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ABSTRACT

Muscle fatigue is an intrinsic myoprotective process that prevents damaging ATP
depletion during intense or prolonged exercise by limiting ATP demand when ATP production
becomes insufficient. One mechanism of fatigue involves a reduction in membrane excitability
with the opening of ATP-sensitive K* (Kare) and CIC-1 CI" channels, resulting in submaximal
sarcoplasmic reticulum Ca?* release and reduced force generation, but the intracellular signalling
pathways for this process is unknown. As a first step toward understanding this process, the
objective of this study was to test the hypothesis that adenosine receptors (ARs) and AMPK
trigger fatigue when a metabolic stress occurs during muscular activity. Compared to control
conditions, a pan-activation of ARs with 10 uM adenosine and NECA initially reduced the fatigue
rate during the first 60 s of a 3 min fatigue bout triggered with 1 tetanic contraction every s. An
activation of the Al adenosine receptor (A1R) with 10 and 20 uM ENBA resulted in faster rate of
fatigue; an effect blocked by 5 uM DPCPX, an A1R antagonist. At 10 and 20 uM, adenosine, NECA,
and ENBA activated AMPK via an increased in T172 phosphorylation. At 10 uM, MK8722, an
AMPK agonist, initially caused a reduction in fatigue rate during the first 60 s followed by an
increased fatigue rate during the last 2 min of the fatigue bout. Co-activation of ARs and AMPK
did not give rise to either an additive or synergistic effect. FDB from AMPK a1’ and a27- mice
had faster fatigue rate and greater increased in unstimulated force compared to FDB from AMPK
al** and a2*/* mice. It is suggested that ARs and AMPK play a role in the mechanism of fatigue

when a metabolic stress develops during muscle activity.
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CHAPTER 1: INTRODUCTION

Within the human body, skeletal muscle tissue is unique in the extent to which its energy
needs change over time, between periods of activity and rest. During periods of sudden
contraction, this can manifest in an over 100-fold increase in ATP demand over the course of a
few milliseconds®. Although muscle tissues have the capacity to rapidly increase ATP production
in response to sudden or prolonged activity (e.g. using stored glycogen, creatine phosphate, and
myokinases), such demand will inevitably and eventually outstrip supply, resulting in damaging
ATP depletion and even muscle fiber death. To prevent this outcome, skeletal muscle tissues
must instead reduce this ATP demand during prolonged or intense activity, which is achieved via

the innate cellular process of muscle fatigue.

Muscle fatigue is defined as a transient decline of contractile performance and the ability
of muscles to do work, which recovers after a period of rest. This process is connected to the
energy state of muscle fibers, where it serves to reduce ATP demand by reducing membrane
excitability and calcium release in response to motor neuron stimulation, maintaining ATP
homeostasis within muscle fibers®® Although this process has been known as long as humans
have exercised, and though some effectors which actively reduce membrane excitability and
calcium release have been identified, how this is achieved and the intracellular signalling
pathways involved are not fully understood. The overall objective of this thesis is to elucidate
the potential role of adenosine receptors (ARs) and AMP-activated protein kinase (AMPK) in

triggering fatigue.



SKELETAL MUSCLE ACTIVITY AND METABOLISM

Muscle Fiber Excitation to Contraction

The events leading from neural stimulation to muscle excitation, contraction, and
relaxation are well described*>. Briefly, voluntary contractions are elicited when motor neurons
release acetylcholine (Ach) at the motor end plates. Ach then crosses the synapse cleft and binds
to muscle nicotinic acetylcholine receptors, which are ligand-gated cation channels. Ach binding
causes these channels to open, allowing Na* and K* ions to flow through, resulting in membrane
depolarization as more Na* enters the fibers than K* leaves them. Once this depolarization
reaches a threshold of -55mV, voltage-gated Na* channels open, triggering an action potential
(AP) that depolarizes the sarcolemma from a resting membrane potential (resting Em) of -70 mV
to +30mV. APs then propagate along the sarcolemma and into the t-tubules. Continued
depolarization eventually results in the inactivation of these voltage-gated Na* channels and the
opening of voltage-gated K* channels, causing K* efflux and repolarization, eventually returning
the membrane potential back to the resting Em. Throughout the action potential and at rest, the
Na*/K* ATPase continuously actively transports 3 Na* ions out of and 2 K* ions into the fibers,

maintaining the electrochemical gradient of Na* and K*.

Depolarization of t-tubular membranes causes the activation of voltage sensitive Cayl.1
Ca?* channels also known as dihydropyridine receptors (DHPRs) or L-Type Ca?* channels. This
induces a conformational shift, which by physical contact activates nearby Ryanodine receptors
(RyR1) in the sarcoplasmic reticulum (SR) membrane through an interfacing protein domain.
RyR1 is a Ca?* channel and its activation induces an efflux of Ca?* from the SR into the myoplasm.

From here, Ca?* diffuses into the sarcomere where it binds to troponin, which displaces



tropomyosin, liberating the myosin binding sites on associated actin filaments. This displacement
allows for myosin ATPase heads to bind to actin filaments, leading to the formation of myosin-
actin cross bridges and associated cross bridge cycling, resulting in force generation and/or
sarcomere shortening via the activity of the myosin ATPase. Muscle relaxation occurs when
repolarization of the t-tubule membrane ends DHPR activation, resulting in the closing of RyR1
as well as Ca%* being actively pumped back into the SR by Ca?* ATPases in the SR membrane. The
Ca?* dissociation from troponin allows tropomyosin to re-block myosin binding sites on the actin
filaments, preventing further contraction until the fiber is re-excited. During this process of
excitation-contraction coupling, the activation of the three mentioned ATPases is responsible for
the increase in ATP demand observed with activity: i) myosin ATPases for sarcomere shortening
account for ~60% of this increase in ATP demand, ii) Ca?* ATPases which actively transport CaZ*
back into the SR account for ~40%, and iii) Na*/K* ATPase which maintains the Na*/K* gradient

accounts for ~1%%°.

ATP Metabolism during Activity

As the demand for ATP is dynamic within muscle fibers between periods of rest and
activity, so too is ATP generation. ATP is generated via both aerobic and anaerobic pathways
within muscle fibers, with the latter being faster, utilizing stored and extracellular carbohydrates
and dominating during high-intensity activity, while the former utilizes carbohydrates and fats

and dominates during extended submaximal exercise®’.



At the onset of exercise, the first anaerobic ATP source is creatine phosphate (PCr), which
transfers its bound high energy inorganic phosphate (P;) to ADP via creatine kinase to generate
ATP and creatine (Cr):

PCr + ADP & Cr + ATP

This is among the quickest methods of ATP generation used in skeletal muscles but is
exhausted quickly within ~50 seconds of activity®. A second anaerobic pathway is the transfer of
Pi between 2 ADP molecules, forming ATP and AMP, followed by AMP deamination to IMP in
order to maintain equilibrium in favour of ATP generation during activity:

2 ADP & ATP + AMP

AMP - IMP + NH,

The next source of ATP is from glycolysis, which uses extracellular and glycogen-derived

glucose (glucose-1-phosphate, G1P), respectively generating 2 and 3 ATP per glucose molecule:

Glucose + 2ADP + 2NAD* + 2P; - 2Pyruvate + 2ATP + 2NADH + 2H*
G1P + 3ADP + 2NAD™ + 3P; - 2Pyruvate + 3ATP + 2NADH + 2H*
In the absence of oxygen or when O; levels fall during exercise, this is followed by the

reduction of pyruvate to lactate in order to regenerate NAD* necessary for the glycolytic process:

Pyruvate + NADH + H* — Lactate + NAD*

The last pathway to generate ATP requires O3, being an aerobic pathway. This pathway
uses either pyruvate from glycolysis or acetyl CoA generated by the B-oxidation of fatty acids. It
is a more efficient albeit slow pathway to generate ATP as a maximum of 36 ATP (30 ATP from
the TCA cycle, 2 from glycolysis, and 4 from NADH produced during glycolysis) per glucose

molecule and 106 ATP per palmitate can be formed:



Glucose + 36ADP + 36P; + 60, — 36ATP + 6H,0 + 6CO0,

Palmitate + 106 ADP + 106P; + 240, — 106ATP + 24H,0 + 24CO0,

Metabolic Differences between Muscle Fibers

Skeletal muscle tissue is heterogenous as there are several fiber types. Muscle fibers are
typed based on their Myosin Heavy Chain (MHC) isoforms®. This includes Type I, lIA, 1IB, and IIX
fibers, with a minority of fibers containing more than one MHC. Rodent skeletal muscles express
all four fiber types, while humans do not express 11B®. Type | fibers are slow twitch oxidative
fibers, with the lowest peak force and greatest time to peak force. Type IIA fibers are fast twitch
oxidative fibers, generating greater force than type | fibers. Both fiber types are the most
resistant to fatigue due to their reliance on more efficient aerobic ATP generation pathways. It
should also be noted that even for oxidative fibers, anaerobic substrates (substrates not directly
involved with oxidative phosphorylation such as glucose, PCr, and ADP via myokinase) are
favoured for ATP generation at the onset of exercise and during maximal exercise, with greatest
usage of aerobic substrates occurring during prolonged submaximal exercise around 60%
intensity”°. In contrast, Type |IB are fast twitch glycolytic fibers with the highest peak force and
quickest time to maximum tetanus but are also the most fatigable because they rely primarily on
anaerobic ATP generation during muscle activity. Type IIX fibers are intermediate between type
IIA and IIB fibers in terms of peak force, fatigue resistance, and aerobic and anaerobic pathways.

Overall, fatigue resistance between fiber types is on the order of Type | ~ 1A > lIX > |IB1°,



FATIGUE

The Mechanism of Muscle Fatigue

As mentioned earlier, muscle fatigue is defined as a transient decline of contractile force
and/or work, which recovers after a period of rest. This process is well documented as peripheral
to central homeostasis, and is intrinsic to muscle fibers>™3, Though earlier work studying
fatigue focused on the accumulation of metabolites such as inorganic phosphate (P;) and lactic
acid, it was eventually realized that they have little effect on force generation. In fact, the force
loss during fatigue is associated with a decrease in intracellular Ca%* [Ca?*]i during contraction
resulting in submaximal activation of the contractile components. When caffeine was added at
the end of the fatigue bout to cause supramaximal Ca?* release by directly activating RyR1, the
contractile components of fully fatigued fibers generate as much force as before the fatigue bout

from electrical stimulations involving AP generation314,

The next question is what causes this reduction in [Ca%*]i? There are four potential
mechanisms to explain it: 1) a depletion of SR Ca?* stores, which is unlikely considering that
supramaximal [Ca%*]; is achieved with a caffeine exposure 3!4; 2) buffering of SR Ca?* by P;
released by the hydrolysis of PCr, which enters the SR via anion channels that open during fatigue,
reducing the releasable pool of CaZ* >-%7; 3) an inhibition of the DHPR-RyR1 complex when [ATP]
decreases, as Ca’* release is reduced when ATP dissociates from Cav1.1 and RyR1, a process that
remains to be elucidated!®®’; 4) a reduction in membrane excitability, i.e., the capacity to
generate normal action potential, a process that involves the activation of CIC-1 CI" and Karp K*
channels?, The latter has been extensively studied over the past few years and will be discussed

in greater detail.



During muscle activity, membrane excitability and conductance (Gwm) is regulated in a
biphasic pattern, as shown by Pedersen, de Paoli, et al. (2009)?!. Together, K* and CI-make up
all passive membrane conductance of muscle fibers (Gm) at rest, with chloride conductance (Gc)
through the CIC-1 channel contributing as much as 80-90%, and the remaining being the K*
conductance (Gk)?2. At the onset of muscle contractions, G is reduced by more than 50% as CIC-
1 channels close; i.e., less Cl" can diffuse through the sarcolemma. The reduction in CIC-1 activity
occurs due to phosphorylation by Protein Kinase C (PKC), allowing AP amplitude to remain
constant??324; j.e., preventing a decrease in membrane excitability. This period of reduced Gg
via CIC-1 activation is defined as phase 1. In EDL fast-twitch muscles, higher frequency
stimulation brings an end to this phase, being slightly longer when muscles are stimulated at
lower frequencies. Notably, phase 1 always ends after approximately 2500-3000 APs regardless

of the stimulation frequency??.

At the end of phase 1, G¢ increases 4-fold due to the activation of CIC-1 channels. As more
Cl" can enter in the fiber, it counteracts Na*-induced membrane depolarization, resulting in AP
amplitude dropping from ~100mV to ~30mV; i.e., the increase in G¢ reduces membrane
excitability. This period is defined as Phase 2. Phase 2 is also associated with an
increase in Gk via the activation of Karp channels, which occurs during metabolic stress, also
contributing to a reduction in AP amplitude as an increase in K* efflux also counteracts the Na*-
induced depolarization?!. The shift to phase 2 was found to be accelerated in conditions that
enhance metabolic stress during activity. For example, Phase 2 starts after about 1500 APs when
experiments were conducted in glucose-free solution, or glycogen breakdown was impaired via

glycogen phosphorylase knockout?%?*, Phase 2 was not observed when similar experiments were



conducted using fibers of the fatigue resistant slow-twitch soleus, with Gm remaining stable (i.e.,
Phase 1) over the course of 15000 APs?4. Taken together, the authors suggested that Phase 2
occurs as a metabolic stress takes place, and that the increase in G¢rand Gk through the activation
of CIC-1 and Kartp channels is a mechanism for the reduction of membrane excitability, resulting
in lowered depolarization during the AP peak?®*. Ca?* release rapidly drops as the AP peak
becomes less than 0 mV, resulting in the reduction in contraction associated with fatigue®. The
structure and regulation of CIC-1 and Katp channels as well as the physiological significance of

changes in Gg and Gk will now be discussed.

CLC-1 CL" CHANNELS

Structure, regulation, and function

CIC-1 is a double-barreled ClI" channel that accounts for 80-90% of membrane
conductance at rest, made up of a homodimer with 2 Cl" pores and 3 conductance states: zero
conductance (i.e. closed), intermediate conductance (i.e., one channel open), and maximal
conductance (i.e. both channels open)?®. The channel is regulated by two protopore gates, one
for each pore responsible for the intermediate and maximal states, and one common gate
responsible for the fully closed state. At rest, one pore of the channel remains open, with the

second opening upon membrane potential depolarization, increasing Gci?”%.

Cl- and CIC-1 play a key role in the maintenance of resting Em. Cl equilibrium potential
and Em are the same, resulting in no net CI" flux through CIC-1 at rest?®. Therefore, any
disturbance to resting Em via the action of Na* or K* during APs will result in a Cl" current through

CIC-1 channels that drives Em back towards resting potential, stabilizing it during periods of



activity. As a result, there is a net CI" influx during both the depolarization and repolarization
phases of an action potential, which can significantly reduce AP amplitude when CIC-1 channels
are activated such as during Phase 2, linking G¢ to overall membrane excitability during muscle

activity.

Important in the context of fatigue, ATP binds to a regulatory cystathionine B-synthase
domains in the C-terminal region of CIC-1, modulating the activity of the common gate in a pH-
dependent manner3%31, ATP binding to CIC-1 reduces the open probability of CIC-1 channels, i.e.,
reductions in [ATP]; shift channel opening towards more negative Enm, and thus increases CIC-1
activity at resting Em 32. The binding K; of ATP is about 1mM, an ATP concentration which has
physiologically been found after 25s of intense exercise in fully fatigued fibers33. As such, ATP
likely plays a role in CIC-1 regulation during muscle activity and especially fatigue where a

decrease in ATP is likely to increase CIC-1 channel activity.

Modulation of the K* Effects on Contractile Force by CI-

K* has long been considered a major factor causing the decrease in force during fatigue.
To understand how CI- modifies this effect, the mechanism of the K*-induced force depression
must first be described. Over the course of multiple APs, the repeated opening of voltage-gated
Na* channels during depolarization and K* channels during repolarization causes increases in
intracellular Na* ([Na*];) and interstitial [K*] ([K*]int), with the latter increasing from 4-5mM at rest
to as high as 10-13mM during intense as well as moderate exercise3*. In vitro studies have shown
that increases in [K*]int depolarizes resting Em. For example, in mouse wild type EDL muscles, an

increase in [K*]int from 4.7 to 12mM K* causes a resting Em depolarization from -75mV to -65mV,



with another 10mV depolarization occurring between 12-14mM K* 3>, As a consequence of the
depolarization, Na* channels become inactivated affecting membrane excitability as AP
amplitude decreases and may render fibers completely unexcitable, both of which resulting in

lower Ca?* release and force generation?>3>36,

The relationship between [K*]int and force of mouse EDL for example follows an inverse
sigmoidal pattern, with a 10% decrease in force occurring when [K*]int increases from 4.7mM to
12mM, followed by 90% of force loss occurring over a 2-3mM range, as [K*]int increases from 12-
14mM becoming zero at 15 mM 3>3%, The [K*]int where this sudden 90% drop in force begins is
known as the critical [K*] ([K*]crit), being 12mM for mouse EDL and 9 mM for mouse soleus under
physiological resting conditions at 37°C. Thus, the increase in [K*]in: during muscle contractions
mentioned above is very close to the critical [K*]int, Which may negatively affect muscle
performance. However, [K*]cit is affected by several factors, one of which is Gc. A 60% reduction
in Gq in resting muscle increases [K*]cit by 2-3mM. Thus, the decrease in G¢ during Phase 1
prevents the K*-induced action potential and force depression over multiple APs3”38, In fact,
action potential amplitude remains constant during the entirety of Phase 1. It has been suggested
that the reduction of Gg via CIC-1 inhibition at the onset of activity is crucial to allow normal
contractile performance despite an increase in [K*]e. As mentioned above, Phase 2 starts when a
metabolic stress occurs, which triggers fatigue to prevent deleterious ATP depletion. So far, there
is no compound to activate CIC-1 channels. However, if a decrease in G¢ increases [K*]crit, then
one can assume that a 4-fold increase in G¢ above resting levels reduces [K*]crit to a point that K*-
force induced depression takes over, contributing to the failure of E-C coupling by rendering

fibers less excitable or completely unexcitable. It has been suggested that the activation of CIC-
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1 channels during Phase 2 is thus important in the fatigue process to lower membrane excitability
and preserve ATP. However, the precise mechanism or intracellular signalling pathway behind
the channel activation is still unclear beyond a direct ATP dissociation that increases channel

activity.

Katr CHANNELS

In skeletal muscle, Karp is a hetero-octameric K* channel made up of 4 inwardly rectifying
Kir6.2 subunits providing 4 pores surrounded by 4 regulatory SUR2A subunits that contribute to
Gk at rest with another K* channel (Ki:2.1)*°. Each Ki6.2 subunit contains an ATP binding site,
which functions to close the channel on binding, as opposed to CIC-1 channels where ATP shifts
the current-Em relationship towards less negative values decreasing channel activity. The Kate
channel’s main function is to link cellular energy status to membrane excitability. In addition to
being antagonized by ATP, there is evidence that Kare channel activity is stimulated by increases
in ADP, MgADP, AMP, and reductions in pH*°. As such, Kate is an energy sensor that reacts to the
ratio of ADP/AMP to ATP. The importance of this link is further supported by the difference in
Kate channel content between fiber types, as the fatigability and Karp channel contents are in the
order of 1IB>IIX>IIA>I*1. Additionally, glycolytic fast-twitch EDL and FDB muscles were found to
have a greater Karp content in the t-tubular membrane (where Karp has a greater effect on

membrane excitability) vs. outer cell membrane compared to more oxidative soleus muscles**.

When Katp opens during Phase 2 of activity, the resulting increase in Gk causes K* efflux
during depolarization that counters the depolarizing Na* current, reducing AP amplitude in a

similar manner to CI- influx through CIC-1 channels?>42. This in turn results in lower Ca?* release
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that reduces force and therefore ATP demand from myosin ATPase and Ca?* ATPase*. This has
been demonstrated pharmacologically using the Kate channel activator pinacidil, which increases
the rate of fatigue in exposed muscles while also reducing the development of unstimulated
force, defined as the force remaining between two contractions®*. Unstimulated force increases
when muscles fail to fully relax between contractions during fatigue and can be a sign of
contractile dysfunction®. In this function, Kare channels are important in preventing damaging
ATP depletion during exercise and abolishing its activity results in deleterious effects during
fatigue. On the one hand, if activating Katp channels contributes to the decrease in force, then a
lack of Kate channels should result in a slower fatigue rate. On the other hand, if Katp channels are
crucial at preventing damaging ATP depletion, then muscle dysfunction may occur, resulting in a

faster fatigue rate.

To test this, studies have tested the effects of a lack of Karp channel activity using two
approaches: 1) pharmacologically by exposing FDB muscles to glibenclamide, a Karp blocker, and
2) genetically via Ki6.2 knockout (K;;6.27"). Both of these methods gave rise to quantitatively
similar results when comparing differences between control and Kare channel deficient muscles.
Furthermore, glibenclamide exposure has no effect on Ki:6.2”7- muscles*>*’. This suggests that
the effects of glibenclamide exposure or the knockout are due to a lack of Kare channel activity
rather than non-specific glibenclamide or knockout-related effects. Using both approaches,
studies have demonstrated the occurrence of severe excitability, contractility, and metabolic

dysfunctions in Katp channel deficient skeletal muscles during fatigue as follows.

In vitro, Katp deficiency causes severe membrane depolarization. Resting Em typically

depolarizes by <15mV during fatigue, which becomes 50mV in Katp-deficient muscles**#8, This

12



large depolarization is due to a lack of continuous K* efflux between contractions**®, and is
enough to activate Cayl.1 channels resulting in large increases in unstimulated [Ca?*]; and
consequently in unstimulated force. In mouse FDB unattached single muscle fibers, unstimulated
[Ca?*]iincreased to a greater extent in Karp channel-deficient fibers. The increase in unstimulated
[Ca?*]i was such that 55-58% of the tested Karp-deficient fibers supercontracted as opposed to no
supercontraction in normal fibers®’. In Karp-deficient FDB muscle bundles, the large increase in
unstimulated [Ca?*]i resulted in subsequent increase in unstimulated force up to 20% of the pre-
fatigue tetanic force in the absence of the channel compared to only 1% in control FDB*6. Thus,
in the absence of Karp channel activity the ATP demand from myosin and Ca%* ATPases increases
drastically. A further contractile dysfunction in the absence of Karp activity is an impaired force
generation because the large resting Em depolarization also results in greater than normal Na*
channel inactivation, resulting in a greater decrease in force compared to control muscles**#’,
Finally, the capacity of force recovery following fatigue was impaired in Kate channel deficient
muscles. Following fatigue, control FDB bundles recover 95% of the pre-fatigue force within 15

min of recovery while Karp channel deficient FDB only recover 69% of force after 30 min®.

In vivo, Thabet et al., (2005)*° found that Ki:6.27/-mice fatigued 41% faster during treadmill
running than wild type mice and had 65% less improvement in running distance with daily
treadmill running. Furthermore, they showed severe fiber damage in hindlimb muscles with
evidence of regeneration as observed by the presence of central nuclei. Central nuclei are
generated when damaged fibers are repaired via the recruitment of satellite stem cells and
remain centrally located in repaired muscle fibers rather than being just below the outer cell

membrane. Five weeks of daily treadmill running did not result in internal nuclei in wild type
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muscles, while 25% of Kir6.27- EDL fibers and 12% of Kir6.27 plantaris and tibialis fibers had
internally located nuclei. Katp-deficient muscles also present less recovery of force after fatigue,
likely due to fiber damage as well as metabolic dysfunction. Extensive fiber damage was also
observed in Kir6.27- diaphragms, but with no sign of fiber regeneration. Thus, in the absence of
Katp channels severe fiber damage occurs, which is repaired in hindlimb muscles but not in

diaphragm.

Regarding metabolic dysfunction, Scott et al., (2016)>° found that ATP levels decreased to
greater extent in Kir6.27- FDB than in wild type. For both muscles, ATP level drops to 65% of initial
levels within 60 s, then returns to 88% of initial ATP levels in wild type FDB over the next 60 s,
being ~12.5umol/g dry wt at 180 s°°. In Kir6.27- FDB, ATP content continued to decrease reaching
38% of initial ATP content by 180 s, around 7umol/g dry wt. Finally, there was a net loss of
adenylates in Kir6.27- muscles, with total adenylates dropping from ~22umol/g dry wt at O s to
~14umol/g dry wt at 180 s while total adenylates increased in wild type muscles from ~18umol/g

dry wt to ~22umol/g dry wt over the same time period.

The lack of ATP recovery during the 2" min of the fatigue bout in Kir6.2”- FDB is not
surprising considering the large ATP demand by SR Ca?* ATPase due to the large increase in
unstimulated [Ca?*]i as well as by myosin ATPase due to the large increase in unstimulated force.
However, the lack of ATP recovery was also related to at least two metabolic dysfunctions. First,
lower ATP should result in greater glycogen mobilization, but the reverse was observed. Kir6.27
FDB muscles had a lower glycogen mobilization than wild type during the last 120 s of a 3 min
fatigue bout: 29umol/g dry weight vs 39umol/g dry weight, respectively>®. Second, while in

normal FDB muscles there was no increase in CO; production from glucose during the 3 min
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fatigue bout, there was an increased CO; production during the first 60 s of activity in Ki6.27
FDB. However, this CO, production did not increase further during the remaining 120s despite
further decrease in ATP levels. This reduced CO. production is potentially due to the excessive
increase in unstimulated [Ca%*]; which is known to suppress the activity of isolated
mitochondria®l. Thus, despite greater ATP demand in the absence of Karp channel activity,
muscles are unable to generate sufficient ATP due to impaired glycogen mobilization and

oxidative phosphorylation.

Similar to the CIC-1 channel, the mechanism by which Karp is activated during fatigue is
not fully understood. Although ATP binding does reduce the activity of Kare channels, the K; for
ATP binding to Ki6.2 is ~194 uM>?, much greater than physiological [ATP] which is greater than 1
mM even in fatigued muscles®3. Although other metabolites also modulate channel activity, there
is debate as to how Katp channels are activated during periods of metabolic stress such as fatigue.
The question is whether there are intracellular pathways that activate both CIC-1 and Kare
channels during Phase 2. There are actually two possibilities as both adenosine receptors>*>>and
AMPK>%57 have been shown to activate Karp channels in cardiac muscle during metabolic stress,
while in skeletal muscle one study reported an activation by the Al adenosine receptor (A1R)%S.

These constituents will now be discussed.

PURINERGIC SIGNALLING DURING SKELETAL MUSCLE FATIGUE

It is well established that ATP is released by skeletal muscles during activity and can be
converted to adenosine extracellularly®®®. Purinergic receptors are ATP and adenosine

receptors, classified as P2 and P1 receptors respectively®?.
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ATP Signalling

During muscle activity, ATP is transported out of fibers into the interstitial and t-tubular
space via Pannexin-1 Hemichannels (PanX1), which are activated by increases in [Ca?'];,
membrane depolarization, and phosphorylation via the activation of extracellular P2Y receptors,
and inhibited by acidification®%%2, PanX1 is permeable to Ca%* as well and is thought to play a role
in the potentiation of twitch contraction at the onset of activity, releasing ATP and Ca%* when
energy levels are high then closing at the onset of fatigue®®®°. Once in the extracellular space,
ATP participates in autocrine signalling via P2X and P2Y receptors. P2X receptors are a family of
ATP-gated Ca?*, K*, and Na* channels and P2Y receptors are ATP-activated G protein coupled
receptors (GPCRs). In skeletal muscle, ATP binding to P2X4 aids with contraction via Ca?* influx
to activate sarcomeric motor proteins in slow-twitch muscles during sub-maximal stimulation®3.
Secreted ATP also binds to P2Y1: a Go/Gii-coupled G-Protein Coupled Receptor (GPCR) that
activates PKC contributing to PanX1 activation and continued ATP secretion®®®4. This PKC
activation may also be involved with the PKC-mediated inhibition of CIC-1 during Phase 1 of

activity, contributing to the prevention of K*-induced force depression?3.

Adenosine Signalling in Cardiac and Skeletal Muscles:

Paracrine and autocrine purinergic signalling in the interstitial space is further regulated
by the action of membrane-bound ecto-NTPases that act on a variety of nucleotide phosphates,
breaking down ATP to ADP, then AMP. Finally, ecto-5’-nucleotidase (ecto-5’-NT) metabolizes
AMP into adenosine and inorganic phosphate®. As PanX1 activity begins to decrease at the onset

of fatigue, the ratio of ATP:ADP then ADP:AMP begins to drop, leading to an accumulation of
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AMP which is metabolized into adenosine by ecto-5’-NT®. This breakdown of extracellular ATP
to AMP and eventually adenosine leads to an attenuation of pro-contractile ATP signalling and a
shift towards adenosine-based signalling around the same time muscle fibers start to enter

metabolic stress.

Over the course of muscle activity, adenosine accumulates in the interstitial space via
export from membrane nucleoside transporters and the breakdown of extracellular AMP, which
represent approximately 30% and 70% of this accumulation respectively®’. Hellsten et al.,
(1998)%8 found that interstitial adenosine concentration in human vastis lateralis muscles
increased from 220 + 100 nmol/L at rest to 1140 + 540 nmol/L after light (10 W) exercise,
increasing to approximately 2000 nmol/L after moderate (50 W) exercise. This accumulation of
adenosine is involved with paracrine signalling to induce vasodilation of nearby capillaries and
increase blood flow to exercising muscles® as well as autocrine signalling via binding to skeletal

muscle adenosine receptors (ARs), also known as P1 purinergic receptors.

ARs are GPCRs, with 4 isotypes found in skeletal muscle: A1R, A2AR, A2BR, and A3R>%7°,
Out of these, AR1 and A3R are Gi-linked while A2AR and A2BR are Gs-linked, the former inhibiting
adenylate cyclase and downstream Protein Kinase A (PKA) and the latter activating it’!. Though
muscular adenosine is known to participate in paracrine signalling with nearby vasculature as
previously described, its role in autocrine/paracrine signalling within muscle tissue itself remains
unclear. However, the effect of such signalling pathways has been extensively studied in both

cardiac muscle and neurons.

17



Within cardiac muscle, adenosine has a well-established acute cardioprotective effect
against ischemia via the activation of all 4 receptor subtypes, playing an important role in
ischemic preconditioning®*>>, defined as the protection conferred to ischemic myocardium by
brief periods of sublethal ischemia separated by short bursts of reperfusion delivered before the
ischemic insult’2. This preconditioning effect has been shown to be dependent on Karp channel
activation directly via interaction with G, leading to a similar loss of membrane excitability that
preserves energy status as described above in skeletal muscle”® . A1R has also been found to
activate Karp in neurons via Gi-mediated activation of the PLC/IP3/PKC pathway leading to Katp
phosphorylation’. Although such a pathway directly linking AR activation to Kare channel
opening has not yet been found in active skeletal muscle, A1R has been found to activate Karp
under patch clamp conditions, resulting in increased Gm’>. A1R, A2AR, and A3R have also been
found to have a cytoprotective effect in skeletal muscles in the context of ischemia and
reperfusion injury, pointing towards a similar mechanism involving Kate channels as in cardiac
tissues®8, and non-specific adenosine receptor blockade has been shown to increase resting [Ca?*]
similarly to Karp channel blockers’®. A1R activation has also been shown to increase insulin

sensitivity, playing a role in increasing glucose uptake in response to activity’”’8,

The potential role of A2A/BR in the activation of Karp and fatigue in cardiac and skeletal
muscles is somewhat confounded by other Gs-mediated pathways that are involved with the
potentiation of contraction. Paradoxically, activation of the B2-Adrenergic Receptor (B2-AR),
another Gs -linked GPCR, by epinephrine causes a PKA-mediated activation of the RyR-DHPR
complex that improves Ca?* release during sub-maximal stimulation, increasing force”.

However, recent research into GPCR nanodomains helps to resolve this contradiction: although
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both B2-AR and A2A/BR activate adenylate cyclase and downstream PKA, the targets affected by
PKA activation may differ based on compartmentalization of these PKAs and targets into separate
nanodomains®8!,  For example, in cardiac muscle both catecholamines and prostaglandins
activate Gs-coupled receptors and PKA, but the former increases membrane excitability and
sensitivity to ischemia while the latter reduces excitability and has a cardioprotective effect,

similar to A2AR and A2BR adenosine receptor activation®?.

Catecholamine/cAMP/A1 & A3 Receptor Crosstalk

Although A1/A3R activation has not yet been found to play a role in the reduction of force
during fatigue, Duarte et al. (2012) found that it reduces twitch force in mouse diaphragm
muscles and attenuates B2-AR mediated twitch potentiation®. They showed that perfusion with
the B2-AR agonist clenbuterol causes a 20% increase in twitch force followed by a rapid return to
pre-exposure force in approximately 30 min. This return to baseline was prevented when
diaphragm was co-exposed with clenbutarol and either PTX, a Gi-inhibiting toxin, CGS, a non-
specific AR antagonist, DPCPX, an A1R-specific antagonist, or AMPCP, an ecto-5-NT antagonist.
Exposure to adenosine or cAMP (which can be degraded to AMP and adenosine), but not the
non-metabolizable 5-Br-cAMP, caused a reduction in twitch force that was attenuated by the
previously mentioned antagonists. Given these results, Al activation by adenosine reduces

twitch force as well as counteracting the catecholamine-induced twitch potentiation.

Taking all the studies described above, Al adenosine receptors may well be one
intracellular signalling pathway involved in the triggering of fatigue during metabolic stress,

leading to the activation of Kare and CIC-1 channels during Phase 2.
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AMPK SIGNALLING DURING FATIGUE

AMPK Structure and Function in Skeletal Muscles

AMP-dependent Protein Kinase (AMPK) is a heterotrimer consisting of a catalytic a
subunit, and one regulatory § and y subunit. These subunits include multiple isoforms including:
al, a2, B1, B2, v1, y2, and y3, resulting in 12 possible heterotrimer combinations®. In human
skeletal muscles, 3 overall AMPK isoforms have been identified: a2B2y1 which constitutes 65%
of the total pool of AMPK, a2B2y3 which constitutes 20%, and a1B2y1 which constitutes 15%8>8¢,
Two additional isoforms have been identified in mouse skeletal muscles: a1B2y1, and al1p1y134.
Differences in isoform distribution have been found to correlate with fiber type, with the y3-
containing isoform expressed primarily in glycolytic Type Il fibers, likely related to AMPK’s role in
glycogen metabolism, where it inhibits glycogen synthase via phosphorylation to increase ATP

availability®”.

The a subunit contains a kinase domain, with activity dependent on phosphorylation of a
Thr-172 residue by upstream activators, which is modulated allosterically by the y subunit®. The
vy subunit contains two adenosine nucleotide binding domains including ATP, ADP, and AMP,
allowing it to function as a cellular energy sensor. The B subunit acts as a scaffold that holds the
other 2 subunits together and can also bind to glycogen, which renders the complex inactive. As
a result, the cellular pool of active AMPK increases as stored glycogen is metabolized.
Additionally, autophosphorylation occurs at residue Thr-148 when glycogen levels are low,
preventing glycogen binding and maintaining activity during exercise recovery. Activation of the
AMPK complex occurs in 2 steps: allosteric activation via the binding of AMP/ADP to the y

subunit, which is inhibited by ATP binding, followed by the phosphorylation of Thr-172 of the a
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subunit by upstream kinases, including LKB1 which has been implicated in activation during
moderate- to high-intensity activity (i.e. during fatigue) and contraction-stimulated glucose
uptake®®, and CaMKKp for long term low-intensity activity, which plays a greater role in fatty acid
oxidation®. AMPK is also activated by the production of Reactive Oxygen Species (ROS), which
occurs in the mitochondria during periods of metabolic stress°, Because this activation is
dependent on 1) AMPK to be released from storage with glycogen, 2) a low ratio of cellular
[ATP]:[ADP]/[AMP], and 3) ROS production, AMPK forms a key sensor of cellular energy within

skeletal muscles, activating during periods of metabolic stress.

AMPK acts on a wide variety of substrates that overall induces a shift in metabolism from
anabolic to catabolic pathways to reduce ATP demand and increase ATP production. Experiments
activating AMPK in skeletal muscle via AMP-analogue AICAR show greater glucose uptake via
increased GLUT 4 translocation and fatty acid oxidation via Acetyl-CoA Carboxylase (ACC)
activation, increasing the amount of substrate available for ATP production®!. AMPK also inhibits
glycogen synthesis via phosphorylation of glycogen synthase, priming muscle tissues for greater
glycogen breakdown, though it should be noted that exposure to AICAR was also found to
increase glycogen synthesis, likely as consequence of increased glucose uptake leading to higher
Glucose-6-phosphate levels, which allosterically activates glycogen synthase®’. Long-term
activation of AMPK was found to increase mitochondrial biogenesis via the activation of the
transcription factor PGCla and downstream mitochondria deacetylase SIRT3, leading to a switch
in MHC expression from more glycolytic types to oxidative, resulting in more efficient ATP

generation and playing a role in long-term adaption to exercise®.
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Links between AMPK and Fatigue Activation

There is some evidence that AMPK plays a role in the activation of Karp in cardiomyocytes
where it may have a similar role as adenosine in cardioprotection. AMPKa directly associates
with cardiac Kate channels, phosphorylating a site on the SUR2A domain that induces Kate opening
in an [AMP]-dependent manner®®. Cardiac AMPK has also been found to be activated during
ischemia due to metabolic stress, where it plays a key role in ischemic preconditioning, reducing
infarct size as a result of the recruitment of Karp channels to the plasma membrane and
subsequent Karp activation in a manner similar to A1 and A3 adenosine receptors®’. This may
suggest a potential synergistic effect between AMPK and adenosine receptors for the activation

of Katp, but this link has yet to be investigated in skeletal muscle.

Although some muscle AMPK KO studies may point towards AMPK being implicated in
skeletal muscle fatigue, tested knockout models also exhibit lower mitochondrial content and
dysfunctional glycogen homeostasis, confounding analysis of AMPK’s fatigue-related effects with
respect to membrane excitability. Knockout of a single subunit isoform, i.e., a17- or 227", induces
a greater expression of the remaining subunit, resulting in redundancy that prevents a single KO
from affecting the contraction-activated effects of AMPK including GLUT4 translocation and
changes in gene expression. However, AMPKa27- mice manifested lower voluntary activity, as
well as lower forced exercise capacity in a study by Mu et al. (2001)%, likely caused by impaired
cardiac metabolism and muscle mitochondrial content. Of greater relevance to this study, a
muscle-specific AMPK a1/a2 double knockout (mdKO) model did produce similar results, causing
significantly reduced exercise performance, force production, and fatigue resistance but without

any reduction in mitochondrial number compared to wild type mice®, suggesting that AMPK is
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involved in more than just maintaining ATP production during activity. Also similar to Karp
deficiency models, mdKO mice also had an increased proportion of myofibers with centralized
nuclei after exercise, a marker of muscle tissue damage followed by repair via satellite cell
recruitment. Although mdKO muscles do show exercise-related dysfunction and damage that is
likely caused by ATP depletion, it is also possible that this has more to do with dysfunction in ATP

generation, which triggers fatigue sooner.

Interaction between Adenosine and AMPK Signalling

Aside from adenosine receptors and AMPK playing a similar cardioprotective role in
cardiac muscle during ischemia, there is no direct evidence for a synergistic crosstalk between
these pathways. However, an inverse relationship has been uncovered between 5’-NT
expression and AMPK activity that may constitute an indirect link. Kulkarni et al. (2011)°¢ found
that siRNA knockdown against soluble 5’-NT in mouse myotubes resulted in greater AMPK
activation and downstream ACC phosphorylation. Since 5’-NT catalyzes the breakdown of AMP
into adenosine, this relationship is likely due to an increase in cellular [AMP], allowing for greater
AMPKa phosphorylation and subsequent complex activation. Similarly, Plaideau et al. (2012)°’
found that AMPK activity was reduced in HEK293T cells upon 5’-NT overexpression. However,
this relationship may not be relevant to fatigue signalling as the pool of AMP that activates AMPK,
and AMP that is broken down into adenosine to activate adenosine receptors are in two separate
cellular compartments (cytosolic vs interstitial). As mentioned earlier, the link between AMPK
and adenosine signalling is more concrete in cardiac muscles as both are implicated in ischemic

preconditioning. In addition to this, the activation of AMPK via AICAR has been found to block
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the reuptake of adenosine from cardiomyocytes during ischemia, which may lead to greater
adenosine receptor activation and a synergistic effect between cardiac AMPK and A1R/A3R%,
Given that AMPK is also important for the sensitization of skeletal and cardiac muscle to insulin

however, this synergy may play a greater role in A1R’s involvement in glucose uptake.

Given the state of the current research into muscle fatigue and ischemic cardioprotection,
adenosine receptors and AMPK may be involved in the activation of fatigue upon skeletal muscles
entering into metabolic stress during intense or extended activity, leading to a loss of membrane
excitability that prevents damaging ATP depletion. Additionally, crosstalk may exist between
adenosine and AMPK signalling during fatigue, with activation or inhibition of both constituents

potentially leading to synergistic effects on the triggering of fatigue.

OBJECTIVES AND HYPOTHESIS

Based on the studies described above, | propose a mechanism wherein the activation of
ARs and AMPK during metabolic stress increases the activity of Katp and CIC-1 channels, reducing
membrane excitability and thereby triggering fatigue (Fig. 1.1). This proposal raises 2 questions:
1) Are ARs and AMPK involved in triggering skeletal muscle fatigue and 2) Does this occur via Katp
and CIC-1? The overall objective of this thesis is to answer the first question and elucidate the
potential role of ARs and AMPK in triggering fatigue. The overall hypothesis is that “ARs and
AMPK trigger the fatigue process during muscular activity when a metabolic stress occurs”. To

test this hypothesis the following aims were pursued:
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FIGURE 1.1
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Figure 1.1: Proposed mechanism for the triggering of fatigue by ARs and AMPK. During metabolic stress,
the accumulation of adenosine (ADO) causes the activation of Gs-linked A2A/BR and Gi-linked A1/3R,
leading to an activation of PKA and PKC respectively and downstream phosphorylation of Kare and CIC1,
increasing channel activity and reducing membrane excitability. G; also activates Karr directly in a
noncanonical signaling pathway. Metabolic stress also increases AMPK activation, leading to increased
Kate activity via phosphorylation. These pathways are labelled with the conditions under which they have
been observed, in contracting cardiac muscle (CM), skeletal muscle (SK), or patch-clamped skeletal muscle
fibers (SK*). Figure created with Biorender.com.
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Aim 1: Determine the role of adenosine signalling in skeletal muscle fatigue

There is evidence that both Kare and CIC-1 channels are activated during metabolic stress
such as fatigue. Also, an activation of Karp channels increases the rate of fatigue, while in Karp
channel deficient muscles large increases in unstimulated force and decreased capacity to
recover force following fatigue occurs. If ARs are involved in triggering fatigue, especially via an
activation of Karp and CIC-1 channels, then an AR activation will increase fatigue rate, which is
defined as a faster decrease in tetanic force. Also, an inhibition will result in large increases in
unstimulated force as well as consequent increase in the fatigue rate as has been shown for Karp

channel deficient FDB.

Aim 2: Determine the role of AMPK signalling in skeletal muscle fatigue

Similar to the proposal for ARs, if AMPK is involved in triggering fatigue, then an AMPK
activation will increase the fatigue rate while an acute AMPK knockout in skeletal muscles will

result in large increases in unstimulated force and consequent increase in the fatigue rate.

Aim 3: Determine Al receptor-AMPK signalling crosstalk in skeletal muscle fatigue

Results from aims 1 and 2 will demonstrate how individual modulations of ARs and AMPK
activity affect the rate of fatigue. So, the third aim will be to determine if co-activation or co-

inhibition of ARs and AMPK have an additive or synergistic effect during fatigue.
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CHAPTER 2: MATERIALS AND METHODS

ANIMALS AND APPROVAL FOR ANIMAL STUDIES

All animal procedures were performed with mice 8-16 weeks in age. Female CD1 mice
were purchased from Charles River and used as wild type mice for initial force measurement and
histology experiments. AMPK IndKO mice were generated as described by Cokorinos et al.
(2017)%°. Transgenic female C57/Bl6 AMPK al1®/f/a2®f mice graciously donated by Dr. Benoit
Viollet, Institut National de la Santé et de la Recherche Médicale (INSERM) Paris, France were
crossed with male hemizygous mice expressing tamoxifen-inducible Cre recombinase driven by
the human skeletal actin promoter (Tg(ACTA1-cre/Esrl*)2Kesr/J, Strain #: 025750), purchased
from Jackson Laboratories (Bar Harbor, ME, USA)%>1%, Deletion of AMPK al/a2 was performed
by intraperitoneal injections of tamoxifen (Sigma, St. Louis, MO, USA) dissolved in anhydrous
ethanol and suspended in sunflower seed oil (Sigma, St. Louis, MO, USA) (3 x 100 mg/Kg body
weight). Both indKO and control Cre-negative AMPK al1™f/a2f/f littermates underwent
tamoxifen treatment and force measurement experiments were performed 3 weeks after the
last injection. AMPK knockout was confirmed via Western Blot (see results section for Western
Blots). Mice were fed ad libitum and housed according to the Canadian Council for Animal Care’s
guidelines. All experimental procedures and protocols were approved by the Animal Care
Committee of the University of Ottawa. All animals were fed ad libitum and prior to muscle
dissection, mice were anaesthetized via intraperitoneal injection of 65 mg ketamine/13 mg

xylazine/2 mg acepromazine per kilogram body weight and sacrificed by cervical dislocation.
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GENOTYPING
DNA extraction from mouse ear clippings was performed with a Nucleospin Tissue mini
kit (Machery-Nagel, Diiren, Germany) using the manufacturer’s standard protocol for animal

tissuel0?

. PCR was then completed using DNA extract and the following primers: HSA-CRE FP
(forward), 5’-CAGGTAGGGCAGGAGTTGG-3; HSA-CRE RP (reverse), 5’-
TTTGCCCCCTCCATATAACA-3’; AMPK a1l flox FP (forward), 5’-TATTGCCATGCTAC-3’; AMPK al flox
RP (reverse), 5'-GACCTGACAGAATAGGATATGCCCAACCTC-3’; AMPK a2 flox FP (forward), 5’-
GCTTAGCACGTTACCCTGGAT-3’; AMPK a2 flox RP (reverse), 5’-GTCTTCACTATACATAGCA-3’. DNA
bands were then separated by electrophoresis on an agarose-ethidium bromide gel and
visualized, with presence of Cre producing a strong band at 248 bp that was absent in WT mice.

AMPK al and a2 floxed alleles produced bands at 682 and 310 bp respectively, while wild type

alleles produced then at 586 and 260 bp.

PHYSIOLOGICAL SOLUTIONS

Physiological solutions were made as described by Uwera et al. (2020)3®. Briefly, control
solutions contained (in mM): 118.5 NaCl, 4.7 KCl, 2.4 CaCl;, 3.1 MgCl,, 25 NaHCOs, 2 NaH;PO,,
1% (v/v) DMSO and 5.5 D-glucose (Fisher Scientific, Hampton, NH, USA). Several agonists and
antagonists were used as shown in Table 2.1. When insoluble in water, drugs were first dissolved
in DMSO (Fisher Scientific, Hampton, NH, USA) before being added to the physiological solutions,
giving a final DMSO concentration of 1%. All solutions were continuously bubbled with 95%

C0O,/5% 0O, to maintain a pH of 7.4.
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RT-PCR MEASUREMENTS OF ADENOSINE RECEPTORS

Single Muscle Fiber Cell Culture

These measurements were carried out from isolated single soleus, EDL and FDB muscle
fibers to avoid contamination from other cells present in muscles, such as those of blood vessels.
Initial fiber cell isolation and culture was performed as described by Selvin et al. (2015)°2, Briefly,
muscles were treated with a collagenase digestion. FDB muscles were incubated 3 h at 37°C in
high glucose MEM culture medium (Gibco, Burlington, ON, Canada) to which was added 0.2%
(wt/vol) collagenase type | (Worthington, Lakewood, NJ), inactivated FBS (heat inactivated;
Gibco) to a final 10% (v/v) concentration, 100 units/ml of penicillin and 100g/ml of streptomycin
(Gibco). Fibers were separated by gentle trituration in 3 ml of collagenase-free culture
medium and transferred to a 35mm culture dish (Fisher Scientific). Under an inverted
microscope, 12 muscle fibers were then carefully picked up under a dissection microscope by

suction using a glass microelectrode with a broken tip, avoiding any connective or vascular tissue.

RT-PCR Analysis

RNA was extracted from the isolated muscle fibers with a NucleoSpin RNA mini kit
(Machery-Nagel) using the manufacturer’s standard protocol for cultured cells and tissue 3. RT-
PCR was then performed as described by Dixon et al. (1996) %4 using the following primers for
adenosine receptor mRNA detection: A1R FP (forward), 5'-ATCCCTCTCCGGTACAAGACAGT-3’;
A1R RP (reverse), 5-ACTCAGGTTGTTCCAGCCAAAC-3’; A2A FP (forward), 5'-

CCCTTCATCTACGCCTACAGGAT-3’; A2A RP (reverse), 5'-CGTGGGTTCGGATGATCTTC-3’; A2B FP
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TABLE 2.1

Drug Concentrations Used (uM) Effect
NECA 2,10, 20 Al, A2A, A2B receptor-
specific agonist
ENBA (aka CCPA) 2,10, 20 Al receptor-specific agonist
PSB 0777 (PSB) 2 A2A receptor-specific agonist
Adenosine (ADO) 10, 20 Pan-adenosine receptor
agonist
8-Phenyltheophylline (8-PT) 2 A1, A2A receptor-specific
antagonist
DPCPX 2,5 Al receptor-specific
antagonist
ZM-241385 (ZM) 2 A2A receptor-specific agonist
MK-8722 5, 10, 20 AMPK allosteric activator

Table 2.1: Agonists and Antagonists used in force measurement experiments. NECA, 8-PT, DPCPX, and
ZM-241385 were purchased from Tocris Bioscience (Bristol, UK). ENBA and PSB 0777 were purchased from

R&D Systems (Minneapolis MN, USA). Adenosine was purchased from Milliporesigma (Burlington MA,
USA). MK-8722 was purchased from Cedarlane Laboratories (Burlington ON, Canada).
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(forward), 5’-TCTTCCTCGCCTGCTTCGT-3’; A2B RP (reverse), 5’-
CCAGTGACCAAACCTTTATACCTGA-3’; A3R FP (forward), 5-ACTTCTATGCCTGCCTTTTCATGT-3’;
A3R RP (reverse), 5'-AACCGTTCTATATCTGACTGTCAGCTT-3’. Resulting DNA products were then

separated by electrophoresis on an agarose-ethidium bromide gel and visualized.

FORCE MEASUREMENT

Ex vivo force measurement and fatigue experiments were performed as described by
Uwera et al. (2020), using FDB bundles as described by Scott et al. (2016)36:19, Briefly, the FDB
muscle is separated by fascia into fiber bundles, with each bundle controlling the movement of
a digit. The bundle responsible for movement of the fourth digit was excised by cutting along the
lateral fascia separating the fiber bundles for the third and fourth digits. FDB bundles were
dissected in physiological solution and placed horizontally in a Plexiglas chamber. Chamber
temperature was kept at 37°C and the flow rate of physiological solution into each chamber was
kept to 15 mL/minute, split into laminar flow just above and below the muscle to prevent a
buildup of reactive oxygen species, which have a negative impact on muscle force generation at
37°C 1%, One end of the muscle was fixed to a stationary hook while the other was attached to
a force transducer (model 400A; Aurora Scientific Canada) using silk sutures #6. The transducer
was connected to a KCP13104 data acquisition system (Keithley Instruments, USA) and data were
recorded at 5 kHz. FDB bundles were stimulated by two platinum wires located on opposite sides
near the muscle center, connected to a grass S88X stimulator and a Grass stimulation isolation
unit (Grass Technologies/Astro-Med). Tetanic contractions were elicited with 200ms trains of

0.3ms, 10V pulses at a frequency of 200Hz. Muscle length was adjusted to give maximal force
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while muscles were stimulated every 100 s. Once maximum force had been reached, muscles
were either kept in control solutions or exposed to a drug-containing solutions for a 30-min
equilibrium period. Fatigue was then elicited for three min by reducing the time interval between
contractions to 1 sec. Fatigue traces were then analyzed to calculate the maximum tetanic and
unstimulated force during each contraction (Fig. 2.1). After fatigue was complete, muscles were
either flash-frozen in liquid nitrogen using pre-cooled clamps and stored at -80°C for AMPK
analysis or allowed a 20-minute recovery period during which three contractions were elicited

every 100 sec before increasing the interval to 5 min.

MUSCLE PROTEIN EXTRACTION AND QUANTIFICATION

Frozen FDB muscle bundles were crushed with a liquid nitrogen-chilled mortar and pestle
and added to MEU buffer (3M Urea, 2M Thiourea, 40mg/mL CHAPS, 8.5mg/mL Dithiothreitol
(DTT), 12.5% Tris-HCI pH 6.8, % tablet cOmplete™ Protease Inhibitor Cocktail, and % tablet
PhosSTOP™ (Millipore Sigma)). Muscle samples were then vortexed for 30 minutes at room
temperature using 30 s pulses followed by a 10 s pause. Samples were then centrifuged at 20,000
g for 15 min at 4°C and supernatants were transferred to fresh tubes and kept on ice for protein

guantification assay.

G-Biosciences (St. Louis MI, USA) CB-X Protein Assay was used for sample clean-up and
protein quantification, using the manufacturer’s standard protocol!®”. One ml of -20°C CB-X
solvent was added to 40uL of protein extract, followed by centrifugation at 16,000 g for 5 min at

4°C. Supernatants were discarded and pellets were resuspended in 100uL of CB-X solubilization
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FIGURE 2.1

TETANIC
FORCE

L

UNSTIMULATED
FORCE

Figure 2.1: Example of a fatigue bout triggered with 1 contraction per sec in mouse FDB. The first 79 sec
of the 180 sec fatigue bout is shown. Each green vertical line represents an increase in force when the
FDB is stimulated. The magnitude of the first tetanic force is shown by the vertical black line on the left
and is calculated as the difference between the peak and the baseline (i.e., zero force shown with the
horizontal black line). During the fatigue bout, FDB failed to fully relax, and force did not return to baseline.
The difference in force between two contractions and the baseline represents the unstimulated force as
shown by the vertical black line on the right.
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buffer mix. 10uL of Bovine Serum Albumin (BSA) protein standards and resuspended pellet were
then pipetted into a 96 well plate and 200uL of CB-X Assay Dye was added to each well.
Absorbance of protein standards and samples was read at 595nm using a Plate Reader (Synergy
H1 Multi-Mode, BioTek, Winooski VT, USA). All protein extracts were then diluted to 0.4ug/uL

with double distilled water and stored at -20°C.

SDS-PAGE AND WESTERN BLOT ANALYSES

Protein extracts were prepared in Laemmli buffer and heated for 5 min at 70°C. Four pg
of proteins and Benchmark pre-stained protein ladder (Thermo Fisher) was separated by SDS-
PAGE at 100V for 2 hr on self-casted 8% polyacrylamide gels and transferred to nitrocellulose
membrane via 2 hours wet transfer at 100V, keeping the transfer rig on ice throughout.
Membranes were then placed on a rocker and total protein was stained with Ponceau Dye
solution (5% Glacial Acetic Acid, 0.1% wt/vol Ponceau Red Dye) for 15 min and imaged using the
ponceau channel of a ChemiDoc imager (BioRad, Hercules CA, USA). Ponceau dye was rinsed
from the membranes with double-distilled water and membranes were blocked with 5% BSA in
TBS-T (200mM Tris, 1.5M NaCl, 0.1% Tween 20) for 2 hours at room temperature. Membranes
were then washed 3 x 10 min with TBS-T and exposed to 1:1000 dilutions of primary antibodies
in 2% BSA TBS-T at 4°C overnight: Rabbit anti AMPKa IgG (2532) or Rabbit anti phospho-T172-
AMPKa IgG (2535) from New England Bio Labs (Ipswich MA, USA). Excess antibody was removed
via 3 x 10-min washes with TBS-T and membranes were exposed to a 1:5000 dilution of HRP-
conjugated anti-rabbit 1gG (New England Biolabs) in 2% milk for 1 hour at room temperature.

Excess secondary antibody solution was then removed with a final 3 x 10-min wash with TBS-T.
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Membranes were then exposed to Western Lightning Plus-ECL chemiluminescence substrate
(PerkinElmer, Waltham MA, USA) for 1 min and imaged using the chemiluminescence channel of
a ChemiDoc imager (BioRad), with exposure time kept equal between membranes exposed to

the same primary antibody to allow for comparison.

Total protein, total AMPK (tAMPK), and phospho-T172-AMPK (pAMPK) band densities
were calculated from Ponceau and Chemiluminescence channel images using ImagelJ software.
Ponceau Stain densities were used as a loading control to normalize AMPK/pAMPK band density

between lanes and membranes to allow for comparison.

HISTOLOGY AND IMMUNOSTAINING

CD 1 Solei, EDL, and FDB were dissected and embedded in Optimal Cutting Temperature
compound (Fisher Scientific, Hampton, NH, USA), and flash-frozen in isopentane (Sigma, St. Louis,
MO, USA) pre-cooled in liquid nitrogen. Frozen tissue blocks were then trimmed to size and
stored at -80°C until ready for analysis. Serial 10um thick cross-sections were cut from the muscle
midbelly in a -20°C cryostat (Thermo Shandon 525 MX). Sections were then mounted on
SuperFrost Plus slides (Fisher Scientific, Hampton NH, USA), with each slide containing one cross
section from soleus, EDL, and FDB from the same animal. Slides were kept at -80°C until

immunostaining.

Cross sections were thawed for 15 min at room temperature before being blocked and
stained using a Mouse-on-Mouse immunostaining kit (M.0.M., Vector Laboratories, Newark, CA,

USA) with some adjustments made to the manufacturer’s protocol®. Slides were blocked for
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1hin M.O.M. Mouse IgG blocking reagent, then washed 3 x 2 min with PBS. Sections were then
exposed to primary antibodies at 4°C overnight: 1:300 rabbit anti-Adenosine Al Receptor
Polyclonal IgG (55026-1-AP, Thermo Fisher Scientific, Waltham MA, USA), 1:500 rat anti-Laminin
Polyclonal 1gG (L0663, MilliporeSigma, Burlington MA, USA), and 1:500 mouse anti-myosin
against Type | (IgM, A4.840), Type lIA (IgG, SC71), Type IIB (IgM, BFF3), or all but Type 11X (IgG,
BF35). All anti-myosin antibodies were purchased from the Developmental Studies Hybridoma
Bank (lowa City IA, USA). Excess antibody was then removed by 3 x 2 min washes with PBS and
sections were incubated for 30 min with secondary antibodies: Alexa Fluor 594-conjugated
donkey anti-rabbit IgG (Thermo Fisher, A21207) and Alexa Fluor 405-conjugated goat anti-rat IgG
(Thermo Fisher, A48261). Sections that had been incubated with mouse IgM primary antibodies
(anti Type | and IIB myosin) were also incubated with FITC-Conjugated goat anti-mouse IgM
(Cedarlane, Burlington ON, Canada, CLCC31501). Excess antibodies were then removed by
washing 3 x 2 min with PBS and sections treated with mouse IgG primary antibodies (Anti Type
IIA and all but Type IIX myosin) were incubated with M.O.M. Biotinylated Anti-Mouse IgG
secondary antibody for 10 min, followed by a 5-min incubation with Fluorescein Avidin DCS
(Vector Laboratories). Slides were then mounted with Vectashield Antifade Mounting Medium

and sealed with nail polish.

FIBER TYPING AND QUANTIFICATION OF ADENOSINE RECEPTOR FLUORESCENCE INTENSITY

Images were obtained using an Axio Imager M2 Epifluorescent Microscope (Zeiss, Toronto
ON, Canada). Image exposure time and binning were initially set to maximize antibody imaging

and kept constant between secondary antibodies to allow for comparison of fluorescence
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intensity across experiments. Fluorescence intensity was quantified using Imaris (Oxford
Instruments, Abingdon, UK). The Anti-Laminin channel (AF 405) was used to segment images
into individual cells, and both mean and sum fluorescence for the Anti-Adenosine A1R (AF 594)
and Anti-Myosin (FITC/Fluorescein) channels as well as cross-sectional area for each individual
muscle fiber was calculated. A threshold mean myosin fluorescence was then set for each image.
Fibers were identified as type |, IIA or 1IB when the fluorescence was greater than the threshold.
Type lIX fibers were identified when the fluorescence intensity was below threshold as the BF35
stained all fibers but type 1IX. A1R fluorescence/um? for each muscle was then calculated by
dividing the sum of all A1R fluorescence for a given fiber type by the sum of the cross-sectional
area occupied by the same fiber type. Considering that A1R fluorescence for the same muscle
can be different from one slide to another, a direct comparison of A1R fluorescence between
fiber types could not be made as cross sections for different fiber types were on different slides.
Instead, normalization was carried out to make sure that differences in A1R fluorescence
between fiber types were not due to differences in staining intensity between slides. For each
of the four slides stained for the four different fiber types, the A1R fluorescence/um? was first
calculated as described above, except that it included the fluorescence of all fibers within a
muscle. An A1R fluorescence ratio was then calculated by dividing the fluorescence/um? for each
slide by the fluorescence/um? of the slide used to identify type | fibers. For example, for type IIA

the calculation was as follows:

Fluorescence/um?,

RatiOHA ==
Fluorescence/pum?
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This ratio was then used to correct the A1R fluorescent intensity for Type IIA, 1IB, and 11X

fibers. For example, for type IIA fibers the corrected fluorescence was calculated as follow:

Calculated Fluorescence/um# ,

Corrected Fluorescence/um#, = -
Ratioj s

STATISTICAL ANALYSIS

Data are presented as mean # standard error (S.E.). Any usage of the term “significant”
in this thesis refers solely to statistical significance at p < 0.05 and not physiological significance.
Split-plot ANOVA was used to determine significant differences for force measurement
experiments, as contractile force and resting tension was tested at all time points. For force
measurement, drug treatment conditions were in the whole plot and time points were in the
split plot. When a main effect or interaction was significant, the Least Square Difference (L.S.D.)
method was used to locate significant differences'®. For immunohistochemistry data,
differences in A1R fluorescence between muscle types were tested using one-way ANOVA, while
differences in A1R fluorescence and ratios between fiber types and muscles was tested via two-
way ANOVA. For western blot data, differences in pAMPK/tAMPK ratios were tested using one-
way ANOVA. Where a factor was found to be significant in an omnibus ANOVA, post-hoc
comparisons were performed using the Tukey Honest Significant Difference Test. Statistical
calculations were made using Version 4.2.1 of R statistical analysis software (R Foundation for
Statistical Computing, Vienna, Austria)’'®. Split plot ANOVA was performed using the sp.plot

function from Version 1.3-3 of the Agricolae package!!®.
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CHAPTER 3: RESULTS

SKELETAL MUSCLE ADENOSINE RECEPTOR EXPRESSION

The presence of adenosine A1R, A2AR, A2BR, and A3R receptor was first determined on
a qualitative basis. To do this, mRNA was extracted from single soleus, EDL, and FDB muscle fibers
after a collagenase digestion to avoid contamination from other non-muscle cells, such as
capillary and vascular cells, which also express adenosine receptorsi®. Presence of PCR product

was found for all four receptor subtypes across all three muscles (Fig. 3.1).

EFFECT OF MODULATING A1R, A2AR, AND A2BR ACTIVITY ON TETANIC FORCE DURING

FATIGUE

The first aim was to determine whether adenosine receptors are involved in triggering
fatigue. As explained in the Introduction, if the receptors are involved then exposing FDB bundles
to receptor agonists (Table 3.1) is expected to result in faster and greater extent of tetanic force
decrease compared to control; i.e., as observed when Karp channels, a component in the
mechanism of muscle fatigue, are activated with pinacidil 1. If adenosine receptors are
important in preventing muscle dysfunction during fatigue as Kare channels are, then exposing
FDB bundles to receptor antagonists (Table 3.1) is expected to result in muscle; i.e., faster fatigue
rate, greater increase in unstimulated force and lower force recovery after fatigue as observed

in Katp channel deficient muscle.

Fatigue was elicited with one contraction per sec for 3 min. In control conditions, i.e., in
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FIGURE 3.1

Figure 3.1: mRNA expression assay for the A1, A2A, A2B and A3 adenosine receptors determined by RT-
PCR. The arrow on the left points to the bands expected to be that of a receptor.
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TABLE 3.1

NECA 8.5, 6.8, 6.6112 Al, A2A, A2B
ENBA (aka CCPA) 0.8113 Al
PSB 0777 (PSB) 44.4 114 A2A
8-Phenyltheophylline (8-PT) 130, 12611>116 A1, A2A
DPCPX 3.9 Al
ZM-241385 (ZM) 0.8%18 A2A

Table 3.1: Selective adenosine receptor agonists and antagonists used for pharmacological modulation
of adenosine receptor signalling. Agonists are shown highlighted in orange and antagonists in blue. Kp

values are taken from manufacturer’s websites.
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the absence of agonists/antagonists, FDB bundles rapidly lost approximately 80% of tetanic force
over the course of 1 min of fatiguing stimulation followed by a plateau at approximately 20% of
initial force that lasted the remainder of the 3-min fatigue bout. Exposing FDB muscles to 2 uM
ENBA, an A1R, had no significant effect on the decrease in force during fatigue (Fig. 3.2A). The
same was observed for 2 uM PSB 0777, an A2A agonist (Fig. 3.2C) and 2 uM NECA, an Al, A2A,
and A2B agonist (Fig. 3.2E). At 2uM, the Al receptor antagonist DPCPX (Fig. 3.2B), the A2A
receptor antagonist ZM-241385 (Fig. 3.2D), and the A1/A2A antagonist 8-Phenyltheophylline
(Fig. 3.2F) also had no significant effect on the decrease of tetanic force during fatigue. Under
control conditions, unstimulated force increased by 0.3-1.3% of the pre-fatigue tetanic force over
90 s of fatiguing stimulation then plateaued for the remaining 90 s. Similar to contractile force,
exposure to 2uM ENBA or DPCPX had no significant effect on the development of unstimulated
force (Fig. 3.3A-B) or force recovery (Fig. 3.3C-D). Similar results were also obtained for the other

agonists and antagonists (data not shown).

Although the 2 uM concentration was well above the reported Kp/K; values, it is not
uncommon to observe differences between reported values and effective concentrations in
whole muscles. For example, the Katp channel blocker glibenclamide has a K; of 63 nM under
patch-clamp conditions (i.e., small patch of isolated membrane!'®) whereas 10 pM is typically
used as an effective dose in whole cardiac and skeletal muscle?%120-122, Reported Kp/K; values for
the adenosine agonists/antagonists were primarily generated via radioligand binding assays in

isolated cell membranes rather than intact whole tissues, potentially causing a similar
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FIGURE 3.2
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Figure 3.2: Adenosine receptor modulation using 2 uM agonists or antagonists did not alter the rate at
which tetanic force decreased during 3-min fatigue elicited by one contraction every s in mouse FDB
muscles. A) 2uM ENBA: A1R agonist, B) 2uM DPCPX: A1R antagonist, C) 2uM PSB: A2AR agonist, D) 2uM
ZM-241385: A2A antagonist, E) 2uM NECA: A1R, A2AR, A2BR agonist, F) 2uM 8-PT: A1R, A2AR antagonist.
Paired FDB were used for each drug; one used as control and the other as drug treated. Tetanic force is
expressed as a percent of the pre-fatigue tetanic force. Muscles were incubated in the presence of
agonists or antagonists for 30 min prior to and during fatigue. Vertical bars represent S.E. of 3 muscles.
Neither agonists nor antagonists had a significant effect, ANOVA, P > 0.05.
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FIGURE 3.3
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Figure 3.3: A1R receptor modulation using 2 uM ENBA or DPCPX did not alter the development of
unstimulated force during 3-min fatigue elicited by one contraction every s in mouse FDB muscles or
post-fatigue force recovery. Effect of 2 uM ENBA (A1R agonist) on A) unstimulated force and C) post-
fatigue tetanic force recovery; effects of 2 uM DPCPX (A1R antagonist) on B) unstimulated force and D)
post-fatigue tetanic force recovery. Paired FDB were used for each drug; one used as control and the other
as drug treated. FDB were incubated in the presence of agonists or antagonists for 30 min prior to fatigue,
during fatigue and the subsequent recovery period. Tetanic and unstimulated force are expressed as a
percent of the pre-fatigue tetanic force (see Methods for more details about the calculation of
unstimulated force). Vertical bars represent S.E. of 3 muscles. Neither agonists nor antagonists had a
significant effect, ANOVA, P > 0.05.
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discrepancy. Furthermore, like glibenclamide these drugs are highly hydrophobic, incorporating
themselves not only in sarcolemma but also in t-tubules and sarcoplasmic reticulum membranes

which are extensive in skeletal muscles.

The experiments were therefore repeated using 10 and 20 uM adenosine, NECA (A1, A2A,
A3 agonist) and ENBA (A1R agonist). At 10 uM, adenosine slightly but not significantly reduced
the decrease in tetanic force; the largest difference was observed at 25 s when tetanic force was
6.3% less in adenosine-exposed than in control FDB (Fig. 3.4A). Contrary to adenosine, NECA
increased the rate of fatigue resulting in 4.5% lower tetanic force compared to control FDB upon
reaching plateau around 90 s (Fig. 3.4B). Although the ANOVA main effect was significant for
NECA, the effect was not always consistent; i.e., it was only observed in 50% of the NECA-treated
FDB. ENBA, on the other hand, had the greatest effect consistently increasing tetanic force loss
starting after 15 s of stimulation, culminating in a 4.8% reduction in tetanic force compared to
controls by 90 s (Fig 3.4C). At 20 uM, adenosine resulted in a small but not significant reduction
in the extent of tetanic force loss for the first 25 s of stimulation; the difference between control
and adenosine treated FDB decreasing over time (Fig. 3.5A). NECA again was inconsistent at
increasing tetanic force loss compared to controls. Although the final extent of tetanic force loss
was 4.3% greater in the presence of NECA, the effect was not significant due to a high variability
(Fig. 3.5B). ENBA had the greatest impact and significantly increased the final extent of tetanic
force by 7.0% compared to control FDB (Fig. 3.5C). The effects of 20 uM ENBA were completely
blocked by the presence of 5 uM DPCPX (A1R antagonist) (Fig. 3.5D). Neither, adenosine, NECA
nor ENBA had an effect on the increased in unstimulated force during fatigue or the tetanic force

recovery after fatigue (data not shown).
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FIGURE 3.4
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Figure 3.4: At 10 uM, NECA and ENBA but not adenosine significantly increased tetanic force loss in
mouse FDB muscles during fatigue, elicited by one contraction every s for 3 min. A) 10 uM adenosine
(pan-AR agonist), B) 10 uM NECA (pan A1R, A2AR, A2BR agonist), C) 10 uM ENBA (A1R agonist). Tetanic
force is expressed as a percent of maximum force at the onset of fatiguing stimulation. Paired FDB were
used for each drug; one used as control and the other as drug treated. FDB were incubated in the presence
of agonists or antagonists for 30 min prior to and during fatigue. All experiments were carried out using
paired FDB; one FDB as control and the other drug treated. Vertical bars represent S.E. of 5-6 muscles. *
Indicates significant differences between control and drug condition; ANOVA, P < 0.05 (main effect).
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FIGURE 3.5
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Figure 3.5: At 20 uM, ENBA, but not adenosine or NECA, significantly increased tetanic force loss in
mouse FDB muscles during fatigue, elicited with one contraction every s for 3 min an effect blocked by
DPCPX. A) 20 uM adenosine (pan-AR agonist), B) 20 uM NECA (pan A1R, A2AR, A2BR agonist), C) 20 uM
ENBA (A1R agonist), D) co-20 uM ENBA (A1R agonist) / 5 uM DPCPX (A1R antagonist). Tetanic force is
expressed as a percent of maximum force at the onset of fatiguing stimulation. Paired FDB were used for
each drug; one used as control and the other as drug treated. FDB were incubated in the presence of
agonists or antagonists for 30 min prior to and during fatigue. All experiments were carried out using
paired FDB; one FDB as control and the other drug treated. Vertical bars represent S.E. of 3-6 muscles. t
Indicates the time period during which there were significant differences between control and drug
conditions; ANOVA, LSD P < 0.05 (interactive effect).
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THE EFFECT OF ADENOSINE RECEPTOR ACTIVATION ON AMPK PHOSPHORYLATION

As discussed in the Introduction, both AMPK and adenosine receptor signalling play a role
in cardioprotective ischemic preconditioning via the activation of Karp channels to reduce
excitability>*>>°773, Additionally, 5’-NT knockdown was found to increase AMPK activity while
overexpression was found to have the opposite effect®®®’, suggesting potential interactions
between adenosine receptors and AMPK activation. It is therefore possible that the small/lack
of effect from an activation of adenosine receptors on fatigue kinetics is because of lower AMPK
activation, i.e., lower extent of AMPK phosphorylation. So, the effects of activating adenosine

receptors on AMPK Thr-172 phosphorylation immediately after fatigue were determined.

At 10 pM, adenosine, ENBA, and NECA significantly increased AMPKa T172
phosphorylation compared to control muscles, the effects being the largest with ENBA (Fig. 3.6A-
C). Asimilar situation was observed at 20uM with less differences between adenosine, ENBA and
NECA, the pAMPK/tAMPK ratios being respectively 2.4, 2.7, and 2.9-fold greater than control (Fig.
3.6D-E). Thus, while pan-activation of A1R, A2AR, A2BR with adenosine and NECA and A1R
activation with ENBA had a large impact on AMPK phosphorylation, only ENBA had a consistent
and significant effect on the decrease in tetanic force during fatigue. Taking into consideration
this latter result, the primary focus for the rest of this study was on A1R and AMPK, including a

guantification of A1R protein content between EDL, soleus and FDB, as well as between fiber

types.
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FIGURE 3.6
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Figure 3.6: An activation of adenosine receptors prior to fatigue significantly increased the extent of
AMPKa T172 phosphorylation measured after fatigue. FDB muscles were exposed to control solution,
adenosine (ADO, pan-AR agonist), ENBA (A1R agonist), or NECA (A1R, A2AR, A2BR agonist) for 30 min prior
to and during fatigue and were frozen immediately after fatigue (A) representative western blot images,
black lines represent expected location of 62kDa bands. Densitometric analyses of protein density of total
AMPK (tAMPK) and phospho-T172 AMPK (pAMPK) for the agonist concentrations of 10uM (B) and 20uM
(D). pAMPK/tAMPK ratios for the 10 uM (C) and 20 uM concentrations (E). All values are expressed
relative to control. Error bars represent S.E. of 4-7 FDB. *Protein content was significantly greater than
control; ANOVA, Tukey Post-hoc comparison, P < 0.05.

49



ADENOSINE A1 RECEPTOR PROTEIN QUANTIFICATION IN SOLEUS, EDL, AND FDB

The protein content of Kare channels, which are crucial for preventing muscle dysfunction
during fatigue, is the largest in glycolytic fatigable fibers/muscles and smallest in
oxidative/fatigue resistant fibers/muscles; i.e., in the order of Type IIB > [IX > [IA > | as well as FDB
~ EDL > Soleus. So, if A1R is an important factor in fatigue and in activating Kare channels, then its
expression may also correlate with the fatigability of fiber types and muscles similar to the Katp

channel.

A1R is not expected to be located just in the sarcolemma but also in t-tubules. This is
because PanX1 ATP transporters as well as P2X4 ATP receptors are located in t-tubules>®3,
Additionally, B2-adrenergic receptors are present in cardiac t-tubules'?® and their activity is
modulated by A1R®. Thus, A1R is expected to be present not only at the sarcolemmal level but
also in t-tubules as observed for Cav1.1 Ca?* and Kate channels*!. As a 10 um thick cross-section
contains at least 3 layers of t-tubules, staining muscle cross-sections with anti-A1R antibody is
expected to be at the sarcolemmal level as well as in the middle of the fiber allowing for a
guantification of A1R protein content in t-tubules. The specificity of the A1R antibody was tested
by western blot using whole FDB homogenates. Only a single band was observed at the expected

molecular weight of 37kDa (Fig 3.7).

Representative images with labelled type | myosin fibers are shown in Figures 3.8 (Soleus),
3.9 (EDL), and 3.10 (FDB). Qualitatively, EDL had the greatest overall fluorescence intensity for

A1R compared to solei or FDB. Another consistent observation was type | fibers having the lowest

50



FIGURE 3.7

Figure 3.7: A1R antibody specificity was confirmed via Western Blot from FDB homogenates prior to
immunostaining. Western blot was performed using homogenates from two FDB muscles. The ponceau
staining are shown in the first two lanes on the left while staining with the A1R antibody resulted in one
clear band at the expected molecular weight of 37Kd.The ponceau and A1R staining are from two separate

images.
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FIGURE 3.8

Figure 3.8: In soleus, type | fibers have less A1R protein content than type lIA fibers. Cross sections were
immunostained for A1R (red) and type | myosin (green, also shown with white dots). Most of the
unstained fibers are those expressing type IIA and IIX myosin*!. Scale bar represents 200um.
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FIGURE 3.9

Figure 3.9: In EDL, type | fibers have less A1R content than type lIA, IIB, and IIX fibers. Cross sections
were immunostained for A1R (red) and type | myosin (green, also shown with white dots). Unstained
fibers expressed primarily type 11B and IIX fibers *%. Scale bar represents 200um.

53



FIGURE 3.10

Figure 3.10: In FDB, type | fibers have less A1R protein content than type IlIA, IIB, and lIX fibers. Cross
sections were immunostained for A1R (red) and type | myosin (green, also shown with white dots). Scale
bar represents 200um.
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fluorescence intensity for A1R compared to all other fiber types regardless of their content in
soleus, EDL and FDB. On a quantitative basis, mean A1R fluorescence intensity was significantly
greater in EDL muscles than in solei or FDB by 51% and 57% respectively (Fig. 3.11A). There was
a small but insignificant tendency for type IIB fibers to have the highest fluorescence intensity
and type | fibers the lowest intensity with little differences between type IIA and IIX fibers
resulting in an order of Type IIB > lIA = lIX > | fibers in EDL and soleus and [IX = [IA = |IB > | for FDB

(Fig. 3.11B).

THE EFFECT OF MODULATING AMPK ACTIVITY ON TETANIC FORCE DURING FATIGUE

The second aim was to determine whether AMPK is involved in triggering fatigue. In a first
series of experiments, CD1 mouse FDB bundles were exposed to 10 uM MK-8722, an allosteric
AMPK activator, for 30 min followed by the same fatigue protocol used above. If AMPK is
involved in the activation of fatigue, then allosteric AMPK activation is expected to increase
fatigue rate (i.e., a faster force decrease). FDB bundles exposed to MK-8722 fatigued significantly
slower than control muscles for the first 30 s of stimulation; the largest difference occurred at 15
s when the decrease in tetanic force was 8.2% greater in control than in MK-8722-treated FDB
(Fig. 3.12). By 30 s, tetanic force reached approximately 40% of pre-fatigue tetanic force for both
conditions. Thereafter, the decrease in tetanic force became greater in MK-8722-treated FDB. At
the end of the fatigue bout mean tetanic forces were significantly different between control and
MK-8722-exposed FDB, the values being 17.2% and 14.9% of pre-fatigue force, respectively.
Similar to the observation for the adenosine receptors, MK-8722 had no significant effect on

unstimulated force during fatigue (data not shown).
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FIGURE 3.11
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Figure 3.11: A1R fluorescence intensity is in the order of EDL > soleus = FDB with a tendency for type
1B > lIA = 1IX > | fibers in EDL and soleus and IIX = IIA = lIB > I. A) Mean fluorescence intensity for A1R
between EDL, soleus, and FDB muscles. For each mouse, all three muscles were put on the same slide and
stained simultaneously. B) Mean fluorescence intensity for A1R between fiber types. The intensities for a
given fiber type were added and then divided by the total surface area occupied by that same fiber type.
Mean fluorescence intensities are expressed as a ratio to type | fiber (See Methods and Materials for the
calculation). Vertical bars represent the S.E. Numbers of fibers/muscles are shown in Table 3.2. *
Fluorescent intensity in EDL was significantly different from that of soleus and FDB, ANOVA P < 0.05.
Differences in fluorescent intensities between fiber types were not significant, ANOVA P > 0.05.
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TABLE 3.2

Muscle Type | Type lIA Type 1IB Type lIX
EDL 83/4 920/4 1458 / 4 401/4
Soleus 1128 /4 935/4 30/3 286 /4
FDB 264 /4 1221/4 2/2 661/4

Table 3.2:
muscles.

Numbers of Fibers and Muscles used for analysis in Figure 3.9.
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FIGURE 3.12
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Figure 3.12: Activating AMPK with 10 uM MK-8722 initially resulted in slower decrease in tetanic force
for 30 s before the loss became faster and greater compared to control mouse FDB muscles. Fatigue was
triggered with one tetanic contraction every s for 3 min. Paired FDB were used; one used as control and
the other as MK-8722-treated. FDB were exposed to 10 uM MK-8722 30 min prior to and during fatigue.
Tetanic force is expressed as a percent of maximum force at the onset of fatiguing stimulation. Vertical
bars represent the S.E. of 2-3 FDB. 1 Indicates the time period during which there were significant
differences between control and MK-8722-treated FDB; ANOVA, LSD P < 0.05 (interactive effect).
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As AMPK inhibitors were not available, the effect of a lack of AMPK was tested using an
inducible AMPK double knockout AMPK al”/a2”- IndKO mouse model triggered by tamoxifen
three weeks prior to the fatigue experiments. Western blot analysis confirmed the total absence
of AMPK in AMPK a17-/a2- IndKO FDB (Fig. 3.13). Cre-positive AMPK a1%/f/a2/f FDB were used
as control. As discussed in the Introduction and for the adenosine receptors, if AMPK triggers
fatigue including an activation of Katp and CIC-1 channels, then muscle dysfunctions are expected

to occur during fatigue in AMPK a17-/a2”- IndKO FDB bundles.

AMPK al”/a2”- IndKO FDB bundles fatigued slightly but significantly faster than
untreated AMPK al1*/*/a2*/* FDB early in the fatigue run. After 30 sec, the force loss was 10.8%
greater in AMPK al”/-/a2”7- FDB than in control. (Fig. 3.14A). The difference decreased to just
2.6% by the time force reached a plateau around 95 seconds into the fatigue bout. Unstimulated
force increased similarly for AMPK a1”-/a2”- IndKO and AMPK a1*/*/a2*/* FDB bundles during the
first 80 s. Thereafter, it decreased slightly for AMPK al**/a2** control FDB bundles while it
continued to increase for AMPK a1”-/a2”- IndKO FDB (Fig. 3.14B). By the end of the fatigue run,
final mean unstimulated force was 10.6% of initial force for AMPK a17-/a2”- IndKO FDB compared
to 5.9% in control FDB. This difference was not found to be significant due to high variability

between FDB.

THE EFFECTS OF MODULATING THE ACTIVITY OF BOTH ADENOSINE RECEPTORS AND AMPK

The third aim was to determine whether adenosine receptor-AMPK signalling crosstalk

occurs during fatigue. Two sets of experiments were carried out to do this. The first experiment
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FIGURE 3.13
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Figure 3.13: Tamoxifen treatment knocked out AMPKa expression in AMPK a1™f/a2/f mouse FDB,
generating AMPK a17-/a2”- indKO FDB. Representative western blot showing 5 control AMPK al1*/*/a27/~
and 7 induced AMPK al1”-/a2”-indKO FDB on the same membrane with A) Ponceau staining and B) AMPK
o1/a2 immunostaining.



FIGURE 3.14
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Figure 3.14: AMPK al1”-/a2”- indKO FDB had significantly faster and greater decreases in tetanic force
loss and greater increase in unstimulated force during fatigue compared to control AMPK a1/ /a2/f
FDB. A) Tetanic force and B) unstimulated force are expressed as a percent of pre-fatigue tetanic force.
AMPK a17 /a2’ IndKO mice were injected once daily over 3 days with 100mg/Kg tamoxifen and FDB were
tested 3-weeks later. Fatigue was elicited with 1 contraction every sec for 180 sec. Vertical bars are S.E.
of 4-5 FDB. * indicates a significant difference between control AMPK a1"f/a2! and AMPK al”"/a2”
IndKO; ANOVA, P < 0.05 (main effect only).
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involved co-activation of adenosine receptors and AMPK in CD-1 mouse FDB. At 10uM,
MK-8722/adenosine and MK-8722/ENBA combinations did not affect the rate of fatigue (Fig.
3.15A, C) whereas the MK-8722/NECA combination slightly but not significantly increased it,
causing an extra 2.7% greater decrease compared to control (Fig. 3.15B). Increasing ENBA
concentration to 20uM with 10 uM MK-8722 lead to faster and greater extent of tetanic force
loss, similar to that observed with either 10uM ENBA (Fig. 3.4C) or 10uM MK-8722 (Fig. 3.12);
i.e., increasing tetanic force loss by 6.4% (Fig. 3.15D). However, as with MK-8722/NECA, this

difference was not statistically significant due to high variability.

The second experiment involved the activation and inhibition of A1R in the absence of
AMPK activity. If an interactive and compensatory relationship exists between A1R and AMPK,
then A1R activation in AMPK al”-/a2” indKO FDB is expected to result in a much greater effect
than in control FDB. Additionally, a lack of both A1R and AMPK activity should result in severe
contractile dysfunction similar to that observed in Kare channel deficient muscles, greater than
with the loss of A1R or AMPK activity alone. As observed with CD-1 FDB muscles (Fig. 3.5C), 20
LM ENBA increased the extent of the tetanic force loss during fatigue in AMPK al*/*//a2*/* FDB,
albeit the difference of 4% was observed at the very end of fatigue and lacked statistical
significance (Fig. 3.16A). ENBA had a greater and significant effect in AMPK a1”-/a27- indKO FDB.
The decrease in tetanic force was faster in the presence of ENBA, the greatest difference of 7.7%
being observed at 175 s (Fig. 3.16B). At 5uM, DPCPX had no effect on tetanic force loss during
fatigue in AMPK a1*/*/a2*/* FDB (Fig. 3.16C). DPCPX exposure did have a slight effect in indKO
FDB however, where it increased tetanic force loss by 4%, albeit observed at the very end of

fatigue and lacking significance (Fig. 3.16D).
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FIGURE 3.15
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Figure 3.15: FDB co-activation of adenosine receptors with NECA (10 uM) and ENBA (20 uM) and AMPK
with 10 pM MK-8722 slightly increased tetanic force loss in CD-1 mouse FDB. A) 10 uM MK-8722 (AMPK
activator) + 10 uM adenosine (pan-AR agonist). B) 10 uM MK-8722 (AMPK activator) + 10 uM NECA (A1R,
A2AR, A2BR agonist). C) 10 pM MK-8722 (AMPK activator) + 10 uM ENBA (A1R agonist). D) 10 pM MK-
8722 (AMPK activator) + 20 uM ENBA (A1R agonist). Paired FDB were used: one as control the other as
drug treated. Tetanic force is expressed as a percent of pre-fatigue tetanic force. FDB were incubated in
the presence of agonists 30 min prior to and during fatigue. Vertical bars represent S.E. of 3-6 muscles.
Vertical bars represent S.E. of 3-7 muscles. There was no significant difference between the various
conditions, ANOVA: P > 0.05.
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Figure 3.16: An activation or inhibition of A1R in AMPK al”-/a2”- indKO FDB slightly increased the
extent of tetanic force loss compared to control AMPK a1*/*/a2*/* FDB. A) 20 uM ENBA (A1 agonist) in
AMPK al**/a2** FDB. B) 20 uM ENBA (A1 agonist) in AMPK a1”°/a2”- indKO FDB. C) 5 uM DPCPX (A1R
antagonist) in AMPK al1**/a2*/* FDB. D) DPCPX (A1R antagonist) in AMPK al”/a2”" indKO FDB. Fatigue
was elicited with 1 contraction every sec for 180 sec. Tetanic force is expressed as a percent of pre-fatigue
tetanic force. Vertical bars represent S.E. of 5 muscles. * indicates a significant difference between control
and ENBA-treated FDB, ANOVA, P < 0.05 (main effect).
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Unstimulated force was also analyzed to determine the extent of any potential contractile
dysfunction. At 20 uM, ENBA exposure had no statistically significant effect on unstimulated force
development in either AMPK a1*/*/a2*/* (Fig. 3.17A) or AMPK al”-/a2/ indKO FDB (Fig. 3.17B).
However, ENBA exposure did cause a slight decrease in unstimulated force in AMPK a1*/*/a2*/*
FDB starting around 30 s of stimulation and resulting in 3% lower unstimulated force compared
to control FDB upon reaching a plateau around 80 s while having the opposite effect in AMPK a1
/a2 indKO FDB, increasing unstimulated force for the first 25 s of activity, resulting in ~3%
greater unstimulated force compared to control upon normalizing at 30 s. 5uM DPCPX exposure
also had no significant effect on unstimulated force in either AMPK a1*/*/a2*/* or indKO FDB (Fig.

3.17 C,D).

THE EFFECTS OF MODULATING THE ACTIVITY OF BOTH ADENOSINE RECEPTORS AND AMPK

To further understand how adenosine, NECA and ENBA affected fatigue kinetics under
different conditions, i.e., drug concentrations and AMPK activity, the differences in tetanic force
between paired control and drug treated FDB were calculated. At 10 uM, adenosine reduced the
rate at which tetanic force decreased especially during the first 60 sec, the greatest difference
occurring at 25 sec when the decrease in tetanic force of adenosine-treated (10 uM) FDB was
6.4% less than that of control FDB (Fig. 3.18A). There was a significant difference in the adenosine
effect between 10 and 20 uM (ANOVA, main effect). First, the slower decrease in tetanic force
during the first 60 s at 10 uM was almost inexistent at 20 uM. Second, while the decrease in

tetanic force of adenosine treated FDB during the last 2 min was less than in control at 10 uM,
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FIGURE 3.17
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Figure 3.17: Neither ENBA nor DPCPX exposure significantly increased unstimulated force development
in AMPK al1**/a2** or AMPK a1”-/a2”- indKO FDB. A) 20 uM ENBA (A1 agonist) in AMPK a1*/*/a2*/* FDB.
B) 20 uM ENBA (A1 agonist) in AMPK al1”"/a2” indKO FDB. C) 5 uM DPCPX (A1R antagonist) in AMPK
al**/a2** FDB. D) DPCPX (A1R antagonist) in AMPK al1”-/a2” indKO FDB. Fatigue was elicited with 1
contraction every sec for 180 sec. Unstimulated force is expressed as a percent of maximum tetanic force
at the onset of fatiguing stimulation. Vertical bars represent S.E. of 5 muscles. There was no significant
difference between the various conditions, ANOVA: P > 0.05.
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FIGURE 3.18
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Figure 3.18: The effects of A) adenosine, B) NECA C) ENBA and D) MK-8722 by themselves and in
combination on tetanic force loss during fatigue. Differences in tetanic force during fatigue were
calculated by subtracting the tetanic force of drug-treated FDB from the value of the paired control FDB;
i.e., positive values indicate how much more tetanic force loss occurred in drug-treated than in control
FDB. Vertical bars represent the S.E. of 4-7 muscles (except 2 FDB for 10 uM MK-8722). For clarity, S.E.
were removed for some conditions. * In A indicates a significant difference between 10 and 20 uM
adenosine; ANOVA and L.S.D. P < 0.05 (drug main effect). Dashed blue horizontal lines in B-D represent
the minimum difference necessary to achieve significant difference from 0% (horizontal black line);
ANOVA, L.S.D. P < 0.05 (time main effect).

67



the reverse was observed at 20 uM. Co-activation of adenosine receptors with 10 UM adenosine
and AMPK with 10 uM MK-8722 also resulted in an effect similar to 20 uM adenosine; i.e., no
slower decrease in tetanic force during the first 60 s and slight increase in force loss during the
last 2 min. NECA, which activates A1R, A2AR, and A2BR, had a similar effect on the initial slower
decrease in tetanic force compared to adenosine. That is, 10 uM NECA initially reduced the
decrease in tetanic force, while this effect was no longer observed at 20 uM NECA (Fig. 3.18B).
There was, however, a major difference for the last 2 min as NECA increased the rate at which
tetanic force decreased compared to control, an effect only observed at 20 uM adenosine. Co-
activation of adenosine receptors and AMPK with 10 uM NECA and 10 uM MK-8722 resulted

fatigue kinetics similar to that of 10 uM NECA.

Contrary to the adenosine and NECA effects, ENBA, which only activates A1R, did not
cause the initial slower decrease in tetanic force. That is, ENBA, at 10 and 20 uM, consistently
and significantly increased the rate at which tetanic force decreased during fatigue when
compared to control conditions in FDB from CD-1, AMPK al** a2*/* flox and AMPK A17/- a2/
indKO mice (Fig. 3.18C). The largest mean differences were observed with 20 uM ENBA in the
FDB of CD-1 mice being 8.5% at 45 s of the fatigue bout decreasing slightly to 5.9% at the end.
The peak difference between control and ENBA-treated FDB was the same with 10 uM ENBA,
being 7.8% at 20 s, but thereafter became less than at 20 uM. The activation of AMPK alone with
10 uM MK-8722 resulted in significantly slower force tetanic force loss reaching a peak of 7.7%
at 15 s followed by an increase in force loss after 30 s (Fig. 3.18D). Co-activation of AMPK with 10
UMK-8722 and al5 with 20 uM ENBA abolished the initial slower force loss and increased the

extent of force loss when compared to 10 uM MK-8722 alone.
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CHAPTER 4: DISCUSSION

The main findings of this study are as follows: 1) the presence of mRNA transcripts for all
four adenosine receptor subtypes are expressed in isolated soleus, EDL, and FDB single fibers; 2)
EDL muscles had significantly greater A1R protein content compared to soleus and FDB; 3) there
was a small tendency for type IIB fibers to have the greatest amount of A1R protein content and
type | to have the lowest, but the differences were not statistically significant; 4) at 2uM, neither
AR agonists nor antagonists affected the decrease in tetanic force of FDB muscles when fatigue
was triggered; 5) at 10 uM, adenosine reduced the rate of tetanic force loss while at 20 uM
adenosine alone or in combination with 10 uM MK-8722 increased force loss; 6) NECA at 10 and
20 uM had the same effect on the initial slower force loss observed with adenosine, but contrary
to adenosine it increased the extent of force loss during the last 2 min; 7) at 10 and 20 uM ENBA,
an A1R agonist, caused a statistically significant and consistent greater force loss throughout the
entire fatigue bout, an effect that was blocked by 5 uM DPCPX, an A1R antagonist; 8) activation
of AIR with ENBA or A1R, A2AR, A2BR activation with NECA or adenosine prior to fatigue resulted
in significant increase in AMPK phosphorylation after fatigue when compared to control; 9)
compared to control, exposure to 10 uM MK-8722, an AMPK activator, gave rise to an initial
slower decrease in tetanic force followed by significantly increased extent of force loss; 10) FDB
muscles from a double knockout for al and a2 AMPK isoforms had significant greater extent of
force loss compared to FDB muscles and greater unstimulated force during the last 100 sec of
the fatigue bout compared to FDB expressing both AMPK isoforms; 11) co-activation of AMPK

(with MK-8722) and A1R (with ENBA) or A1R, A2AR, and A3R (with NECA) increased the extent of
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force loss similar to the effect of MK-or ENBA alone; 12) activation of A1IR with ENBA in AMPK

al”’ / a2” indKO FDB increased force loss to a greater extent than in AMPK al1*/* a2*/* FDB.

ROLE OF ADENOSINE RECEPTORS IN THE MECHANISM OF MUSCLE FATIGUE

Part of the hypothesis of this study was that ARs trigger the fatigue process during
muscular activity when metabolic stress occurs. To test this, t-tubular A1R protein content and
the effects of modulating different adenosine isoforms on the kinetics of fatigue were

determined.

A1R expression did not correlate with the fatigability of muscles and fiber types

Although the mRNA of all four adenosine receptors is expressed in skeletal muscle fibers,
only the t-tubular A1R protein content was determined because activating A1R with ENBA caused
a consistent and statistically significant greater loss of tetanic force throughout the entire fatigue
bout, whereas a pan-activation of several adenosine receptors with either adenosine or NECA
had complex effects on the fatigue kinetics. If A1R plays a major role in fatigue then the
expectation was that the more fatigable a muscle or a fiber type is, the greater the t-tubular A1R
protein content; i.e., in the order of FDB ~ EDL > Soleus and type I[IB>IIX>IIA>| fibers. This concept
was based on three facts. First, in isolated patch clamp membrane preparations from FVB muscle
fibers, A1R activates Karp channels’>. Second, the Kate channel is vital during fatigue to prevent
damaging ATP depletion leading to several dysfunctions and fiber damage***®4°, Third and most

importantly, the distribution of t-tubular K;6.2 protein content, the subunit that makes up the
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channel pore, correlates with fiber type fatiguability on the order of FDB ~ EDL > Soleus and Type

IB>IX>ASI4L,

EDL, a muscle with low fatigue resistance, had greater t-tubular A1R protein content than
soleus, a fatigue resistant muscle. However, this was the only result supporting the hypothesis
for two reasons. First, although EDL and FDB muscles have similar fatigue kinetics when
stimulated with one tetanic contraction per s*¢'2%, FDB muscles had similar A1R protein content
as solei, and thus less than EDL. Second, there was a tendency for type IIB fibers to have greater
t-tubular A1R content than type | fibers, but the differences were small and non-significant
whereas for Kir6.2 protein content the differences between muscles and fiber types were large
and significant. The lack of correlation between A1R protein content and muscle/fiber fatigability
is either because A1R is not important in the mechanisms of muscle fatigue or it has other
functions, such as stimulating glucose uptake (see Discussion in section entitled “SUMMING UP:

THE ROLE OF ARs AND AMPK IN SKELETAL MUSCLE FATIGUE” below).

The complexity of activating adenosine receptors on fatigue kinetics in mouse FDB

This study is the first to document the impact of modulating adenosine receptor activity
on contractile force during fatigue. According to the hypothesis, exposing FDB muscles to AR
agonists will increase both the rate and extent of force loss during fatigue. At 2 uM, neither ENBA
(A1R), PSBO77 (A2AR), nor NECA (A1R, A2AR, A2BR) affected how i) tetanic force decreased and
ii) how unstimulated force increased during fatigue as well as how tetanic force recovered after
fatigue. These agonist concentrations were initially used as their Kp values are in the nM range;

i.e., 2 uM should have been enough for maximal binding. However, much greater effective drug
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concentrations are often required for in vitro muscle preparations, especially when said drugs
are hydrophobic, as they incorporate themselves in the large amount of t-tubular and SR
membranes present. For example, the K; for the Karp channel blocker glibenclamide is 63 nM
when measured under patch-clamp conditions, but typically requires an effective concentration
of 10 uM in isolated skeletal muscles!'®. Indeed, at 10 and 20 uM adenosine, NECA, and ENBA
significantly affected fatigue kinetics. It may then be argued that at 10 and 20 uM, NECA and
ENBA had some non-specific effects. As discussed below, some of NECA’s effects were similar to
those of adenosine making it unlikely that NECA had non-specific effects. The ENBA-related
effects at 20 uM, on the other hand, were completely abolished by co-exposure to 5 uM DPCPX,

the A1R antagonist, suggesting that the ENBA’s effects were via an activation of A1R.

The effect of pan-activation of all receptors with 10 uM adenosine was first an initial
slower decrease in tetanic force during the first 60 s of the fatigue bout; an effect that was also
observed with 10 uM NECA. This initial slower force decrease was not observed with 10 uM ENBA
as it immediately caused greater force loss. These results suggest i) that A1R is a potential factor
in the mechanism of fatigue and ii) A2AR and/or A2BR are involved in the initial slower decrease
in force loss. While the increase in force loss via an activation of A1R is consistent throughout the
fatigue bout, the adenosine and NECA’s effects were more complex. First, the slower force loss
did not occur with 20 UM adenosine and NECA as there was a tendency for faster force loss
throughout the fatigue bout. Second, during the last 2 min of the fatigue bout 10 uM adenosine
kept reducing force loss while 10 uM NECA eventually caused faster force loss. This suggests a

concentration dependent effect for which at low concentrations of adenosine and NECA, an
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activation of primarily A2AR and A2BR reduces the rate of fatigue while at higher concentrations

fatigue rate is increased.

The next question is why there was a difference in the effects of adenosine and NECA
exposure at 10 uM during the last 2 min of fatigue. Adenosine can be metabolized and therefore
its final concentration in the interstial space from the surface fibers to those located in the muscle
core depends on how fast metabolism occurs and how fast it diffuses throughout the muscle, the
latter being more limited in t-tubules due to their small size. During light exercise at a work rate
of 10 W, the interstitial adenosine concentration of human vastus lateralis muscle increases from
0.22 uM at rest to 1.14 uM, reaching 2.22 uM at 50 W®8. A 50 W work load is not high enough to
rapidly cause a fatigue state, which is observed at a work load of 90 W%, So, if at a bulk
concentration of 10 uM the interstitial and especially the t-tubular adenosine concentration is
within the 1-2 uM range, then its primary effect via A2AR and/or A2BR is most likely a decrease
in the rate of force loss. A 28% decrease in total ATP occurs during the first 60 s when FDB is
fatigued with 1 tetanic contraction per s°°. As a metabolic stress occurs, which is associated with
greater adenosine production'?®, the slower rate of fatigue driven by A2AR and/or A2BR
activation may switch to a faster fatigue rate driven primarily by other AR isoforms, the effect
being greater with NECA because it cannot be metabolized and its concentration within the

muscle is expected to remain close to 10 uM.

The next question is whether or not ARs are a major component in the mechanism of
muscle fatigue, considering that none of the effects of modulating their activity caused changes
exceeding 10% compared to an overall decrease in tetanic force of 80-85%. As discussed in the

Introduction, there is an inverse relationship between adenosine production via the activity of
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5’-nucleotidase (5’-NT), and AMPK activation. That is, 5’-NT overexpression in cultured Human
Embryonic Kidney (HEK) cells results in lower oligomycin-induced AMPK activity while siRNA-
mediated 5’-NT knockdown increases resting AMPK activity in cultured human myotubes®®’,
Furthermore, AMPK activates Katp channels in cardiac muscles®’, and this channel is crucial in
protecting muscle fiber function during fatigue in skeletal muscles*#®°0, This is why it was
hypothesized that AMPK is also involved in triggering fatigue. The effects of AMPK activation
during fatigue will first be discussed, followed by further discussion on the potential relationship

between ARs and AMPK.

AMPK AFFECTS THE RATE OF TETANIC FORCE LOSS DURING FATIGUE

Activating AMPK with 10 uM MK-8722 initially caused a slower rate of force loss during
the first 30 seconds of fatiguing stimulation. This phase was then followed by a faster decrease
in tetanic force. These AMPK effects were therefore similar to the initial effects of 10 uM
adenosine and full effect of 10 uM NECA, supporting a potential role for AMPK in fatigue. If this
is the case and if AMPK’s effects involve an activation of Katp channels, then AMPK-deficient FDB
should behave like Katp channel deficient FDB during fatigue. That is, a lack of AMPK should result
in contractile dysfunctions including greater fatigue rate and unstimulated. Indeed, AMPKa1”-
/027~ FDB muscles fatigued faster and had greater increases in unstimulated force during fatigue
than the control floxed AMPKal1*/*/a2** FDB. The greater force loss and unstimulated force in
AMPKal1”"/a2”/ FDB suggests that some degree of contractile dysfunction occurred, but much
less than in Katp channel deficient FDB. That is, compared to control, the largest difference in

tetanic force loss occurred at 20 s when the decrease in tetanic force was 13% greater in AMPK
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deficient FDB compared to 30% for Kate channel deficient. Also, the difference for the increase in
unstimulated force by the end of fatigue was just 5% in AMPK deficient FDB compared to 15% in

Kate channel deficient FDB.

AMPK is an important factor in the regulation of mitochondrial content, glucose uptake
and metabolism, glycogen content and fatty acid metabolism®.. It is therefore possible that the
faster decrease in tetanic force and greater increase in unstimulated force during fatigue in
AMPKal”/a2” FDB is due to a decreased capacity to generate ATP. This is because a three-week
incubation period post-tamoxifen injection was necessary to ensure complete AMPK deletion.
However, using the same AMPKal”/a27- mouse model, Lantier et al. (2014)% reported the
following major findings: i) fatigue resistance decreased in the soleus, an oxidative muscle, but
not in the tibialis, a more glycolytic muscle like FDB; ii) there is no diffrence in citrate synthase
activity or mitochondrial number, size, or structure in soleus and gastrocnemius muscle, albeit
there was a decrease in mitochondrial maximal respiratory rate; iii) contraction-activated glucose
uptake decreased in soleus muscles of male mice but not in female mice; iv) there is no decrease
in glucose uptake in EDL (male and female mice), a muscle with similar fatigue kinetics to those
of FDB. Furthermore, oxidative metabolism is not activated in FDB during the fatigue bout used
in this studyC. It is therefore unlikely that a decreased metabolic capacity to generate ATP in
AMPKal”-/a2”/- FDB was a major cause for the faster decrease in tetanic force and greater
increase in unstimulated force observed in this study. One interesting observation from the
AMPKal17-/a2”/- mouse model is an increase in the number of tibialis and gastrocnemius muscle
fibers containing centrally located nuclei®. This is actually another similarity to the observation

of centrally located nuclei in Kate channel deficient tibialis, plantaris and EDL*. Thus, there are
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three major similarities in the physiological response of AMPK- and Karp channel deficient
muscles; i.e., faster rate of fatigue, greater increase in unstimulated force, and the presence of
centrally located nuclei. This suggests that AMPK may also be important in protecting skeletal
muscles against damaging ATP depletion as it has been demonstrated for Kare channels.
However, future studies will be necessary to determine if AMPK is important in the activation of

Katp channels.

CO-ACTIVATION OF ARs AND AMPK DOES NOT RESULT IN ADDITIVE OR SYNERGISTIC EFFECT

ON THE FORCE LOSS DURING FATIGUE

The issue raised above was whether the small impact of activating ARs on the rate of
fatigue was due to less AMPK activation, considering that the latter did contribute to faster
fatigue rate. Three series of measurements provided evidence for the contrary. First, co-
activation of AMPK and A1R as well as AMPK and A1R/A2AR/A2BR did not further increase the
rate of fatigue above what was observed with an activation of ARs alone as expected if the latter
lowered the extent of AMPK activation. In other words, concomitant activation of adenosine
receptors and AMPK had neither an additive nor synergistic effect. Second, activating A1R in
AMPKal”-/a2”- FDB did not result in a greater effect on the rate of fatigue. Third, and most
importantly, at 10 and 20 uM, adenosine, NECA, and ENBA did not decrease, but actually
increased the extent of T172 phosphorylation of the AMPKa subunit measured after fatigue.
Evidence for AMPK activation via ARs has also been found in cardiomyocytes'?’, liver cells?,
cartilage'?®, and vascular epithelial cells'3°, and this study now confirms that it also occurs in

skeletal muscle. In fact, this latter result suggests that one mechanism of ARs may actually involve
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an activation of AMPK, therefore explaining why co-activation of ARs and AMPK is neither
additive nor synergistic. This possibility is supported by the effects of activating A1R with ENBA
in AMPKal”-/a2” FDB. That is, the increase in the rate of fatigue induced by ENBA occurred much
slower in AMPKa1”/a2”- FDB than in wild type, but the final extent of force loss was the same
(Fig. 3.18C). This suggests i) the initial increase in the rate of fatigue by ENBA involves an
activation of AMPK via A1R and ii) other mechanisms exist by which A1R increases the rate of

fatigue as it eventually became the same by the end of the fatigue bout.

SUMMING UP: THE ROLE OF ARs AND AMPK IN SKELETAL MUSCLE FATIGUE

From the results obtained in this study and above discussion, it can be proposed that i)
activation of A2AR and/or A2BR at low agonist concentration leads to a slower fatigue rate while
at high agonist concentration it increases the rate of fatigue; ii) activation of A1R leads to a faster
fatigue rate; iii) AMPK activation increases the rate of fatigue and a AMPK deficiency results in
contractile dysfunctions and fiber damage as observed in Karp channel deficient muscles; iv) co-
activation of ARs and AMPK do not result in an additive or synergistic effect possibly because AR
activation leads to an increased AMPK activity via an increased T172 phosphorylation of the

AMPKa subunit.

An important issue as raised in the above discussion is whether ARs and AMPK are
important factors in the mechanism of fatigue, considering that their effects on the rate of fatigue
did not exceed 10% compared to an 80-85% overall decrease in tetanic force. It is possible that
this study’s use of FDB bundles masked some of the effects of AR/AMPK activation on fatigue. A

study by Hesse (2019) found that removing glucose from the extracellular space increases the
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rate of fatigue by about 10% in FDB bundles, suggesting a minor contribution of extracellular
glucose for the ATP production during fatigue'3!. However, contrary to the large decrease in
tetanic force during the first 60 s of the fatigue bout in FDB bundles 13!, there is no sign of fatigue
in the first 60 s when single FDB fibers are used. More importantly, removing extracellular glucose
results in statistically significant greater decrease in Ca®* release (and therefore reduced
contractile) during fatigue, now suggesting that extracellular glucose is important in increasing
fatigue resistance. The reason for the difference between FDB bundles and single fibers is that
an anoxic/hypoxic condition is expected to occur in the middle core of the muscle in FDB bundles,
while single fibers are completely surrounded by extracellular fluid*”:132, It is therefore more than
likely that hypoglycemia also occurs in FDB bundles, and the anoxic/hypoxic/hypoglycemic core
contributes to a much faster and greater rate of fatigue in bundles than in single fibers, and
possibly makes it more difficult to observe any effect of modulating ARs and AMPK activity. In
other words, it is possible that the small observed impact of activating ARs and AMPK in FDB

bundles will become much greater in single fibers.

Another factor to consider is the slower rate of fatigue that has been observed with low
concentrations of adenosine and NECA agonists that activate ARs, as well as MK-8722 that
activates AMPK. First, it suggests that there are two opposite effects, and it is possible that the
mechanism responsible for the initial slower fatigue rate somehow reduces the extent of the
expected increase in fatigue rate, at least for adenosine, NECA, and MK-8722. Second, the
mechanism behind this slower fatigue rate may involve increased glucose uptake. A1R activation
does not affect glucose uptake at rest, but it does increase both insulin- and exercise-induced

glucose uptake via greater GLUT4 membrane translocation’”78133, A2AR and A2BR may also

78



affect glucose uptake in skeletal muscle as they improve insulin sensitivity in normal mice and
increase glucose uptake in skeletal muscles'3#13>, Finally, AMPK also increases glucose uptake via
GLUT4 translocation in addition to ATP production®!. Considering that i) FDB were incubated 30
min prior to the fatigue bout, ii) increasing extracellular glucose improves fatigue resistance!3®
while iii) removing it has the opposite effect!®!, it is therefore likely that greater glucose uptake
prior to and during the initial period of the fatigue bout is responsible for the slower rate of
fatigue. Then, as hypoglycemia develops the rate of fatigue increases and may be responsible for

the apparent faster rate of fatigue in the presence of MK-8722 and high adenosine and NECA

concentrations compared to controls.

CONCLUSION

The rate of fatigue determined from the decrease in tetanic force over time was affected
by the modulation of AR and AMPK activity in mouse FDB. At low concentrations of pan-AR
activators adenosine or NECA, the rate of fatigue in FDB bundles was initially slower compared
to control FDB for about 60 s, before the rate of fatigue increased, with NECA exposure causing
an overall greater extent of fatigue than controls. An activation of A1R with ENBA, on the other
hand, resulted in a greater fatigue rate throughout the entire fatigue bout. These results suggest
that the initial slower fatigue rate is related to an activation of A2AR and/or A2BR while the
function of A1R is to trigger faster force loss. Interestingly, the initial slower rate of fatigue was
abolished in the presence of higher concentrations of adenosine or NECA, suggesting that the

effects of A2AR and/or A2BR may be physiologically dependent on adenosine concentration. An

79



activation of AMPK also resulted in an initial slower rate of fatigue followed by faster rate

compared to control.

Co-activation of ARs and AMPK did not result in any additive or synergistic effects possibly
because adenosine, NECA, and ENBA all increased AMPK activity via the phosphorylation of T172
of the a subunit. This result also raises the possibility that one mechanism of action for ARs is an
activation of AMPK. Contractile dysfunction, shown by a faster rate of fatigue and greater
increase in unstimulated force, occurred in AMPK-deficient FDB while another study observed
the occurrence of fiber damage in AMPK-deficient skeletal muscles. The occurrence of this
dysfunction and fiber damage is similar to that observed in Kare channel deficient muscles,
suggesting that like Katp channels, AMPK may be important for preventing damaging ATP
depletion during times of metabolic stress such as fatigue. Future studies will now be necessary
to determine i) if the effects of modulating ARs and AMPK are much greater in single skeletal
muscle fibers as it had been observed in a previous study on the effect of removing extracellular
glucose; ii) if one mechanism for ARs during fatigue is via an activation of AMPK; iii) if the initial
slow rate of fatigue observed under some conditions are related to an increased glucose uptake
during the pre-fatigue incubation and/or during the first 60 s of fatigue period; and iv) if the
mechanism of action for ARs and AMPK also involves the activation of CI- CIC-1 and Kate channels,

two major components in the mechanism of fatigue.
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