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ABSTRACT

Recently, it has been postulated that fatigue is a mechanism to protect the muscle
fiber from deleterious ATP depletion and cell death. The ATP-sensitive potassium (Katp)
channel is believed to play a major role in this mechanism. Under metabolic stress, the
channels open, reducing membrane excitability, Ca*" release and force production. This
alleviates energy demand within the fiber, as activation of the channel reduces ATP
consumption from cellular ATPases. Loss of Kartp channel activity during fatigue results
in excessive intracellular Ca*" ([Ca*'];) levels, likely entering the fiber through L-type
Ca’" channels. It has been demonstrated that when mouse muscle lacking functional Ktp
channels are stimulated to fatigue, ATP levels become significantly lower than wild type
levels. Thus, it was hypothesized that a lack of Karp channel activity impairs energy
metabolism, resulting in insufficient ATP production. The focus of work for this M.Sc.
project was to test this hypothesis. Fatigue was elicited in Kir6.2”~ FDB muscles for three
min followed by 15 min recovery. After 60 sec, a 2.6-fold greater glycogen breakdown
was observed in Kir6.2”~ FDB compared to wild type FDB. However, this effect
disappeared thereafter, as there were no longer any differences between wild type and
Kir6.2” FDB in glycogen breakdown by 180 sec. Glucose oxidation after 60 sec was also
greater in Kir6.2”~ FDB compared to wild type FDB. However, levels of oxidation failed
to increase in Kir6.2”" FDB from 60 to 180 sec. Calculated ATP production during the
fatigue period was 2.7-times greater in Kir6.2” FDB, yet measured ATP levels during
fatigue are much lower in Kir6.2”~ FDB compared to wild type FDB. Taken together, it

appears that muscle energy metabolism is impaired in the absence Karp channel activity.
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CHAPTER 1

INTRODUCTION

At rest, the metabolic rate of skeletal muscle is very low, but once active can
increase 100-fold (Gibbs et al., 1987). Due to the intense energy-consuming work that
must be performed during muscular activity, substantial ATP generation is required to
meet the needs of a high metabolic rate. During all types of exercise, eventually the ATP
demand exceeds that of ATP production. If muscle suffers large ATP depletion, there is
potential for fiber damage and cell death. It is therefore crucial for the muscle to have the
capacity to prevent large ATP depletion.

Recently, it has been proposed that muscle fatigue is a mechanism to prevent
damaging ATP depletion. Fatigue has been defined as “a transient and recoverable
decline in muscle force and/or power with repeated or continuous muscle contractions”
(Mckenna et al., 2008). There are now several lines of evidence for intracellular
components that behave as energy sensors that eventually trigger fatigue (Gong et al.,
2003, Pedersen et al., 2009). One of them is the ATP-sensitive potassium (Katp) channel,
which is found in many different tissues, including skeletal muscle. This ion channel
links the energy status of the cell to membrane excitability. During any metabolic stress,
such as fatigue or ischemia, Ksrp channels are activated to reduce membrane excitability.
As a consequence of lower membrane excitability, less Ca’” is released from the
sarcoplasmic reticulum (SR), leading to a decrease in force (Noma, 1983; Cifelli et al.,
2007).

Despite a large body of studies demonstrating the mechanisms by which Karp

channels depress membrane excitability as well as the damage induced by excessive
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increases in intracellular calcium ([Ca®*]i), little is known about how Katp channels affect
energy metabolism. Therefore, the objective of this study was to determine how the
complete loss of Katp channel activity affects carbohydrate and energy metabolism
during fatigue.

MUSCLE CONTRACTION

Muscle contraction is first initiated when an action potential is transmitted from an
alpha-motor neuron at the neuromuscular junction (NMJ). The signal along the nerve
fiber causes acetylcholine to be released from the synaptic button into the synaptic cleft,
the space separating the nerve fiber from the muscle. Acetylcholine binds to nicotinic
acetylcholine receptors on the motor end plate of the muscle, causing a reconfiguration of
the receptor, opening a pore that allows influx of cations, mainly Na'. The positive
charge of the sodium ions causes a large depolarization of the cell membrane. Once the
depolarization threshold is met, there is an “all-or-none” response, where voltage-
sensitive sodium (Nay) channels quickly open to generate an action potential.

An action potential can be separated into two phases: the depolarization phase and
the repolarization phase. The depolarization phase is caused by influx of Na' through
(Nay) channels, which start to open at a membrane potential (E;,) of -60mV (Chahine et
al, 1994). As Na" moves across the membrane, E,, is depolarized from its resting values
of -80 mV to +30 mV. The repolarization phase during which E,, returns towards the
resting potential is the result of two events. The first event is the inactivation of Na'
channels that decreases the permeability of Na" across the membrane. The second event is
the activation of voltage-sensitive potassium (Ky) channels. Opening of the Ky channels
causes an outward current of K that repolarizes the cell membrane back to -80 mV.

After an AP is generated, patches of surrounding Nay channels open, allowing
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that area of cell membrane to become depolarized, resulting in another AP. This is
referred to as propagation. From the NMJ, APs propagate along the sarcolemma and
down cell membrane invaginations called transverse tubules (t-tubules).

The t-tubules contain voltage-gated Ca’" (Cay) channels, also known as
dihydropyridine receptors (DHPR) and L-type Ca®" channels. When the membrane
potential is less than -50 mV, the DHPR undergoes a conformational change, which then
interacts with the Ca>" release channel of the sarcoplasmic reticulum (SR), the ryanodine
receptor (RyR). It is now well established that in skeletal muscle, DHPR and RyR-1 have
reciprocal interactions that result in Ca®" release from the SR (Nakai et al., 1998; Tanabe
et al., 1990). Once the concentration of intracellular calcium ([Ca®'];) increases in the
sarcoplasm, contraction is initiated.

The smallest unit of contraction is the sarcomere. Within a sarcomere are the thin
and thick filaments. In the thin filaments are two regulatory components, troponin (Tn)
and tropomyosin (Tm), and one of the two contractile proteins, actin. The thick filament
contains myosin, which contains a head that interacts with actin. Tn and Tm act to
regulate the contraction cycle. Tn is a trimer, composed of 3 subunits: Tnl, TnT and TnC.
Tnl is an inhibitory subunit that prevents the interaction between myosin and actin while
Tm blocks the myosin binding sites on actin. TnT binds Tm and it also anchors the
troponin complex to the thin filament (Greaser et al., 1973; Jin and Chong, 2010). TnC
acts as the Ca”" sensor, having four binding sites. When Ca®" binds to TnC it causes a
conformational change, exposing a hydrophobic region, to which Tnl then attaches. In
doing so, Tnl relieves its inhibitory segment on the actin filament, which then causes
TnT-bound tropomyosin to change position. This frees the myosin binding site on actin

and initiates the contraction (Slupsky et al., 1995; Houdusse et al., 1997; Mercier et al.,
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2003; Vinogradova et al. 2005).

In the resting state, an ADP and P; molecule are bound to the myosin head and the
energy of ATP has been transferred to myosin. In that state, the myosin head is cocked
into a high-energy conformation. When myosin-binding sites on actin are free of Tm,
myosin binds to actin, forming a crossbridge (Gordon et al., 2000). The powerstroke is
initiated upon the release of Pj, where myosin pulls actin towards the center of the
sarcomere, resulting in contraction. ADP is then released and the powerstroke is
completed with the addition of more force. A new ATP molecule can then bind the
myosin head, causing the dissociation of myosin from actin, returning to a low-energy
state. To relax, Ca®" is actively pumped back into the SR (Tupling et al., 2011).

There are three major ATPases that function during muscular activity: 1) the
myosin-ATPase, which is responsible for muscle shortening and accounts for 70% of the
ATP utilization during activity (Kushmerick et al., 1969); ii) the sarco/endoplasmic
reticulum Ca*"-ATPase (SERCA), which actively pumps Ca>" back into the SR between
contractions, allowing the muscle to relax. This ATPase accounts for ~25-30% of the
ATP utilization (Wendt et al., 1973; Rall, 1985); iii) the Na'/K'-ATPase, which is
responsible for maintaining the Na" and K gradients for APs by pumping out 3 Na' for
every 2 K" that it pumps back into the cell. This ATPase comprises the remaining ATP
utilization during muscular activity.

SKELETAL MUSCLE FIBER TYPES

Fiber types have been defined by the myosin heavy chain (MHC) isoform in
which they express. In general, different fiber types also display different contractile,
metabolic and functional characteristics. Type I fibers, known as slow-twitch fibers, are

characterized by slow contractile speeds, indicated through slow force development and
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low shortening velocity (Bottinelli et al., 1991; Widrick et al., 1996). Type II fibers,
known as fast-twitch fibers, are divided into three types: IIA, IIB, and IIX. Type II fibers
have greater contractile speeds than Type 1 fibers, where the maximum shortening
velocities follow the order IIB > IIX > IIA > I (Trappe et al., 2000; Widrick et al., 2001;
Widrick, 2002)

In addition to defining fiber types based upon contractile characteristics, there are
also fiber type-specific isoforms for troponin. These include slow and fast types in each
of the troponin complex subunits. Soleus muscle, which is composed primarily of slow-
twitch fibers contains the slow troponin isoforms, while extensor digitorum longus (EDL)
muscle, which consists of 1IB, I1IX and IIA fibers, expresses the fast troponin forms
(Parmacek et al., 1989; Parmacek et al., 1990; Brotto et al., 2006). Brotto et al. (2006)
demonstrated that fast and slow troponin isoforms are correlated with lower and higher
Ca*’ sensitivities, respectively. In EDL muscles, which expressed fast TnT/Tnl, the Cas
was 2.30 uM, while soleus muscles, expressing slow TnT/Tnl had a Casp of 1.92 uM.

Furthermore, there are specific SERCA isoforms that characterize the different
fiber types. Soleus muscle is composed of SERCA2a isoforms, which are also found in
cardiac muscle, while SERCA1la is found in EDL muscle (Wu and Lytton, 1993). The
two separate isoforms for fast- and slow-twitch muscle types are extremely important
when muscle is active as the former requires rapid relaxation between contractions during
activities such as sprinting, while the latter type is often used for posture.

Generally type 1 and IIA fibers express high oxidative capacities, with higher
mitochondrial content, oxidative enzymes, myoglobin and blood vessels (Bonen et al.,
1999). Consequently, they are highly fatigue resistant (Bonen et al., 1999). This is of

great importance, considering type I fibers are activated mainly for posture, while ITA
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fibers are relied upon heavily during prolonged exercise, such as endurance running.
Contrastingly, type 1IB fibers have the lowest mitochondrial content, yet have the highest
glycolytic capacity, along with the highest glycogen content (Spriet, 1979; Dyck et al.,
1997). They rely primarily on glycolysis to produce ATP and are the most fatiguable
fibers. Type IIX fibers lay in between IIA and IIB fibers in terms of their oxidative and
glycolytic capacities. Interestingly, rodents are known to express all four types of fibers,
whereas humans only express I, IIA and 11X fibers.

ENERGY METABOLISM DURING EXERCISE

Endogenous ATP is the direct energy source used by all cellular ATPases.
However, during muscle contraction, especially at high intensity, if this were the only
source of ATP, its depletion would occur within seconds. In muscle, ATP rarely falls
below 20 percent of resting levels (Spriet et al., 1985; Ren et al., 1990; Balsom et al.,
1995; Sahlin and Harris 2011), consistent with the fact that skeletal muscle has a
multitude of energy-providing pathways, which confers a tremendous capacity to meet
energy needs so that performance can be sustained.

As mentioned previously, skeletal muscle can upregulate metabolic enzymes up to
100-fold at the onset of activity in order to match the large ATP requirement (Gibbs,
1987). As a consequence, there are increases in metabolic by-products and end-products,
which vary based upon the intensity and duration of exercise. Metabolic pathways as well
as studies concerning the change in metabolites during contraction and exercise in both
rodent models and humans will now be discussed.

ATP
At rest, levels of ATP are in the range of 22 — 29 umoles/g dry weight (Balsom et

al., 1995; Chesley et al., 1998; Tsintzas et al., 2001; Gray et al., 2011). The breakdown of
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ATP to produce energy for contraction is as follows:
ATP — ADP + P; + energy

It has been demonstrated from many human studies that ATP levels remain close
to resting levels during many types of exercise. For example, Balsom et al. (1995) studied
subjects sprinting on a cycle ergometer for periods of 6 sec, 5 times, with rest periods of
30 sec in between, followed by a 6" sprint 40 sec later lasting 10 sec. Despite the high-
intensity protocol, resting ATP content was only 4.8 mmol/kg dry weight (or 21%) less
after the 6™ sprint when compared to pre-exercise levels. Similarly, Ren et al. (1990)
demonstrated a decrease from 25 to 23.7 mmol/kg dry weight after 30 min of intense
quadriceps femoris stimulation. Jones and colleagues (1985) showed no change in ATP
levels of human subjects after 30 sec of high intensity cycling at 140 rpm, despite the
initial power decreasing to less than half at the end of exercise. Finally, there was very
little change in ATP after prolonged moderate-intensity exercise in subjects cycling for 77
min, where levels decreased from 24.4 mmol/kg dry weight to only 21.1 mmol/kg dry
weight (Sahlin et al., 1997).

Studies of rodents have given similar results (Spriet, 1985; Ren et al., 1990;
Ihlemann et al., 2000; Ortenblad et al., 2009). Even when blood flow was occluded to
block oxygen and fuel sources to fast-twitch gastrocnemius muscle, ATP levels decreased
only by 26% after 60 sec of contraction at a rate of one tetanus every 2 sec (Spriet et al.,
1989). Albeit, 60 sec of contraction every sec did result in a 63% decrease in ATP. Thus,
unless oxygen is low, ATP levels are maintained proficiently even during intense

muscular activity.



Phosphocreatine

While the different energy pathways are not serially activated, the first to become
upregulated is the phosphocreatine (PCr) reaction. PCr provides a high-energy
phosphagen store, which, when catalyzed by creatine kinase, helps to maintain ATP
levels constant at the onset of exercise until other ATP metabolic pathways are
upregulated. Its breakdown is initiated by an increase in ADP (Sahlin and Harris 2011).
The PCr reaction is as follows:

PCr+ ADP + H' <> Cr +ATP

The transfer of high-energy phosphates from PCr to free ADP provides ATP
replenishment for the first 20 - 50 sec of muscular activity (Hultman et. al, 1983;
Greenhaff et al, 1994; Li, 2007). Resting levels of PCr are greater in fast-twitch fibers
compared to slow-twitch fibers, as seen in human vastus lateralis tissue where PCr
content is approximately 80 mmol/kg dry mass in Type II fibers compared to 66 mmol/kg
dry mass in Type I fibers (Tsintzas et al. 2001). This has been demonstrated in other
studies as well (Kushmerik et al., 1992; Sahlin et al., 1997). Compared to Type I fibers,
PCr utilization is also higher in Type II fibers. For example, when human subjects cycled
until fatigue, PCr levels decreased by 64% in Type I fibers, while they decreased by 71%
in Type II fibers (Sahlin et al., 1997). The extent to which PCr is degraded is dependent
upon the intensity of exercise. For example, McCartney et al. (1986) demonstrated PCr
levels decreased from 14.26 to 0.6 mmol/kg wet weight after four 30-sec cycling sprints.
Large decreases in PCr during high-intensity exercise have been reported elsewhere
(Sahlin et al., 1989; Gibala et al., 2009; Gray et al., 2011) In addition to the large

decreases seen during high-intensity exercise, PCr stores are also hydrolyzed to a



significant extent during submaximal intensities. Sahlin and colleagues (1997) had
subjects cycle for approximately 77 min at 75% of their VO, max, which is an estimate of
the amount an individual’s muscles can transport and use oxygen during exercise, and it
also indicates exercise intensity. PCr levels had declined to 37% of resting levels,
indicating that a large proportion of PCr stores can be broken down even at a moderate
intensity.

During low-intensity exercise, there is less reliance upon PCr stores. After 10 min
of low-intensity cycling, contents diminished by ~2%, thus relying very minimally upon
PCr degradation (Campbell-O’Sullivan et al., 2002). These studies signify that skeletal
muscle is reliant upon the degradation of PCr during moderate to high intensities, which
is also when Type II fibers are predominantly activated, and that the effect of greater PCr
utilization is to buffer ATP levels during the early stages of exercise. Prolonged muscular
activity requires other mechanisms of provisioning ATP. Glycolysis is upregulated during
the degradation of PCr, as its breakdown consumes a H'. This leads to an increase in pHj,
decreasing the inhibition of the rate-limiting glycolytic enzyme, phosphofructokinase
(PFK) (Meyer et al., 1986). Thus, as PCr is degraded, it allows flux through glycolysis to
increase and provide more ATP for the working muscle.

Glycolysis

Energy provision by glycolysis is rapid, yet the abundance of ATP generated per
glucosyl unit is only 2 or 3 ATP, depending on whether the glucosyl comes from
extracellular glucose or from intracellular glycogen. Rates of glycolysis increase
immensely with elevated intensity of exertion, especially in fast-twitch fibers (Campbell-
O’Sullivan et al., 2002; Talanian et al., 2006). When glucose enters the cell, it is first

phosphorylated by the ATP-dependent hexokinase (HK) to glucose-6-phosphate (G-6-P).
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In this case, glycolysis yields 2 net ATP, as follows:

G-6-P + 2 ADP +2 NAD" + 2 P;— 2 Pyruvate + 2 ATP + 2 NADH + 2 H"
Extracellular glucose is transported across the plasma membrane by glucose transporters
(GLUTs). While GLUTI is the main transporter of glucose into the muscle at rest,
GLUT4 transports the majority of glucose across the sarcolemma during contraction
(Etgen et al., 1993). A major regulator of GLUT4 translocation during contraction is
Ca”". Furthermore, it is proposed that the role of Ca*" in the recruitment of GLUT4
involves activation of calmodulin as well as protein kinase C (PKC) (Jensen et al., 2007;
Thong et al., 2007; Wright et al., 2004; Wright et al., 2005). Another constituent in
signaling the movement of transporters to the cell membrane is AMP-activated protein
kinase (AMPK) (Holmes et al., 1999; Ojuka et al., 2002). AMPK is activated during
metabolic stress, and one of the main activators is AMP (Ihlemann et al., 2000; Raney et
al., 2008; McGee and Hargreaves, 2010). In a rodent study, there was a 30-40% decrease
in contraction-stimulated glucose uptake in mouse EDL and soleus muscles when AMPK
activity was abolished, suggesting that AMPK is required for partial stimulation of
GLUT4 membrane recruitment, while other AMPK-independent pathways are needed for
complete contraction-induced translocation, such as Ca’" (Mu et al., 2001). Thus the
action of GLUT4 translocation appears to be regulated by multiple pathways converging
on intracellular GLUT4 storage areas to increase transporters at the sarcolemma and
facilitate greater glucose uptake during muscular activity.

Within muscle, glucose is stored as glycogen. Glycogen is broken down by the
enzyme glycogen phosphorylase (PHOS). Glucosyl units enter glycolysis as glucose-1-

phosphate (G-1-P). Breakdown of G-1-P yields 3 ATP as it bypasses the hexokinase-
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mediated phosphorylation of glucose to G-6-P. The reaction is as follows:

G-1-P +3 ADP +2 NAD" + 3 P, — 2 Pyruvate + 3 ATP + 2 NADH + 2 H"

There is increasing evidence that there are three subcellular pools of glycogen:
intramyofibrillar, intermyofibrillar and subsarcolemmal. These appear to be specific for
providing a fuel source to the cellular machinery located at those areas. The
intramyofibrillar glycogen pool is located in the sarcomere between actin and myosin
filaments (Nielsen et al., 2011). Being in close proximity to these contractile proteins,
intramyofibrillar glycogen enables a rapid provision of phosphagens to myosin-ATPases
to convert chemical energy into mechanical work (Friden et al., 1989). Both Type I and II
fibers show preferential degradation of this source of glycogen (Nielsen et al., 2011). The
second glycogen pool is the intermyofibrillar pool, located near both the SR as well as
mitochondria. This pool is believed to be involved in Ca®* reuptake between contractions
and makes up 75% of total myofibrillar glycogen (Friden et al., 1989; Nielsen et al.,
2009). The third pool is the subsarcolemmal glycogen pool, which is likely relied upon to
maintain membrane excitability by providing ATP to the Na'K'-ATPase (Friden et al.,
1985). This glycogen pool makes up 11 and 8% of total glycogen content in Type I and
IT fibers, respectively (Nielsen et al., 2011).

These different subcellular pools, specific to the ATP-consuming enzymes of the
cell, confer advantages in terms of minimizing the diffusion distance of ATP to these
enzymes. Although recent research has begun to investigate the different subcellular
locations of glycogen and their respective roles during exercise, most studies have
measured glycogen from muscle homogenates, measuring overall glycogen content from

samples. These studies will now be discussed.

11



During low-intensity exercise, reliance upon glycogen is much lower than at high
intensities. In one study, 30 min of cycling resulted in a 14% decrease in pre-exercise
glycogen levels, decreasing further to 26% after 60 min (Nordheim et al., 1990). Similar
decreases during low-intensity exercise have been demonstrated in other studies
(Karlsson et al., 1970; Gollnick et al., 1974; Price et al., 1991). After subjects cycled for
30 min while performing a crank ergometer as well, glycogen content in triceps muscles
decreased to 40% of initial resting stores (Kiilerich et al., 2008). In the case of exhaustive
sprint exercise, glycogen becomes the main source of glucosyl units for glycolysis and its
concentration can be reduced by 60 — 80% (Kiilerich et al., 2008; Graham et al., 2010;
Green et al., 2011). Thus reliance upon intramuscular glycogen stores increases with the
intensity and duration of exercise, providing glycolysis with substrate to generate energy
for the increased demand.

The major end product of glycolysis is pyruvate, and it has two possible fates. One
is its conversion by pyruvate dehydrogenase (PDH) to acetyl-coenzyme A (acetyl-CoA),
which then enters the Krebs cycle to become oxidized. The other fate occurs when
pyruvate accumulates faster than the rate at which PDH can convert it to acetyl-CoA.
When this happens, pyruvate is converted by lactate dehydrogenase (LDH) to lactate and
NAD".

At rest, muscle lactate production is minimal, being approximately 3-6 mmol/kg
dry mass (Howlett et al., 1998; Gray et al., 2011; Wall et al. 2011). However, lactate
accumulates early in exercise (Hultman and Sjoholm, 1983) and its production increases
with exercise intensity (Babij et al., 1983). After 10 min of cycling at low intensity,
lactate accumulation was minimal (4.7 mmol/kg dry muscle) compared to moderate

intensity cycling where lactate accumulated to 37.5 mmol/kg dry muscle (Howlett et al.
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1998). At high-intensity, lactate content was even greater, reaching 107.9 mmol/kg dry
muscle. These values have been confirmed by others (Sahlin et al., 1989; Bangsbo et al.,
1994; Odland et al., 1998). Glycolytic fast-twitch muscles such as white gastrocnemius or
EDL have greater accumulation of lactate compared to slow-twitch oxidative muscle such
as soleus (Spriet et al., 1990). Correlated to increases in lactate during muscular stress,
there 1s also a drop in intracellular pH (pH;) (Welsh and Lindinger, 1997; Hollidge-
Horvat et al., 1999) which may become as low as ~6.5 during intense activity (Hultman
and Sjoholm, 1983).

Although anaerobic glycolysis followed by the production of lactate generates
ATP at a rapid rate, glycogen as well as the rate of glycolysis can become limiting for
ATP production. Thus another pathway, termed oxidative phosphorylation, generates
ATP to a greater extent, albeit at a relatively slower rate compared to glycolysis. The
products of glycolysis drive oxidative phosphorylation, being pyruvate as well as NADH
and FADH,, which are otherwise known as reducing equivalents.

Oxidative phosphorylation (OXPHOS)

Oxidative phosphorylation is the generation of ATP via the Electron Transport Chain
(ETC), which is a series of complexes (I-IV), generating a H' gradient that drives the
production of ATP. When pyruvate is converted to acetyl-CoA, the latter is combined
with oxaloacetate to form citrate. This is the start of the Krebs Cycle, a series of enzymes
that generate reducing equivalents, which act as substrates for the ETC. From one glucose
molecule, ATP production through oxidative phosphorylation is as follows:

Glucose + 36 ADP + 36 P;+ 6 O, — 6 CO, + 6 HO + 36 ATP

Another source of fuel for energy production is free fatty acids (FFAs). FFAs are carbon
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chains that are first broken down to 2 carbon molecules (ie. acetyl-CoA). The pathway is
termed B-oxidation, as it is the  position at which the FFA is cleaved to yield an acetyl-
CoA molecule. The reaction is as follows:

FFA(n) + nATP + nCoA + nFAD — nAcetyl-CoA + 2nP; + nAMP + nNADH + nFADH,,

where n represents the number of cleavages during B -oxidation. As described, the

reducing equivalents produced during B-oxidation of fatty acids are substrates for the
ETC, by a series of REDOX reactions, generating ATP within the mitochondrion. For
each NADH produced, there are 2.5 ATP produced, where for FADH, there are 1.5 ATP.
Palmitic acid, a 16-carbon FFA molecule, would therefore produce 106 ATP if
completely oxidized. Considering this, the ATP production per carbon molecule is
greater for fat oxidation (6.6 ATP) compared to carbohydrate oxidation (6 ATP).

Similar to glucose metabolism, there are two sources of lipids for breakdown. One
source involves the mobilization of FFA from adipose tissue. It is now thought that the
mobilization of lipids is a process involving three main enzymes: adipose triglyceride
lipase (ATGL), hormone sensitive lipase (HSL), and monoglyceride lipase (MGL)
(Frederickson et al., 1981; Zimmermann et al., 2004; Watt et al., 2010). These liberate
FFA from lipid droplets within adipose tissue into the blood where they can be taken up
by muscle by the fatty acid transporters FAT/CD36 and FABP for subsequent oxidation
or esterification. The other source for lipids resides within the muscle and is termed
intramuscular triglycerides (IMTGs). Stores are greater in type I fibers compared to type
IT fibers (Essen, 1977), which is consistent with the greater oxidative capacity in these
fibers (Bonen et al., 1999).

The contribution of fat oxidation for energy production was measured in a study
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by Romijn and colleagues (1993) where cyclists performed for 2 hours on a stationary
ergometer at three different intensities (25, 65 and 85% VO, max) each on separate days.
After 30 min, the rate of fat oxidation increased from 25 to 65% VO, max and was 27 and
43 pumol/kg/min, respectively. However, at 85% the rate was actually lower, being 30
umol/kg/min. The percent contribution of all energy sources also varied with intensity. At
25% VO, max, fatty acid oxidation accounted for approximately half of the energy
expenditure, with the contribution of extracellular FFAs and IMTGs being equal. The
contribution of total fat oxidation increased to 60% towards the end of the two hour ride,
with the majority of FFAs coming from the blood. There was a much greater percent
contribution of oxidation at 65% VO, max. During the two hour ride, 80 — 90% of the
energy expenditure was from fat oxidation, with very little coming from IMTG stores.

Based on these findings, the contribution of fatty acids for energy production
seems to increase from low to moderate activity, but is relied upon much less at higher
intensities. This is consistent with the fact that the greater ATP demand at high-frequency
contraction is met mainly by the more rapid glycolytic breakdown of glucose.

Adenine Nucleotides (ADP/AMP/IMP)

During extremely intense exercise, there is an increase in mismatch between ATP
demand and production. ATP hydrolysis increases, resulting in a decreased ATP:ADP
ratio. Since ADP is a substrate for ATP synthesis, which is a near-equilibrium reaction, a
decreased ATP:ADP ratio could result in catastrophic energy depletion (Hancock et al.,
2006). However, skeletal muscle has an intrinsic ability to prevent this. The adenylate
kinase (AK) and AMP deaminase reactions prevent excessive accumulation of ADP,
while producing further ATP for muscular activity. AK catalyzes the transfer of 1

molecule of inorganic phosphate (P;) from one ADP to another resulting in ATP and
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AMP. The reaction is as follows:
2 ADP <= ATP + AMP

Since AK is a near-equilibrium enzyme, ensuring the reaction moves in the forward
direction is crucial. Therefore, AMP deaminase is upregulated to cause a decrease in
AMP, thus favouring the formation of ATP (above), with the reaction being:

AMP + H,0 — IMP + NH;
Concurrent with the increased utilization of ATP during exercise, there are also changes
in the resultant adenine nucleotides: ADP, AMP and IMP (Spriet et al., 1987; Spriet et al.,
1989). Changes in ADP and AMP are not drastic, but do increase during exercise (Krause
et al., 1996; Febbraio et al., 1999). Sahlin and colleagues (1989) had subjects cycle at 40
and 70% VO, max for 10 min. ADP content rose to only 3.56 from 3.12 mmol/kg dry
weight in the latter intensity exercise. In both cases, AMP increased from 0.09 mmol/kg
dry weight to only 0.10 mmol/kg dry weight, while ATP levels decreased from 26.1 to
25.2 and 24.9 mmol/kg dry weight. At 100% VO, max, ADP and AMP rose to only 3.80
and 0.15 mmol/kg dry weight, respectively. So, the changes in these adenine nucleotides
do not increase to a large extent. However at 100% VO, max IMP increased from <0.01
to 3.50 mmol/kg dry weight, reflecting a significant increase in activity of AMP
deaminase. In another study, levels of IMP increased from 0.10 mmol/kg dry mass at rest
to 6.40 mmol/kg dry mass after 30 sec of sprint cycling in human subjects (Zhao et al.,
2000). The increase in IMP was proportional to the decrease in total adenine nucleotides.
Overall, when ATP turnover is high, metabolic enzymes are capable of dealing with large
perturbations in energy demand that could otherwise be threatening to the cell.

Based on the findings from studies done on both rodents and humans, it is clear

16



that there are changes in metabolites during muscular activity and the extent of these
changes are dependent on the intensity of contraction. For a long time it was believed that
the accumulation of metabolites during exercise was responsible for the decrease in force
at the level of the sarcomere. However, as discussed below, more recent evidence from
studies using higher, more physiological temperatures support the current belief that the
role of metabolites on the decrease in force production is much smaller.
FATIGUE

Fatigue is defined as ““a transient and recoverable decline in muscle force and/or
power with repeated or continuous muscle contractions” (Mckenna et al., 2008).
Decreases in the force production are anywhere from 50 — 80% of pre-fatigue values
depending on the number of contractions and the duration of the contraction period
(Westerblad et al., 1991; Cifelli et al., 2007; Cifelli et al., 2008). There are many levels at
which fatigue is regulated, including central and peripheral fatigue. Central fatigue
involves the central nervous system that decreases the drive of motor neurons, causing
tremor in the working muscles and determines the perception of exertion (Gandevia,
1998). The idea of central fatigue is, however, controversial, as it has been suggested that
its role in fatigue may be relatively minor (MacIntosh, 2011). Peripheral fatigue is the
process occurring within skeletal muscle. It is now believed that fatigue is a mechanism
to prevent detrimental effects to myocytes caused by deleterious ATP depletion (Kane et
al., 2004; Thabet et al., 2005). The following discussion will be about the mechanisms of
peripheral fatigue.

Role of metabolites in fatigue

For several years, researchers suggested that metabolites produced during

contraction played a large part in eliciting fatigue by acting directly on the sarcomere.

17



These metabolites mainly include adenine nucleotides, IMP, P;, H" and lactate. Although
alterations in ATP, ADP and AMP during contraction were postulated to play a
significant role in decreasing force production at the sarcomere, Godt and Nosek (1989)
demonstrated that this was not the case. ATP was decreased to levels similar to that of
fatigue and ischemia, from 6.18 to 4.7 mM. In contrast to previous beliefs, maximal force
production (Fpnax) was not affected by low ATP as it was 99.7% of control force.
Furthermore, low ATP resulted in an increase in Ca®" sensitivity. ADP and AMP were
also elevated to mimick situations of metabolic stress and these also increased Fpax by 6
and 7% and did not decrease Ca’" sensitivity. In addition, IMP, which increases from 0 to
5 mM during fatigue had no effect on force production or contractile speed during
conditions mimicking low- and high-intensity muscular activity (Myburgh et al., 1997).
This suggests that adenine nucleotides and IMP do not play a significant role during the
fatigue process.

P; increases as a result of PCr and ATP hydrolysis and can reach 30 mM during
exercise (Sugaya et al., 2011). This has sparked much debate as to whether its
accumulation has negative effects on the contractile machinery during fatigue (Kentish,
1986; Cooke et al., 1988; Godt and Nosek, 1989; Debold et al. 2006). A study by Kentish
(1986) demonstrated that increasing muscle fiber P; levels to 20 mM at room temperature
increases Caso (the concentration of Ca®" required to elicit half-maximal force) from 8.3
to 19.8 pM, signifying a 139% decrease in Ca®" sensitivity. However, at 30°C, the effects
of P; on calcium sensitivity are reduced in both slow type I and fast type II fibers (Debold
et al., 20006).

Decreasing the pH from 7.0 to 6.0 resulted in a 46% decrease in isometric force in

isolated rabbit psoas muscles, leading Cooke and colleagues (1988) to suggest that an
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increase in H' ions during contraction plays a significant role in fatigue. In addition,
decreasing pH from 7.0 to 6.2 resulted in a linear decrease in maximal force production to
as low as 50% of the force seen at pH 7.0 (Godt and Nosek, 1989). Yet, at more
physiological temperatures (32°C), acidification of mouse FDB fibers caused no
significant change in tetanic force compared to controls (Bruton et al., 1998).
Furthermore, at 32°C there was only a 10% decrease in tetanic force during intracellular
acidification, compared to a 32% decrease at 12°C. Pate and colleagues (1995)
investigated the effect of decreased pH on contractile kinetics at low (10°C) and near-
physiological (30°C) temperatures. Increasing temperatures to 30°C at pH 6.2 abolished
the decrease in shortening velocity, which was initially found to be a 30% decrease when
experiments were performed at low temperature. The reduction in Fna also decreased by
a factor of three when temperatures were elevated to 30°C.

Andrews and colleagues (1996) demonstrated that increasing lactate
concentrations within physiological ranges (0-25 mM) at pH 7 resulted in a decrease in
maximal force production in chemically-skinned rabbit fast-twitch psoas fibers. However,
this effect was not seen in slow-twitch, nor cardiac papillary muscles. The effect of
lactate on force depression was not due to a decrease in Ca”™ sensitivity, as the force-pCa
curves were not affected to a significant extent in any of the fiber-types. However, the
decrease in force as a result of increased lactate concentration was quite small, being ~8%.

Overall, direct effects of metabolites on the sarcomere are either contrary to
expectation or have an effect that is too small to largely contribute to the decrease in force
at the level of the sarcomere. Thus, the mechanism causing a decrease in force during
fatigue must be upstream. There is now a large body of evidence that clearly

demonstrates that the amount of Ca®" release by the SR decreases during fatigue to the
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point that it is no longer fully activating the sarcomere; i.e. the [Ca’'] during contraction
becomes submaximal (Allen et al., 1989; Bruton et al., 1998; Lunde et al., 2001).
Furthermore, Westerblad and Allen (1991) demonstrated that in the last phase of fatigue,
the addition of 10mM caffeine blunted the 2-fold decline in force production and force
became comparable to pre-fatigue force. Caffeine causes greater release of Ca®" from the
SR into the myoplasm, allowing [Ca®] to reach levels to fully activate the sarcomere.
These results suggest: i) SR still have enough Ca®" that, if released, can fully activate the
sarcomere, and more importantly ii) if enough Ca’" is released, the sarcomere is capable
of developing as much force during fatigue than before fatigue is elicited, indicating the
mechanism of fatigue is upstream of the sarcomere.

. . 2+
Possible mechanisms for decreased Ca”" release

One of the mechanisms for decreased Ca’" release may be the loss of glycogen
stores during fatigue. When glycogen levels were decreased to 27% of resting values in
mouse FDB bundles, myoplasmic Ca®" during contraction and force decreased much
more rapidly during fatigue when compared to the changes with normal glycogen levels
(Chin and Allen, 1997).

Another explanation for the decrease in Ca”" release during fatigue is at the level
of membrane excitability. A link between energy metabolism and membrane excitability
has recently been demonstrated (Ortenblad and Stephenson, 2003). When mitochondrial
function was inhibited in terms of ATP generation, while maintaining intracellular ATP
levels constant, twitch force was markedly reduced up to 90% when t-tubules were
electrically stimulated. However, force was unaffected if t-tubules were completely
depolarized by changing [K'].. This suggests that while a membrane depolarization still

triggers Ca”" release, t-tubules are unable to generate action potentials. The authors had
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suggested that the loss of membrane excitability was due to the release of a mitochondrial
factor (yet to be identified) that eventually inhibits action potential generation in t-tubules.
There are also two ion channels in cell membranes that are ATP-dependent. The
first is the chloride channel, CLC-1 (Bennetts et al., 2005; Bennetts et al., 2007).
Activation of CLC-1 channels cause repolarization of the membrane and can also reduce
the capacity to generate action potentials when [K'].is elevated during fatigue. There is
now clear evidence for the activation of the CLC-1 channels during fatigue or during
metabolic stress (Pedersen et al., 2005; Pedersen et al., 2009). The second channel is the
ATP-sensitive potassium (Katp) channel, which is the focus of study in this thesis.

THE Kate CHANNEL

The ATP-sensitive (Katp) channels are weak inward rectifying channels that were
first discovered in cardiac cells, where 1 mM ATP was sufficient to fully reduce the open
probability of the channel to zero (Noma, 1983). The channel consists of two subunits
(Kir and SUR) forming the pore and regulatory subunits, respectively. Kap channels are
found throughout several tissues, including skeletal muscle (Spruce et al., 1985), pancreas
(Cook et al., 1984), kidney (Meisheri et al., 1995) and brain (Murphy et al., 1990). The
channel functions in glucose homeostasis and cytoprotection during metabolic stress.

Structure of the channel

Kir subunit

The Kj; subunit of the Karp channel is a member of the superfamily of inward
rectifying channels, which consists of Kirl-Kir7 (Nichols and Lopatin, 1997; Aguilar-
Bryan et al., 1999). In mammals, Katp channels are composed of Kir6 isoforms, which
are further made up of two subsets: Kir6.1 and Kir6.2 and are encoded by genes KCNJS8

and KCNIJ11, respectively (Inagaki et al., 1996; Flagg et al., 2010). The Kir subunits
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comprise the pore of the channel, as Katp channels with truncated Kir6.2 proteins form
functional channels independent of SUR subunit presence (Tucker et al., 1997). In
contrast to voltage-sensitive (Ky) channels, Kir subunits contain two transmembrane
domains, TM1 and TM2, with a hairpin loop between them, conferring the K selectivity
(Aguilar-Bryan et al. 1999). Specifically, there are highly conserved regions that are
found in all K* channels allowing for K specificity, that being TVGY/FG, otherwise
known as the K™ channel signature sequence. In addition, the NH, and COOH terminal
regions interact to form the ATP-binding pocket that causes the closure of the channels
(Flagg et al., 2010).

The C-terminal region contains an endoplasmic reticulum retention sequence,
which, when truncated, gives rise to a functional channel (Tucker et al., 1997). The fact
that 1 mM ATP reduced the channel activity in the absence of the SUR subunit, provided
the first evidence that the inhibitory ATP-binding site resides on the Kir subunit. Later
studies demonstrated that the phosphate of ATP binds the C-terminus in one subunit at
positions R201 and K185 as well the N-terminus of another subunit at residue R50
(Tucker et al., 1998). Furthermore, the N6 atom of the adenine ring has an interaction
with the same subunit at positions E179 and R301 (Antcliff et al., 2005).

SUR subunit

Sulfonylurea receptor (SUR) subunits belong to the ATP-binding cassette (ABC)
superfamily. For Karp channels, two isoforms, SUR1 and SUR2 have been found. The
gene ABCCS encodes the SUR1 isoform, while SUR2 is encoded by ABCC9. Alternative
splicing gives rise to SUR2A and SUR2B, which are expressed in different tissues with
distinct properties (Aguilar-Bryan et al., 1995; Inagaki et al., 1995; Chutkow et al., 1996).

There are 2 transmembrane domains (TMD1 and TMD?2) for the SUR subunit, and each
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of these contains six transmembrane helices in addition to large cytoplasmic domains
containing regions for binding nucleotides. These nucleotide binding domains (NBDs)
have both Walker A and B motifs which hydrolyze ATP to ADP, and are important for
channel regulation (Walker et al., 1982; Aguilar-Bryan et al., 1999). SUR proteins are
distinguished from the rest of the ABC superfamily by an additional domain (TMDO0),
which is joined to TMDI1 in the cytosol. Its NH,-terminus interacts with TMDO, which is
important for the gating properties of the SUR subunit (Babenko and Bryan, 2003).

Electrophysiological properties of the Kir6.2 isoform of the KATP channel

Noma (1983) first observed that exposing cardiac cells to 5.4 mM cyanide (CN) to
stop ATP production resulted in a large increase in membrane outward current that could
be blocked with ImM ATP. Resting ATP levels in human muscle is 5-7 mM (Spriet,
1991) and K of ATP is 17 uM (Davies et al., 1997). This suggests that during resting
conditions the Katp channels are closed. Indeed, this is the case for isolated muscles
(Spruce et al., 1985). However, using human subjects Nielsen et al. (2003) revealed that
locally exposing muscle Karp channels with glibenclamide for 30 min reduced interstitial
potassium from 4.5 to 4.0 mM. After 20 min of glibenclamide washout, levels of
interstitial K™ returned to initial levels. This suggests that at rest channels are activated in
vivo and that ATP is not the only regulator of the channel. An answer for the discrepancy
may be insulin. Exposing isolated muscle to insulin causes a hyperpolarization of resting
En from -76 mV to -92 mV as the Karp channel opens, suggesting that some exogenous
factors can activate the Karp channel even at mM ATP (Tricarico et al., 1999).

There is also evidence that Karp channels are activated during fatigue (Thabet et
al., 2005; Cifelli et al., 2007; Pedersen et al., 2009). Therefore there must be other

substrates responsible for overcoming the inhibition of Katp channels by ATP.
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The SUR subunit is regulated by Mg nucleotides such that Mg-ADP results in
channel opening, as does the binding and hydrolysis of Mg-ATP (Lederer and Nichols,
1989; Nichols, 2006). It appears that both nucleotide binding folds (NBFs) 1 and 2 are
important for ADP-dependent opening of the channel. This is because mutations in NBF
1 at position G827 result in decreased channel activity, while mutations in the conserved
lysine residues of NBF 2 prevent channel current (Shyng et al., 1997). Thus any increase
in ADP during fatigue or any metabolic stress is expected to contribute to the activation
of Karp channels.

Decrease in pH; during fatigue is well documented (Howlett et al., 1998;
Gorostioga et al., 2010) leading to channel activation (Davies et al., 1992; Standen et al.,
1992). Acidifying frog muscle fibers from 7.19 to 6.45, which mimics decreases seen
during intense exercise (Howlett et. al, 1998), caused approximately a 2-fold increase in
K" current that can be blocked by glibenclamide, a Karp channel blocker. Moreover,
similar decreases in pH; increased the K; for ATP from 17 to 260 uM (Davies et al., 1992).
It appears that H" act mechanistically at 3 regions of the Kir6.2 subunit, being positions
Thr71, Cys166 and His175 of the N-terminus, M2 and C-terminus regions, respectively
(Piao et al., 2001). The significance of these studies is reflected by the fact that in the
presence of these modulators, Katp channel activity is increased despite high levels of
ATP.

Studies of cardiac cells have demonstrated that lactate may also regulate Katp
channel activity (Keung and Li, 1991; Coetzee, 1992; Han et al., 1993). At concentrations
of 20 and 40 mM, Karp channels were activated at ATP concentrations of 2 to 5 mM
(Keung and Li, 1991). Although they did not directly test the mechanisms for lactate-

induced activation of Karp channels, the authors suggested a few possibilities: 1) lactate
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accumulation may lead to decreased ATP generation by glycolysis and thus decrease the
ATP content; 2) sensitivity of ATP-sensing by Katp channels as a result of increased
lactate; 3) lactate may act on the regulatory subunits to cause a conformational change in
the channel, causing it to open; and 4) lactate may rely on interaction with other cellular
components to cause Katp channels to open.

Finally, adenosine is a known metabolite, generated from ATP hydrolysis, which
increases on the extracellular side of the membrane during any metabolic stress. Adding
100 uM adenosine increases Karp channel activity 100-fold (Barrett-Jolley et al., 1996).
The study also showed that the activation involved an interaction between the A; receptor
and a G-protein, interacting directly with the channel.

While it is not fully clear as to how the ATP inhibition of Karp channel is
removed while ATP is still in the mM range, there is now clear evidence that the channels
are activated during fatigue and that the decrease in pH, the increase in lactate as well as
adenosine may be important factors.

Physiological roles of the KATP channel

The Katp channel is expressed throughout many tissues in the body. Two major
functions for the Katp channel have been studied extensively; i.e. glucose homeostasis
and cytoprotection.

Glucose homeostasis

Katp channels are involved in glucose homeostasis in a variety of tissues, which
include the a and P cells of the pancreas, neurons, as well as skeletal muscle. Insulin
secretion is controlled through a Karp-dependent mechanism when glucose levels
increase, such as during a post-prandial state. In isolated pancreatic islets of wild type

mice, 16.7 mM glucose resulted in a 6-fold higher rate of insulin secretion compared to
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that at 2.8 mM glucose, while in mice lacking functional Kxtp channel activity (Kir6.2™),
glucose at 16.7 mM failed to cause any increase in insulin secretion above basal rates
(Miki et al., 1998). Normally, the increase in intracellular glucose results in increased
ATP, closing the channel. The resulting depolarization of the cell associated with
decreased K" conductance leads to the activation of Cay channels allowing Ca*" influx.
The subsequent increase in [Ca”']; then activates the exocytosis of insulin-containing
granules (Matin et al., 1989; Miki et al., 2005)

Glucagon secretion is also reliant upon a Kapp-dependent mechanism. However, it
does not appear to be at the level of the pancreatic a-cell, but rather through autonomic
input to the pancreas (Miki et al., 2001). One example of this comes from the fact that
there are no differences in glucagon secretion from isolated a-cells under hypoglycemic
conditions between wild type and Kir6.2” mice. A second piece of evidence is that
systemic hypoglycemia resulted in three-fold increase in glucagon secretion in wild type
mice, while Kir6.2”" mice exhibited defective glucagon secretion. Glucose-sensitive
neurons were then found in the ventromedial hypothalamus (VMH) of wild type mice,
which increased their firing rate when glucose levels increased. This was not observed in
excised VMH neurons of wild type mice, yet it was observed in Kir6.2” mice. This
suggests that glucose sensing is Kap channel-dependent. Finally, exposing these neurons
to 2-DG to mimic a hypoglycemic condition resulted in glucagon secretion in wild type
but not in Kir6.2” mice. Thus, Karp channels are required for glucagon secretion and do
so through a central nervous system-mediated mechanism.

Katp channels are also directly involved in glucose uptake in skeletal muscle
(Miki et al., 2002). Both basal and insulin-stimulated glucose uptake are elevated in

muscles of Kir6.2”" mice compared to wild type mice and to a greater extent in oxidative
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rather than glycolytic muscles. A study employing double knockout mice (Kir6.2'/ /IRS-1
") provided evidence that Karp channel-mediated glucose uptake in these muscles is
independent of the P13 kinase signaling pathway (Minami et al., 2003).

Cytoprotection

A major function of Karp channels in muscles and neurons is thought to be
protection against cellular damage during metabolic stress. In mice lacking functional
Karp channels, significant damage was seen in skeletal muscle after four to five weeks of
treadmill running (Thabet et al., 2005) or 28 days of swim training (Kane et. al, 2004).
The latter study also reported significant cardiomyocyte damage as a result of
intracellular Ca®" overload. Thus, Karp channels are crucial in preventing fiber damage in
cardiac and skeletal muscles during exercise and fatigue.

Two mechanisms so far have been identified to prevent fiber damage. The first
one 1s maintenance of the resting membrane potential. During fatigue in skeletal muscle
(Cifelli et al., 2008) and metabolic inhibition in both cardiac (Light et al., 1999) and
skeletal muscle (Gramolini and Renaud, 1997), the resting membrane potential
depolarizes by about 10-15 mV, i.e. from ~-80 mV to -65 or -70 mV. However, in the
absence of Karp channel activity, the depolarization becomes excessive and the
membrane potential reaches -30 mV, a potential known to activate L-type Ca®" channels,
or Cay. Opening of these channels allow for large Ca®" influx and increased [Ca®'];. As a
consequence of the increased [Ca2+]i, proteases are activated, causing damage to the cell
(Belcastro, 1993). Furthermore, the increased Ca®" activates Ca’’-ATPase and the
sarcomere and thus myosin-ATPase, causing a further accentuated ATP utilization and
stress.

. . . . . 2+ .
The second mechanism is on the action potential. In cardiac muscle, Ca”" entering
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the cell during the plateau phase is shortened (Suzuki et al., 2002), while in skeletal
muscle action potential amplitude is decreased (Gong et al., 2003). Consequently in both
cases, less Ca”" is released into the cell, decreasing the energy demand on Ca®’- ATPase
as well decreasing force production and thus the energy demand on myosin-ATPase.
Overall, the role of the Katp channel is to preserve ATP during metabolic stress.

There have been few studies regarding the effect of Karp channels on energy
metabolism. In one of these studies (Gramolini and Renaud, 1997), 60 min of metabolic
inhibition caused a faster rate of ATP depletion in muscles with Katp channels blocked
by glibenclamide compared to control muscles. However, the final extent was the same at
the end of 60 min. In another study (Li, 2007), three min of fatigue caused greater ATP
depletion during the first 120 sec of fatigue in Kir6.2”" muscles compared to wild type

muscles (Fig 1-1).
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Figure 1-1. Kir6.2” FDB have significantly lower ATP levels during fatigue
compared to wild type FDB. Fatigue was elicited with one contraction every sec for 3

min. Symbols: O, wild type FDB; , Kir6.2” FDB. From Li, 2007.
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Neither of these studies, however, suggest ATP levels become damaging when
lacking Katp channel activity. In the study by Li (2007), although ATP levels are
significantly lower during fatigue in Kir6.2”~ muscle, lactate production was less than that
of wild type. This is surprising, as lactate would be expected to increase when ATP
demand increases. Benkhalti (2007) did however show that during a 24 hour period, there
is a greater oxygen uptake in Kir6.2"" mice compared to wild type mice. Therefore, it is
probable that more pyruvate enters the Krebs cycle in Kir6.2" mice. It is still not clear as
to whether Karp channels prevent damaging ATP depletion or whether they prevent
energy metabolism impairment, as initially proposed by Noma (1983).

The objective of this research project was to determine how the loss of Katp
channel activity affects carbohydrate and energy metabolism during fatigue. The
hypothesis was that “a lack of Karp channel activity impairs energy metabolism resulting
in insufficient ATP production”. To test this hypothesis, the following studies based upon
specific aims were performed:

1) Determine the mobilization of glucose from glycogen and extracellular sources to
calculate how many glucosyl units enters glycolysis.

2) Examine the fate of glucose by determining how much becomes lactate and how
much is fully oxidized to CO,.

3) Determine if there are increases in intermediates of metabolism and whether these
are greater in Kir6.2" FDB.

4) Calculate the maximal ATP production from glucose metabolism and determine if

it is higher in Kir6.2”~ FDB.
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CHAPTER 2

MATERIALS AND METHODS

Animals and muscles

Experiments were carried out using 2- to 3-month-old wild-type C57BL6 and
Kir6.2”" mice (from Charles River, Canada). Kir6.2”" mice are null mice for the gene that
encodes for the Kir6.2 protein subunit that makes the pore of the KaTp channel, and were
generated as previously described (Miki et al. 1998). All mice weighed 20-25 g, were fed
ad libitum, and housed according to the guidelines of the Canadian Council for Animal
Care (CCAC). The Animal Care Committee of the University of Ottawa approved all
experimental procedures used in this study. Mice were anaesthetized with a single
intraperitoneal injection of 2.2 mg ketamine, 0.44 mg xylazine, and 0.22 mg
acepromazine per 10 g of body mass. Following this, mice were sacrificed by cervical
dislocation. Flexor digitorum brevis (FDB) muscles were excised from the hind paw and
bundles controlling the 4™ digit were separated from those controlling the 31 digit by
cutting away along the fascia that separates the two bundles, as described by Cifelli et al.
(2008).

Physiological solution

FDB muscles were constantly immersed in physiological saline solution, even
during the dissection. The control solution contained (in mM): 118.5 NaCl, 4.7 KCl, 2.4
CaCl,, 3.1 MgCl,, 25 NaHCO;, 2 NaH,PO4, and 5.5 D-glucose. All solutions were
continuously gassed with 95% 0,—5% CO, to keep pH at 7.4. Experimental temperature

was 37°C for all experiments.
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Force measurement

Muscles were attached with silk thread (Black Braided Silk Suture, 6-0, USA) to
the stimulation apparatus. One end was attached to a stationary hook, while the other end
was attached to a force transducer (Grass Instrument, Model FT03C, USA). The
transducer was connected to a Grass Physiograph (Grass Instrument, Model 79E, USA).
Maximum tetanic force was defined as the maximal force measured at the beginning of
each experiment after the length had been adjusted. Thereafter, peak tetanic force was
measured as the maximum force during a stimulation subsequent to the maximum force.
Both maximum and peak tetanic force were calculated as the difference between the
maximum force during a contraction and the baseline force measured 5 ms before a
stimulation. Unstimulated force, defined as the amount of force exerted by a muscle
without stimulation, was calculated as the difference in baseline just before a contraction
was elicited and the baseline just before fatigue was elicited.

Stimulation and fatigue protocol

Electrical stimulations were applied across the two platinum wires (6 mm apart)
located on opposite sides of the fibers. They were connected to a Grass S88 stimulator
and a Grass SIUS isol