ mice, which provides evidence
that Ang 1-7 involves an activation of Ang 1-7-MasR. The transient increases in the Akt/mTOR

signaling pathway activity occurs within a week.

Ang 1-7, however, loses its hypertrophic effects following denervation as it did not
prevent muscle mass loss and decreases in fiber CSA following a 4 week denervation possibly
because there was no evidence for an activation of the Akt/mTOR signaling pathway as well as
an inhibition of MuRF-1 and atrogin-1 activity. On the other hand, Ang 1-7 is very effective at
maintaining muscle function, i.e., maximum tetanic force, by preventing large membrane
depolarization resulting in no loss of membrane excitability as observed in untreated denervated
muscles at least up to 4 week denervation (Fig. 6.1). The denervation-induced membrane
depolarization is mainly due to increases in Py, and decreases in Pk and Pcy. It will therefore be
interesting to determine in future studies i) how Ang 1-7 treatment affects theses permeability

and as well as which intracellular signaling pathways is involved in the Ang 1-7/MasR (Fig. 6.1).

The protective effect of Ang 1-7 on the maximum tetanic force was also observed after
16 weeks of denervation but to a small extent. Another new effect observed for Ang 1-7 was

enhancing muscle mass and function upon reinnervation to improve recovery from denervation.
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FIGURE 6.1
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Figure 6.1: Summary for major effect of Ang 1-7 on denervated muscles. The major
mechanism for the maintenance of normalized tetanic force by Ang 1-7 is reducing the extent of the
membrane depolarization associated with denervation allowing for the maintenance of membrane
excitability and normal action potential overshoot. Ang 1-7 possibly prevents the change in membrane
permeability of Na, K and Cl associated with denervation. Ang 1-7 does not prevent weight and CSA loss

following denervation.
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Appendix 1: A) Nav 1.4 and B) & subunit acetylcholine protein content of 16 week
denervated EDL. The same sample used in Fig.5.1 for force-frequency curve: g, typical
relationship of denervated muscles; A, relationship close to the mean relationship of innervated
muscles; O, intermediate relationship. Protein content of A) Nav 1.4 and B) ¢ Ach is plotted

against the muscle weight.
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