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ABSTRACT

The objective of this study was to test the hypothesis that “During fatigue
development there is greater ATP utilization in the absence than in the presence of Karp
channel activity”. Flexor digitorum brevis (FDB) muscle bundles were fatigued with one
tetanic contraction every sec for 3 min. Karp channel activity was abolished
pharmacologically using glibenclamide or genetically using Kir6.2" FDB muscle
bundles; pinacidil was used to activate the channel. Abolishing Karp channel activity had
no effect on the decrease in phosphocreatine (PCr), but pinacidil significantly reduced its
depletion. Kir6.2” FDB showed greater and faster ATP depletion compare to wild type
control, but glibenclamide did not reproduce the effect. In the presence of pinacidil ATP
content remained significantly above that of control wild type. Unexpectedly Kir6.2"
FDB muscles generated less lactate than those of wild type. During the first half of the
fatigue period, lactate production in wild type FDB were unexpectedly in the order of
pinacidil > control > glibenclamide, with the reverse order for the second half of the
fatigue period.

In conclusion, not all the data supported the hypothesis because the effects of
modulating Karp channel activity appeared complicated by difference between acute
(pharmacological) and chronic (genetical) approaches, such as changes in ATP and

lactate; as well as by time dependent effects, such as observed with lactate.
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CHAPTER 1

GENERAL INTRODUCTION

During muscle exercise, energy demand increases 20- to 100- fold, depending on
fiber type and activity intensity (Gibbs, 1987). In many muscular activities, energy
production and utilization are matched. However, there are activities for which energy
demand exceeds ATP production, leading to an energy deficit which can be deleterious to
muscle integrity and function. Thus, muscles need some mechanisms to protect
themselves from large and damaging energy depletion. One of the mechanisms involves
the ATP-sensitive potassium channels (Karp channel). The channel was named after the
discovery that binding of ATP closes the K* channel (Noma, 1983). More importantly,
there is now evidence that mild to severe fiber damage occurs in Karp channel deficiency
muscle fibers in vivo following swimming and treadmill running or during fatigue in
vitro using isolated muscle fibers (Kane et al, 2004; Thabet et al, 2005; Bourassa, 2006).

The mechanism by which a deficiency in Karp channel activity leads to fiber
damage is not fully understood. It has been shown that Karp channel reduces action
potential amplitude (Gong et al, 2003). As a consequence of the effect on action
potential, less calcium is released by sarcoplasmic reticulum (SR) (Burton and Smith,
1997; Duty and Allen, 1995) and less force is generated (Gong et al, 2003; Matar et al,
2000). Less Ca* release means that less Ca?* must be pumped back in the sarcoplasmic
reticulum by Ca®** ATPase pumps. It also means less formation of acto-myosin links

during contraction, reducing myosin ATPase activity. It has been proposed that the



reduction in Ca®** ATPase and myosin ATPase activity is important to reduce ATP
utilization and thus help preventing deleterious ATP depletion and fiber damage.
Although the effects of K arp channels on action potential, Ca*" release and force has now
been demonstrated, it is still unknown how the channels affect energy metabolism. Thus
the overall objective of this study is to better understand how Karp channel affects energy
metabolism.

MUSCLE CONTRACTION

MUSCLE CONTRACTION CYCLE

Muscle cells are specialized to generate force and movement. There are three types
of muscle tissue: cardiac, smooth and skeletal muscle. Skeletal muscle fiber contains
thousands of myofibrils which in turn are made up of many sarcomeres, which are the
functional units in muscle. Sarcomeres contain thin filaments and thick filaments. The
thin filament primarily contains actin, tropomyosin and troponin, while the thick filament
is primarily composed of myosin.

Muscle contraction can be separated into three steps. The first step involves events
at the neuromuscular junction, where a chemical signal from a motorneuron,
acetylcholine (ACh), initiates an action potential. After its release, ACh binds to its
receptor, which is a ligand-gated channel located on the motor end plate of the
neuromuscular junction (NMJ). ACh causes the opening of the channel allowing a small
amount of cation (both Na* and K*) to flow through. Since the Na" influx exceeds the K*
efflux, the membrane depolarizes. The depolarization then activates voltage sensitive Na*

channels, triggering an action potential on the cell membrane. An action potential



involves a Na' influx during the depolarization phase and a K* efflux during the
repolarization phase.

The second step is the excitation-contraction coupling mechanism that triggers
calcium release. The action potential, generated at the NMJ, propagates along the cell
membrane and into transverse tubules (t-tubules) by activating neighboring voltage
sensitive Na” channels. T-tubules, which are cell membrane invaginations, are in close
proximity to SR. Two Ca®" channels contribute to the calcium release from SR. One is
located on the t-tubular membrane and is known as the L-type Ca®* channel. It acts as a
voltage sensor and is also called dihydropyridine receptor, or DHPR, because it binds a
class of drugs known as dihydropyridine (Dulhunty et al, 2002). The other channel is in
the sarcoplasmic reticulum and acts as the Ca®* release channel; it is also known as the
ryanodine receptor (RyR) (Dulhunty et al, 2002). During an action potential DHPR are
activated and via a protein-protein interaction DHPR directly activates RyR, which then
opens. Ca’" stored in the SR then diffuses down its electrochemical gradient into the
cytosol and throughout the sarcomere. Once Ca* binds to troponin, a subsequent
conformational change triggers a movement of tropomyosin to shift its position on the
actin filament, exposing the binding sites for myosin on actin (Dulhunty et al, 2002).

The third step is the contraction itself that involves actin and myosin. When the
myosin head (also known as the crossbridge) attaches to actin, it executes a power stroke
that pulls the thin filament toward the center of the sarcomere, generating a force or

shortening of the sarcomere.



ENERGY UTILIZATION AND PRODUCTION DURING MUSCULAR ACTIVITY

Three major ATPases are activated during contraction. (1) The Na'-K'-ATPase
pumps 3 Na" out and 2 K" into the cell to maintain the Na" and K concentration
gradients that are necessary for action potential generation. (2) The Ca®" ATPase pumps
Ca*" back into the sarcoplasmic reticulum to allow muscle relaxation after cessation of
action potentials. (3) The myosin ATPase converts chemical energy into mechanical work
(Gibbs, 1987). Among these three ATPases, the myosin ATPase was thought to account
for about 50-80% of the ATP consumption during muscle contraction (Baker et al, 1994;
Szentesi et al, 2001). However, these experiments were carried out at low temperatures.
One recent study conducted at the physiological temperature of 37°C showed that in
mice EDL muscles the crossbridges may account for only 20% of the total ATP
consumption, suggesting that the major ATP energy consuming processes involve ion
pumps (Zhang, et al, 2006). All ATPase enzymes use ATP as the following chemical
reaction;

ATP + H,O < ADP + Pi + energy.

To avoid ATP depletion during any activity, muscles have several mechanisms to
generate and maintain ATP content. There are four major pathways supplying ATP during
muscle contraction. The first source is phosphocreatine (PCr), which is a high-energy
phosphate compound (Brody, 1994). During exercise, the high energy phosphate group
of PCr is transferred to ADP to synthesize ATP by the enzyme creatine kinase (CK) as
follows (Hochachka, 1994):

PCr+ADP+H'— Cr+ATP



As there is only one enzymatic reaction involved in this energy transfer, ATP can be
formed as soon as ADP is produced. However, the ATP produced from phosphocreatine
is very limited, lasting only a few seconds (Sahlin et al, 1998; Neville et al, 1996).

As exercise continues, glycolysis becomes the second source of ATP synthesis.
Glycolysis is believed to be activated by AMP, ADP and Pi via activation at the level of
phosphofructokinase (PFK); while ATP inhibits PFK activity (Spriet, 1989). Glucose,
either from glycogen or blood glucose, is the substrate of glycolysis. Glycogen is broken
down into Glucose-1-P during the process of glycogenolysis; while glucose from the
blood is transported into the cytoplasm by GLUT4 (Lund, et al, 1995) and
phosphorylated to G-6-P. G-1-P and G-6-P then enter the glycolytic pathway, which

generates ATP and two end products: pyruvic acid and NADH as follows:
Glucose +2 ADP + 2 NAD" + 2 P; — 2 Pyruvate + 2 ATP + 2NADH + 2 H'

Pyruvic acid has two possible fates: First, it can be converted to lactic acid using NADH.
Under those conditions only 2 moles of ATP are produced per mole of glucose or 3
moles of ATP per mole of glucosyl if from glycogen. Second, in the presence of oxygen,
pyruvate can enter the Kreb’s cycle, which occurs in mitochondria. The NADH
generated during glycolysis is also used by mitochondria to synthesize ATP. Compared to
the ATP synthesis from glycolysis, the generation of ATP by the combination of
glycolysis and Kreb’s cycle is much higher; the net yield being either 36 moles ATP per
mole of glucose or 38 moles of ATP per mole of glucosyl from glycogen. The final
chemical equation for glucose being:

Glucose +36 ADP + 36 Pi + 6 O, — 6 CO, + 6 H,O + 36 ATP



Free fatty acids (FFA) constitute the third source of energy. The process of fatty acid
oxidation is termed B-oxidation since it occurs through the sequential removal of 2-carbon
units by oxidation at the B-carbon position of the fatty acyl-CoA molecule. It follows the
reaction;

FFA(n)*nATP+nCoA+nNAD+nFAD — nAcetyl-CoA+2nP;i+nAMP+nNADH-+nFADH,
where n represents the numbers of carbon in the FFA divided by 2.

Each round of p-oxidation produces one mole of NADH, one mole of FADH; and one
mole of acetyl-CoA. The acetyl-CoA then enters the Kreb’s cycle, where it is further
oxidized to CO; and generates more NADH and FADH,. The NADH and FADH; are then
oxidized by the oxidation phosphorylation pathway to produce ATP. The oxidation of fatty
acids yields significantly more energy per carbon atom than does the oxidation of
carbohydrates. For example, the net result of the oxidation of one mole of oleic acid (an
18-carbon fatty acid) will be 146 moles of ATP, which is much higher than ATP
production from an equivalent number of glucose carbon atoms, being only 114 moles.

Finally, in some types of muscular activity, especially high intensity exercise, the
rate of ATP utilization exceeds the rate of the ATP regeneration, which leads to a
decrease in ATP and an increase in ADP concentration. Under those conditions, two
molecules of ADP are converted to ATP and AMP by adenylate kinase (Sahlin et al,
1990). AMP is then deaminated to inosine monophosphate (IMP) by AMP deaminase
(Sahlin et al, 1990). This keeps the adenylate kinase reaction toward the production of
ATP. In this manner an extensive imbalance between ATP, ADP and AMP is prevented

during intense exercise.



SKELETAL MUSCLE FIBER TYPE

The extent by which each metabolic pathway generates ATP depends largely on the
intensity of the activity and the fiber types being recruited. Skeletal muscle fibers have been
initially classified by their contraction speed as slow twitch or type I fibers and fast twitch or
type II fibers (Hamalainen and Pette, 1995). Over time and with the advent of DNA cloning
and sequencing, four genes encoding four different adult myosin isoforms have been found
(Parry, 2001). Today, fiber types are defined according to the myosin isoforms they express;
i.e., one slow twitch type I fiber and three fast twitch type IIA, IIB and IIX fibers (also
known as IIC and IID) (Johnson et al, 1994).

The first major difference between fast and slow twitch fibers is the speed of
contraction. Fast twitch muscles contract two-three times faster than slow twitch fibers
because of the faster ATPase activity of type II isoforms compare to type I isoforms
(Pellegrino et al, 2003). The fast twitch fibers split ATP more rapidly and can therefore
complete the contractile cycle more rapidly than slow twitch fibers. The duration of the
twitches, which is determined by how fast the SR removes Ca®" from the cytosol
allowing muscle fiber relax, is also faster in fast twitch fiber than slow twitch fibers
(Essen et al, 1975).

The second major difference between fiber types is the metabolic characteristic.
Slow twitch type [ fibers contain large amount of mitochondria, myoglobin and capillary
density given them a high oxidative phosphorylation capacity (Hamalainen and Pette,
1995). These fibers are usually involved in the maintenance of posture. Like type I

fibers, type I1A fibers also have a very high oxidative capacity (Silverthorn, 2004), which



is important during prolonged exercise, such as running a marathon. Thus both of them
work better at low levels of muscular activity where blood flow can be maintained
allowing good delivery of oxygen, glucose and fatty acids (Burton et al, 1997).

Type 1IB fibers, on the other hand, have the lowest aerobic capacity with the highest
glycolytic capacity (Hamalainen and Pette, 1995). These muscle fibers are usually
recruited during extensive and powerful exercise, such as sprinting and weight lifting.
These types of exercise often stop blood flow to muscle as blood vessels are squeezed by
the strong contraction. Therefore these fibers rely primarily on PCr and glycolysis as
their primary source of ATP. Type IIX fibers are also glycolytic fibers; but in terms of
oxidative capacity, they are intermediate between type 1A and 1IB fibers (Parry, 2001).

Overall, when the production of ATP is greater or equal to ATP utilization, the
muscle can work for a long period of time. However in all types of muscle activities ATP
demand eventually exceeds ATP production, leading to muscle energy deficit. The time it
takes to reach that point varies with the types of exercise. For low to moderate exercise,
such as marathons, it can take hours because type I and I1A fibers are primarily used. For
intensive exercise, such as sprinting and weight lifting, it can occur within seconds
because with these types of activities the low oxidative capacity type IIB and IIX fibers
are being recruited. When an energy deficit occurs, the capacity of muscle to generate
force or do work diminished. This process is known as muscle fatigue.

MUSCLE FATIGUE
Muscle fatigue can be generated at the level of the central nervous system (CNS), a

phenomenon known as central fatigue. In this case, a decrease in motor unit activity is



observed, resulting in less activation of skeletal muscle (Asmussen, 1979). However, an
early study has shown that direct motor nerve stimulation does not improve the reduced
force in human during voluntary contractions (Merton, 1954). It is then well accepted that
the primary mechanism causing the decrease on force or work occurs within muscle itself
and has been defined as peripheral fatigue. Associated with the development of fatigue are
several changes in metabolites, the extent of the change being primarily dependent on the
type of fiber being recruited.

METABOLIC CHANGES DURING FATIGUE

ATP content at rest skeletal muscle is about 27-30 mmoles/kg dry weight (Spriet
1995; Carvalho et al, 1996; Meyer et al, 1979; Matar et al, 2000) in fast twitch muscles and
lower in slow twitch muscles, being about 20 mmoles/kg dry weight (Meyer et al, 1979;
Matar et al, 2000). Decreases in ATP in slow twitch muscles are also slower than fast
twitch muscles. When Meyer et al (1979) stimulated rat slow twitch soleus and fast twitch
gastrocnemius to the same extent of fatigue, ATP decreased only 2 mmoles/kg dry weight
in the former compare to about 12 mmoles/kg dry weight in the latter. The difference in
ATP decrease is because slow twitch fibers contains primarily type I fibers (95% in rats),
which have higher oxidative capacity and lower rate of ATP hydrolysis than fast twitch
gastrocnemius that contains primarily type IIB and IIX fibers.

Overall, while force can decrease by more than 70%, most studies have reported only
very small changes in ATP content. Some studies reported no change in ATP (Cady et al,
1989; Hancock et al, 2005; Jansson et al, 1987; Vollestad et al, 1988). Other studies

reported about 20% decrease in muscle ATP (Bangsbo et al, 1990; Jacobs et al, 1982;



Giannesini et al, 2001; Chasiotic et al, 1987). Only rare studies showed ATP decrease
exceeding 20% (Meyer et al, 1979). The lack of muscle ATP decreases can either be due to
the fact that ATP generation matched ATP utilization and/or when it fails, the fatigue
process is capable of decreasing ATP utilization. Here we first discuss the importance of
ATP synthesis.

The resting content of PCr ranges from 70-80 mmoles/kg dry weight in human
quadriceps femoris muscle (Spriet, 1995; Norman et al, 1987) and rats EDL (Carvalho et
al, 1996) and can be as high as 120 mmoles/kg dry weight, such as in mice EDL muscle
(Matar et al, 2000). Slow twitch soleus muscle has 74 mmoles/kg dry weight of PCr
(Matar et al, 2000), which is in agreement with that fast twitch fibers contain 15-20% more
PCr than slow twitch fibers (Soderlund and Hultman, 1991). PCr, being the first energy
source, decreases considerably within the first 10-60 sec of short bursts intensive exercise
(Sahlin et al, 1998; Neville et al, 1996; Hirvonen et al, 1987; Meyer et al, 1979). The
decrease is as much as 80-90% in fast twitch gastrocnemius muscle, compare to only 60%
in slow twitch soleus muscle (Meyer et al, 1979). Such a difference between fiber types
may due to the higher creatine kinase activity in faster twitch skeletal muscles (Roman et
al, 2002). In those high intensive exercises PCr decreases as high as 90% (Sahlin and Ren,
1989); however during prolonged exercise the decrease can be as low as 33% (Sahlin et al,
1990).

Concomitant to the decrease in PCr, creatine and Pi increases, creatine being one
product of the creatine kinase reaction while Pi is released once ATP is hydrolyzed. Pi

increases from 3 mmoles/kg dry weight at rest to about 25 mmoles/kg dry weight after
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exercise; while Cr before and after fatigue is about 60 mmoles/kg dry weight and 130
mmoles/kg dry weight, respectively (Chasiotic et al, 1987). Pi increase has been suggested
to serve as a link between PCr breakdown and glycogen utilization (Chasiotis et al, 1982).

Despite the rapid and large decreases in PCr and some decreases in ATP, increases in
ADP are still small, ranging from less than 10 pM at rest to no greater than 300 uM after
fatigue (Dawson et al, 1978; Tullson et al, 1990; Chasiotic et al, 1987). Although it
represents more than 10-fold change in ADP, the increase is still smaller than the decrease
in ATP, which is in the millimolar range. The increase in ADP during fatigue is also
smaller in slow-twitch muscle than fast twitch muscle (Macdonald and Stephenson, 2006).

One reason for the lack of ADP accumulation is most likely due to the adenylate kinase
and AMP deaminase reaction. The first enzyme generates 1 mole ATP and 1 mole AMP
from 2 moles ADP; while the second one generates IMP and ammonia (NH3) from AMP.
AMP accumulation is also small (Chasiotic et al, 1987), which never amounted to more than
2% of the total adenine nucleotide content (TAN = ATP + ADP + AMP) (Meyer et al,
1979); IMP and NH; levels increase significantly to similar levels during fatigue (Sahlin
and Broberg, 1990; Hellsten et al, 1991). Increases in IMP have been shown to balance the
decreases in TAN, which is to about 15% after maximal exercise (Meyer et al, 1979; Sahlin
et al, 1978).

Depending on the exercise intensity, IMP increase can be over 50% of the tissue’s
ATP content (Meyer et al, 1979; Dudley and Terjung, 1985), ranging from 0.22 mmoles/kg
dry weight at rest to 15 mmoles/kg dry weight after fatigue. Such an accumulation in

muscle has been found to be fiber type dependent in skeletal muscle, being about two fold

11



higher in fast twitch fibers than in slow twitch fibers (Winder et al, 1974; Meyer et al,
1979). It has also been shown that after exercise the IMP formed can be reaminated back
to AMP by adenylosuccinate synthase and adenylosuccinase, respectively. Thereafter AMP
can be deaminated to ATP, which plays a crucial role in maintaining ATP during exercise
(Lowenstein, 1972). This cycle is called purine nucleotide cycle (Sjodin et al, 1991).

At rest, lactate content is very low, being about 10 mmoles/kg dry weight (Carvalho et
al, 1996). With exercise, lactate is produced in large amount and can reach 60-100
mmoles/kg dry weight (Katz et al, 1986; Dudley and Terjung, 1985; Sahlin et al, 1978). As
expected, lactate increases up to 25-fold in fast twitch muscles, like gastrocnemius,
compare to only 3 to 4-fold in the more oxidative soleus muscle during the early stimulation
period (Meyer et al, 1979). Thus production of lactate is evidence for significant activation
of glycolysis during fatigue. Associated with the production of lactic acid are large
decreases in intracellular pH (pH;) as lactic acid dissociates into lactate and H' ions. During
muscle fatigue intracellular pH decreases from approximately 7.0 (resting state) to as low
as 6.2 in amphibians, 6.3 in rats and 6.4 in humans (Cady et al, 1989).

During prolonged exercise, the major energy source is glycogen. Glycogen decreases
linearly with time during fatigue from about 200-300 mmoles/kg dry weight to 100
mmoles/kg dry weight (Norman et al, 1987; Sahlin et al, 1998). There is no significant
difference between EDL and soleus muscle glycogen level at rest (Carvalho et al, 1996).

MECHANISMS FOR THE DECREASE IN FORCE DURING FATIGUE

For several years, investigators studied the effects of the various metabolic changes on

the capacity of the sarcomere to generate force. At room temperatures, only the decrease in
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pH; and increase in Pi can depress force, but only account for one third of the total decrease
in force during fatigue (Godt and Nosek, 1989). Then recent studies however have shown
that at the physiological temperature of 37°C, pH; may actually have no effect while Pi
depresses force only at submaximal Ca®* concentrations (Pate et al, 1995; Wiseman, et al,
1996; Debold et al, 2006). It has therefore become apparent that the primary mechanism for
the decrease in force during fatigue is upstream of the sarcomere.

There is now clear evidence that the decrease in force involves a decrease in Ca>"
release by SR, making the intracellular Ca®" concentration ([Ca*'};) submaximal for the

>*]i increases by

activation of the sarcomere. During the early part of fatigue, tetanic [Ca
about 50% before it significantly declines below pre-fatigue value (Westerblad and Allen,
1991). Changes in tetanic force are associated with a decrease in [Ca>*]; during the final
stages of fatigue (Allen et al, 2002).

It now remains to be determined if the failure of Ca®* release involves a decrease
membrane excitability or a failure of transmitting the signal from t-tubules to the
sarcoplasmic reticulum RYR. For now, most of the researches have concentrated on a

decrease in membrane excitability (Renaud, 2002).

MUSCLE FATIGUE AND MEMBRANE EXCITABILITY

At rest, membrane potential ranges between -75 to -85 mV, while action potential
overshoot reaches 25-30 mV. After muscle fatigue, resting membrane potential decreases to
-65 and -70 mV (Balog and Fitts, 1996), while action potential overshoot are less than 10
mV (Ldnnergren, 1987; Balog et al, 1994). These effects are mainly related to changes in

Na"and K" concentration. A large number of action potentials lead to a net Na* influx and a
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net K* efflux. When the N*-K*-pump is unable to return all that Na* out and all that K back
into the cell to maintain their concentration gradient, it results in large increases in
intracellular Na' and extracellular K* concentration. During fatigue [K']; decreases by
about 10-20%, while [K']. increases from control 4 mM (normal) up to 10 mM at
exhaustion (Renaud, 2002; Vollestad et al, 1994; Hallen et al, 1994). Most studies reported
[Na']; increases by about 1.5-2 fold (Westerblad et al, 1991), while [Na']. rarely changes
because of a loss of water by the extracellular fluid during fatigue.

Such changes in Na" and K* concentration have profound effects on resting and action
potential. Study from Cairns et al (2003) looked at the Na" effect on membrane excitability
and force generation in unfatigued soleus muscles by mimicking the changes in Na’
concentration gradient observed during fatigue. Decreases in the Na' gradient resulted in a
large number of fibers becoming unexcitable fibers and a large reduction of action potential
amplitude in those still capable of generating action potentials. Associated with the lost of
membrane excitability and reduction in action potential amplitude were large decreases in
force. These results gave strong evidence that during fatigue a decrease in Na” concentration
gradient can contribute to the decrease in force.

For the increase in [K']., the direct effect is the depolarization of resting membrane
potential by about 15 mV (Renaud, 2002; Renaud and Light, 1992). Such a depolarization
leads to inactivation of voltage dependent Na" channel, which also reduces action potential
amplitude, Ca’" release and force (Renaud, 2002).

Some studies are also focusing on ion channels which when activated can also cause a

decrease in action potential amplitude and force. One is the Ca®*-activated K* channel
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(BKca), which can be opened in the presence of high [Ca2+]1-. Its opening leads to an increase
in membrane K" conductance and a decreased action potential amplitude (Fink et al, 1976),
which eventually leads to less calcium release and force development. This channel may be
important in preventing chronic elevation of [Ca®];, which can be detrimental in muscle
fibers. See section below “K o1p channel protects against Ca>* overload”. Another channel is
the ATP-sensitive potassium channel, which is the focus of this thesis and will now be
discussed.
ATP SENSITIVE POTASSIUM CHANNEL

The ATP-sensitive potassium channel was named as the binding of intracellular ATP
closes the channel and because it is selective for K (Noma, 1983). At the time Noma had
proposed that the Karp channel is important in the regulation of cellular energy
metabolism in heart, the tissue in which it was found. Thereafter, the channel was found
in various tissues, including pancreas, central neurons, skeletal muscle, smooth muscle
and kidney, accomplishing various functions (Ashcroft FM, 1988).

MOLECULAR STRUCTURE

The Karp channel is a hetero-octameric protein composed of two subunits: a
pore-forming subunit, Kir6.x; and a regulatory subunit, sulfonylurea receptor or SUR.
(Ashcroft & Gribble, 1998; Aguilar-Bryan et al, 1998; Seino, 1999). The two subunits
form a functional channel in a 4:4 stochiometry (Clement et al., 1997; Inagaki et al.,
1997; Shyng et al., 1997, Seino, 2003). (Fig. 1-1)

Kir subunit

Kir subunit belongs to the inward rectifier K* channel family, which contains seven
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members (Kirl-7). Kir channels are commonly made up by either homomeric or
heteromeric subunits with the same subfamily. So far, three Kir6 genes have been cloned
and sequenced, including Kir6.1 and Kir6.2 in mouse, human and rat, and Kir6.3 in zebra
fish. Kir6.1 and Kir6.2 have about 71% amino acid identity and four of them together
form the pore of the channel. The structure includes two transmembrane regions (M1 and
M2). M1 and M2 are separated by an external pore loop (HS), which is located near the
pore of the channel and is believed to be part of the selectivity “filter” (Inagaki et al,
1995). Although the Gly-Tyr-Gly (GYG) motif in the H5 region is thought to be critical
for the selectivity of most K* ion channels, the amino acid sequence for Kir6.1 and
Kir6.2 was found to be Gly-Phe-Gly (GFQG), suggesting a characteristic unique to the
Kir6 family (Seino et al., 2003). In mammal, Kir6 also has an endoplasmic reticulum
(ER) retention signal in the C-terminus, the motif being RKR (Arg-Lys-Arg). This
retention signal prevents Kir6 subunits trafficking to the cell membrane in the absence of
SUR subunit (Zerangue et al, 2001).
SUR subunit

The SUR subunits (receptors for the sulfonylureas, which are known as anti diabetic
drugs) belong to the superfamily of ATP-binding cassette (ABC) (Higgins, 1992). The
superfamily comprises large transporter proteins responsible for the movement of a wide
variety of substrates, such as ions, lipids and drugs across the cell membrane. Like other
ABC proteins, SUR proteins are composed of three transmembrane domains, TMDO,
TMD1 and TMD?2 with respectively five, six and six membrane spanning regions as well

as two nucleotide binding folds (NBF-1 and NBF-2) as intracellular loops (Conti et al,
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2001) (Fig. 1-1). NBF-1 is located between TMD1 and TMD2 while NBF-2 is located in
the C-terminal. Each nucleotide binding fold contains Walker A and B motifs, an ABC
signature motif (also called as linker sequence or LSGGQ motif) and an invariant
glutamine and histidine residue (also called as the Q-loop and H-loop respectively)
(Matsuo et al, 2005). These motifs play a key role for the binding of ATP and ADP. Three
major isoforms, SUR1 and SUR2A and SUR2B, have extensively been studied. Two
different genes encode SUR1 and SUR2, while SUR2A and SUR2B are the products of
gene splicing and differ by only 42 amino acids in the C-terminus.

Assembling SUR and Kir subunits significantly increases the expression as well as
the gating function of Karp channel (Shi et al, 2005). Different combinations of subunits
reconstitute different types of Karp channels in various tissues, which also lead to distinct
electrophysiological properties and pharmacological sensitivities. In pancreatic B-cell,
Karp channel is made up of Kir6.2 and SUR1 (Inagaki et al, 1995); in cardiac and
skeletal muscle, Karp channel is made up of Kir6.2 and SUR2A (Inagaki et al, 1996); in
non-vascular smooth muscle, Karp channel is composed of Kir6.2 and SUR2B subunits
(Yamada et al, 1997) while Kir6.1 and SUR2B constitutes the vascular smooth muscle
Kare channel (Yamada et al, 1997). However, recent studies have given evidence for the
expression of Kir6.1 and SUR2B in both cardiac and skeletal muscle with different
locations. Kir6.1 subunits are shown to be predominantly associated with myofibril
structures and are also located in mitochondria. SUR2B subunits appear strongly
co-localized with t-tubules (Singh et al, 2003). Furthermore, SUR1 subunit appeared to

be expressed in flexor digitorum brevis (FDB) muscles. (Tricarico et al, 2006).

17



Figure 1-1
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: Kir6.x
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Figure 1-1. Molecular structure of Ksrp channel. (a) Assembly of Karp channel.
The Karp channel is a hetero-octamer comprising two subunits: the pore-forming
subunit Kir6.x (Kir6.1 or Kir6.2) and the regulatory subunit sulfonylurea receptor
SUR (SURI1 or SUR2). (b) Membrane topology of SUR and Kir6.x. The sulfonylurea
receptor has been proposed to have three transmembrane domains, TMDO, TMD1 and
TMD2, each of which consists of five, six and six membrane spanning regions. Kir6.x
has two transmembrane domains, while the Kir6.2 only has two membrane spanning

regions (far right). (Seino, 2003)
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REGULATION OF THE Kap CHANNEL ACTIVITY

Karp channel is a ligand sensitive, and voltage insensitive potassium channel. It is
activated by several metabolic changes that are known to occur during fatigue, hypoxia
or ischemia. The changes in metabolites include decreases in intracellular ATP, increases
in intracellular ADP, lactic acid, H', and extracellular adenosine concentration.

Inhibition of K 4rp channel by ATP and ADP

The gating of a normal Karp channel involves short bursts of closing and opening
state separated by long closed time. In the presence of ATP, the duration and frequency of
the long closed time increases (Alekseev et al, 1997; Drain et al, 1998). The first
evidence that the ATP effect was due to a binding on the Kir subunit came from a study
in which the last 36 amino acids of the C-terminus were truncated to remove the ER
retention signal. When expressed in a cell, it gave rise to a functional K™ channel current,
which can be inhibited by ATP (Tucker et al, 1997).

ATP binding occurs at the interface between the C-terminus of one subunit and the
N-terminus of the adjacent subunits. This unique feature makes the binding of one ATP
sufficient to close the channel (Markworth et al, 2000). ATP has an adenine ring and
carries negative charges with its three inorganic phosphates that forms the phosphate tail
(Haider et al, 2005). The phosphate tail interacts with R201 (Arg201) and K185 (Lys185)
residues in the C-terminus of one subunit and with the R50 (Arg50) residue in the
N-terminus of a second subunit (Antcliff, et al, 2005). The adenine ring also interacts
with residues E179-1182 (Glu179-1le182) of one subunit as well as the R301 (Arg 301) of

the second subunit. Mutations of any of these residues have been found to reduce ATP
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sensitivity (John et al, 2003; Reimann et al, 1999; Proks et al, 1998; Antcliff et al, 2005;
and Li et al, 2000). Most ATP binding sites require Mg?", such as ATPase, enzymes. One
interesting characteristic of the ATP binding to Kir6.2 is that it is completely Mg**
independent. Finally, while the ATP binding site is located on Kir6.2 subunit,
coexpression with SUR enhances the inhibiting effect of ATP by 10-fold (Tucker et al,
1997). ADP itself can bind to Kir6.2 subunit in the absence of Mg, It also closes the
channel but has a lower affinity than ATP for the Kir6.2 subunit (Markworth et al, 2000).

Under patch clamp conditions, ATP inhibits Karp channels in the micromolar range
which is far below the physiological range measured in most cells (5-10 mM). Even
metabolic inhibition reduces ATP to only 1 mM (Karatzaferi et al, 2001). Although such
results would suggest that the Karp channel could never be activated physiologically,
there is now plenty of evidence that the channel is activated during fatigue, hypoxia and
metabolic inhibition (Gramolini et al, 1997; McPherson et al, 1993). One possible reason
as to how the channel is activated when ATP is still in the millimolar range is because
other metabolites also activate the channel.
Activation of Krp channel by MgADP

Although ATP binding to Kir6.2 subunits is Mg®'-independent, Mg**-nucleotides,
such as MgATP and MgADP, interact with the SUR subunits at the NBF (Tucker et al,
1997; Gribble et al, 1998). MgATP, which can enhance the channel activity, is believed to
activate the channel indirectly, after it has been hydrolyzed to MgADP at NBF-2.
MgADP then attenuates the inhibition of Kir subunits by ATP, shifting the ATP

dose-response curve toward higher concentrations. Therefore, increase MgADP
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concentration can be an important factor activating Karp channel (Renaud, 2002).

Studies (Ueda et al, 1999a) of nucleotide binding to SUR1 have showed that when
the ATP/ADP ratio decreases, ATP binds SURI at NBF-1 and MgADP binds at NBF-2
either directly or after the hydrolysis of MgATP to MgADP. MgADP binding at NBF-2
causes a conformational change in SURI which enhances the ATP-binding at NBF-1 and
reduces ATP binding to Kir6.2, resulting in the opening of the Kxrp channel. In contrast,
when the ATP/ADP ratio increases, the resultant decrease in MgADP concentration
induces the dissociation of MgADP from NBF-2 and ATP from NBF-1. As ATP binds to
Kir6.2, the channel closes (Ueda et al, 1999b).

In pancreatic B-cells, the changes in ATP/ADP ratio seem enough to regulate the
Katp channel activity (Aguilar-Bryan and Bryan, 1999). However, in cardiac and skeletal
muscle, this is not the case, since ADP changes very little during muscle fatigue as
discussed in the section above “Metabolic changes during fatigue”. Changes in pH,
lactate and adenosine appear to be more important in activating Karp channels in cardiac
and skeletal muscles.

Activation of K s1p channel by lowering pH

As discussed above in the section “Metabolic changes during fatigue”, pH; can
decrease from normal level of 7.0 to as low as 6.2. When such a decrease in pH; is
mimicked using NH3Cl in unfatigued skeletal muscle, Karp channels become activated
even though ATP levels are in the millimolar range (Davies et al, 1992). Xu et al (2001)
also observed an activation of Karp channel by using CO; to acidify pH;. Thus the change

in pH; during fatigue is one of the best candidates for the activation of the channel in
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muscle.

In the absence of ATP, acidic pH has little effect on the channel activity in terms of
open probability and conductance. Its effects appear to involve a decreased affinity of
Kir6.2 for ATP (Davies et al, 1992). There is now evidence that the H" binding site is
located on the Kir6 subunit rather than in the SUR (Xu et al, 2001). Three amino acids
have been identified to contribute to the pH sensitivity, including Thr-71 in the N
terminus, Cys-166 in the M2 region and His-175 in the C terminus. Any mutations of
these residues are sufficient to completely abolish the acid-induced channel activation
(Piao et al, 2001).

Activation of K rp channel by lactate and adenosine

Lactate at 20 mM, a concentration observed in plasma during fatigue, is another
Karp channel activator. More importantly, it can activate the channel even when ATP
levels are between 2 and 5 mM (Keung & Li, 1991; Nichols & Lederer, 1991).
Adenosine, which accumulates in the extracellular space when metabolic rate increases,
also activates Karp channels, via its Al receptor in both cardiac and skeletal muscle
(Olsson, 1996; Barrett-Jolley et al, 1996).

Overall, the activation of the Karp channel occurs when energy level decreases;
Kare channel can sense an energy deficit either from a decrease in ATP or from the build
up of metabolic end products, especially H', lactate and adenosine. Not only is the
channel acting as an energy sensor in the cell, it also affects the electrical activity of the

cell membrane. It thus links the energy states of a cell to the membrane electrical activity.
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PHYSIOLOGICAL ROLES OF THE K,rp CHANNEL
Katp channels play important and various functions that can be divided into two
major groups: i) glucose homeostasis and ii) myoprotection in muscles.

GLUCOSE HOMEOSTASIS

The Karp channels in pancreatic p-cells are involved in glucose-induced insulin
secretion. When blood glucose level increases and is transported by GLUT2 into the
B-cell, glucose is metabolized via glycolysis and within mitochondria, thus leading to an
increase in ATP production and a decrease in ADP level. As the ATP/ADP ratio increases,
the Karp channels close allowing for a depolarization, which then activates L-type Ca**
channels. The subsequent increases in Ca®>" influx through the Ca®* channels increases
[Ca®);, which triggers insulin release (Ashcroft, 2006). The K rp channels are also found
in pancreatic a-cells, but their role in the secretion of glucagons is still unclear (Miki et
al, 2001).

Karp channels also affect the firing pattern of glucose responsive (GR) neurons in
the ventromedial hypothalamus (VMH), where the channel is made up of SURI and
Kir6.2 subunits. These neurons then increase glucagon secretion via the autonomic
neuron system under hypoglycemic conditions (Miki et al, 2001). Basal and
insulin-induced glucose uptake in skeletal muscle is increased in the absence of Karp
channel activity. This has been confirmed using pharmacological (Trube et al, 1986) and
genetic (Chutkow et al, 2001; Miki et al, 2001; William et al, 2001) approaches with null
mice for either the Kir6.2” or SUR2” gene. Pathways .involved in Karp

channel-associated glucose uptake still remain to be identified, but studies have already
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shown that they are independent of cAMP-activated protein kinase (AMPK) and the
insulin receptor substrate-1 /phosphatidylinositol 3-kinase (IRS-1/PI3K) signal (Minami
et al, 2003).

MYOPROTECTION IN MUSCLE

It has been proposed that Karp channels can prevent ATP depletion and thus fiber
damage by acting at the level of blood vessels and muscles themselves. At the level of
blood vessels, the Karp channels in vascular smooth muscle regulate systemic blood
pressure (Chutkow et al, 2001; Miki et al, 2001). They also regulate blood flow in several
tissues. For example, they contribute to the vasodilatation associated with reactive
hyperemia during muscle activity (Peter et al, 1996). That is, they allow for
vasodilatation contributing to an increased delivery of oxygen, glucose and fatty acid,
which are important energy sources during muscle activity. Within muscles themselves,
Karp channel has been proposed to protect muscle fiber damage by preventing Ca®*
overload and energy depletion. As both cardiac and skeletal muscles are striated muscles,
having a lot of similarities, we discuss this role of the Katp channel by comparing cardiac
muscle and skeletal muscle.

Kzp channel protects against Ca’* overload

Ca®" overload is defined by a large uncontrolled [Ca®*];. It can be due to an increase
influx through cell membrane or a failure of the various Ca®* pumps. Increases in [Ca2+]i
is known to impair muscle function by activation of Ca*'-dependent proteases (Belcastro,
1993), activation of phospholipase A; (Nethery, 2000) and/or an increased production of

reactive oxygen species (ROS) (Nethery et al, 2000). Therefore, any mechanisms that
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prevent Ca*" overload contributes to myoprotection.

Cardiac muscle Karp channels are close at rest. During stress, such as treadmill
running or swimming, catecholamines are released by the sympathetic neurons and
adrenal glands. In cardiac cells, catecholamines increase L-type Ca*" channel activity to
increase force output and increase Karp channel activity to shorten action potential
duration, allowing for faster heart beat. Kir6.2" mice, lacking Karp channel in cell
membrane, exhibit arrhythmia and sudden death under vigorous sympathetic stimulation,
such as during treadmill running and swimming. This is partly because of no reduction in
action potential duration, resulting in much longer time during which Ca®" comes into the
cytosol during contraction. This extra Ca** influx causes a Ca** overload (Zingman et al,
2002; Kane et al, 2004). Verapamil, a Ca®' channel blocker, decreases mortality during
exercise in Kir6.2" mice to 17% from 73% in untreated mice, strongly suggesting that
the lack of Karp channel activity increases Ca®* influx through L-type Ca®" channels
(Zingman et al, 2002). In another study, Kir6.2”" mice were compared with wild type
mice following daily swimming for 28 days. Kir6.2"" mice showed less augmentation in
exercise capacity, lacked metabolic improvement, had damaged structure in the heart and
impaired cardiac performance (Kane et al, 2004). Therefore, under physiological stress
conditions, Karp channel contributes to prevent Ca** overload, arrhythmias, fiber damage
and death,

In cardiac studies, the Karp channels have been studied more extensively under the
condition of hypoxia or ischemia. Under these conditions, Karp channels are activated

and allow for greater K" efflux and shortening of action potential duration (APD) (Gasser
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et al, 1990). It is believed that shorter APD reduces Ca®* influx and force production,
reducing ATP utilization and Ca®* overload. Studies have shown that Karp channels
protect heart muscles from post ischemic dysfunction also by limiting Ca** influx
through L-type Ca®* channels (Lascano, et al., 2002). This mechanism involves a
hyperpolarization of the diastolic membrane potential preventing an activation of L-type
Ca®* channels (Baczko et al 2004).

Skeletal muscle As observed in cardiac muscles, Karp channels are also inactive at
rest in skeletal muscles (Gramolini and Renaud, 1997; Matar et al, 2000). A lack of Karp
channel activity in the cell membrane of skeletal muscle in vivo causes significantly mild
to severe fiber damage during swimming and treadmill running in hindlimb and
diaphragm muscles (Thabet et al, 2005; Kane et al, 2004). Fiber damage has also been
reported in FDB fibers when they are fatigued in vitro the Karp channel activity is
abolished either pharmacologically in wild type FDB exposed to glibenclamide or
genetically with Kir6.2" FDB fibers (Bourassa, 2006). Thus, as observed for cardiac
muscles, Karp channels are also important for myoprotection in skeletal muscles.

Once the channel is activated under a condition such as muscle fatigue, it reduces
action potential amplitude (Gong et al, 2003) but not its duration as in cardiac myocytes.
As a consequence of lower action potential amplitude, less Ca®* is released by
sarcoplasmic reticulum (Burton et al, 1997; Duty et al, 1995) and less force is generated
by the contractile component (Matar et al, 2000; Gong et al, 2003). This may be one
mechanism by which a Ca®" overload is prevented in skeletal muscle. In the absence of

Karp channel activity, several contractile dysfunctions are observed that including: i)
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large increases in resting [Ca2+]i (Bourassa, 2006); ii) increases in resting tension (which
occurs when muscles fail to completely relax) (Matar et al, 2000; Gong et al, 2003;
Cifelli, 2006); as well as iii) an impaired capacity to recover force (probably because of
fiber damage) (Matar et al, 2000; Gong et al, 2003; Cifelli, 2006). Cifelli (2006) and
Bourassa (2006) both demonstrated that these contractile dysfunctions were responsible
for the faster decrease in tetanic [Ca®']; and force during fatigue when there is no Karp
channel activity.

Cifelli (2006) further demonstrated that lowering extracellular Ca®* or exposing
muscles to verapamil (L-type channel blocker) reduces the increase in resting tension and
improves force recovery following fatigue. His results suggests that, as observed in heart,
Karp channels are crucial in skeletal muscle to prevent Ca®* overload and subsequent
contractile dysfunction and fiber damage.

Krp channel protects against energy depletion

When Karp channels were first discovered (Noma, 1983), it was suggested that they
affect the energy metabolism because i) they are activated by decreases in ATP; and ii)
they affect membrane excitability and eventually contractility. Then as they prevent a
decrease in Ca®" overload, it helps preserving ATP, because lower [Ca®']; results in
decreased Ca** ATPase and myosin ATPase activity (because of lower resting tension
between contractions). Furthermore, the decreases in Ca’' release and force production
during a contraction as action potential durations are shortened in cardiac muscles or
action potential amplitudes are reduced in skeletal muscle are also expected to help

preserving ATP. This is crucial because any large ATP depletion during muscular
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contraction affects ion pump activity and ion regulation. It can also lead to fiber damage
and eventually cell death.

Cardiac muscle During ischemia, pinacidil, a Karp channel opener, reduces the extent
of high energy phosphate depletion in cardiac muscle. Glibenclamide, a channel blocker,
not only inhibited the pinacidil effect, it also enhances ischemic depletion of ATP
(Mcpherson et al, 1993). A lack of Karp channel activity also causes greater depletion of
myocardial glycogen content and higher lactate production before ischemia. Opening of the
channels with diazoxide has the reverse effects (Kristiansen et al, 2005).

Karp channels have also been proposed to reduce metabolic rate, preventing the
generation of excess metabolic end products (Kristiansen et al. 2005), such as reactive
oxygen species (ROS), which in excess amount will lead to fiber damage (Halliwell et al,
1989 & 1992). Hydrogen peroxide or the combination of purine plus xanthine oxidase
treatment resulted in a depression of myocardial contractility and significantly reduced
ATP, phosphate creatine and glycogen content. However, these effects have been shown to
be significantly attenuated by Karp channel opener, cromakalim (Gan et al, 1998).

Skeletal muscle Matar et al (2000) reported that in EDL muscle, neither

glibenclamide, a channel blocker, nor pinacidil, a channel opener, affects the extent of the
decrease in ATP and PCr when measured just before and after fatigue. In soleus muscle,
on the other hand, they showed that glibenclamide caused greater decrease in ATP while
pinacidil resulted in slight increase in ATP during fatigue. These effects of Karp channels
were unexpected since treadmill running causes fiber damage in EDL and not in soleus

muscies (Thabet et al, 2005). Furthermore, in vitro resting tension and force recovery is
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dependent on Karp channel to a greater extent in EDL than in soleus muscles. The
problem, however is that Matar et al (2000) only measured ATP and PCr just before and
immediately after fatigue. Gramolini et al. (1997) measured changes in ATP and PCr
during metabolic inhibition in frog muscle. The decreases in ATP and PCr during
metabolic inhibition were faster in the presence than in the absence of glibenclamide.
However, after 60 minutes of metabolic inhibition ATP and PCr levels were again the
same in both groups.

This raises two issues: the first issue is that to understand the role of Karp channel in
terms of metabolites, one cannot just measure their changes before and after fatigue. The
second issue is that protective effect of Karp channels may not be limited to just the
prevention of deleterious ATP depletion. It may also be important in reducing metabolic
rate because similar decrease in ATP does not imply that ATP production was not greater
in the absence of Karp channel activity. Moreover, there is evidence for greater glucose
uptake in Kuarp channel deficiency muscles (Miki et al, 2001). It is then possible that
greater metabolic rate results in greater generation of metabolic end products, such as
reactive oxygen species (ROS) which in excess amount can be damaging.

Overall it is still unclear whether in skeletal muscle Karp channels prevent fiber
damage not only by preventing Ca®" overload but also by either preserving ATP or
reducing metabolic rate during muscular activity. To answer this question, we need to
know 1) how the Karp channel affects energy metabolism and eventually 2) whether the

extent of the effect on energy metabolism is large enough to cause fiber damage.
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OBJECTIVES AND HYPOTHESIS

The objective of this study was to determine how Karp channel affects energy
metabolism in skeletal muscle during fatigue development (i.e. Question 1 above). The
hypothesis to be tested was that “During fatigue development there is greater ATP
utilization in the absence than in the presence of Krp channel activity”. Two aims were
pursued in the course of this study. Aim one was to determine the effects of Karp
channels on the high energy phosphate reserves; i.e. PCr and ATP. Aim two was to
determine the effects of Karp channels on lactate production as an index of the glycolytic
flux. According to the hypothesis the expectations were that the absence of Karp channel
activity would increase PCr and ATP depletion and lactate production. To test this
hypothesis, the activity of Karp channel was modulated using two approaches: 1) genetic
approach in which muscles from the null mice for the Kir6.2 gene (Kir6.2‘/' mice) were
used; and 2) a pharmacological approach in which wild type muscles were exposed to
glibenclamide, the channel blocker and pinacidil, the channel opener to activate Karp

channels.
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CHAPTER 2

MATERIALS AND METHODS

ANIMALS

All experiments were carried out using two to three months old C57-Bl6 mice as
wild type and null mice for the Kir6.2 gene (Kir6.2”" mice) generated by Miki et al
(1998). Wild type and Kir6.2” mice had been backcrossed over four generations before
this study. Mice were fed ad libitum and cared according to the guidelines provided by
the Canadian Council for Animal Care. All experimental procedures have been approved
by the Animal Care Committee at the University of Ottawa.
MUSCLE PREPARATION

Mice were anaesthetized with a single intraperitoneal injection of 2.5 mg ketamine,
0.5 mg xylazine, and 0.25 mg acepromazine per 10 g of body weight before muscles
were dissected. Experiments were carried out using either extensor digitorum longus
(EDL) muscles or flexor digitorum brevis (FDB) muscle bundles. FDB muscle fibers that
control the 4™ digit were separated from those controlling the 3™ digit by cutting along
the fascia that separate the fibers for 3™ and 4™ digit, as described by Cifelli (2006).
SOLUTIONS

Muscles were kept in acrylic cuvettes measuring 1x1x4.5 cm (width, length and
height) and filled with 2 ml of physiological saline solution containing (in mM): 118.5
NaCl, 4.7 KCl, 2.4 CaCl,, 3.1 MgCl,, 25 Na,HCO3, 2 NaH,PO4 and 5.5 D-glucose.

Solution was constantly bubbled with 95% O; - 5% CO; and had a pH of 7.4.
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Experiments were carried out at 37° C.

Solutions containing either 100 uM pinacidil or 10 uM glibenclamide were prepared
by first dissolving the drugs in DMSO before it was added to the physiological saline
solution. For these experiments, all solutions, including control solutions contained 0.1%
DMSO (v/v). DMSO was not added to the physiological saline solution only when wild
type and Kir6.2”" muscles were compared.

FORCE MEASUREMENT

Muscles were attached with silk (Black Braided Silk Suture, 6-0, USA) at one end
to a force transducer (Grass Instrument, Model FT03C, USA), and the other end to a
fixed hook. The transducer was connected to a Grass Physiograph (Grass Instrument,
Model 79E, USA). Peak tetanic force, defined as the maximum force generated during a
provoked contraction, was calculated by measuring the difference between the maximum
force during contraction and the force just before the stimulation (Fig. 2-1). Resting
tension, defined as the amount of tension exerted by muscle without stimulation (i.e.
between contractions when it failed to fully relax), was calculated by measuring the
difference in force before fatigue and the force during fatigue (Fig. 2-1).
STIMULATION AND FATIGUE PROTOCOL

Muscles were stimulated by passing a current between parallel platinum wires
located on both sides of the muscle. Stimulations were generated using a Grass S88
stimulator (USA) and Grass isolation unit (SIUS5, USA). Prior to fatigue, muscles were
allowed to equilibrate for 30 min in control, glibenclamide or pinacidil containing

physiological solutions. In pharmacological experiments, muscles were always used in
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Figure 2-1

A)

Wild Type

B)

Peak
Force

Figure 2-1. Recordings of tetanic contractions during fatigue of A) Wild Type and
B) Kir6.2” FDB muscle bundles. Fatigue was elicited with one contraction every sec
for 3 min. Measurements of peak tetanic force and resting tension were shown in B.
Notice that resting tension barely increased during fatigue in wild type FDB compare to

Kir6.2" FDB bundles.
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pairs. One muscle bundle was exposed to either pinacidil or glibenclamide while the
other was exposed to control solution. During that time, they were stimulated every 100
sec with 200 ms train of 0.3 ms, 8 V pulses at 200 Hz.

Previous studies in this laboratory had used a fatigue protocol elicited with one
tetanic contraction every sec for 3 min. However, most of the decrease in peak tetanic
force occurs within 1 min (Appendix 1A). Several fatigue protocols were tested to obtain
a model for which the decreases in force were slower. When the interval between
contractions was increased from 1 to 10 sec, the decrease in peak tetanic force were
slower (Appendix 1A), but no resting tension was generated (Appendix 1B). However, if
the time interval was reduced to one contraction every 5 sec and with 100 Hz, 100 ms
trains stimulation (except for one 200 Hz, 200 ms trains every 30 sec to measure peak
tetanic force), the decrease in peak tetanic force was similar to that of one every ten sec
(Appendix 1A), but there was a small increase in resting tension (Appendix 1B). This
was important because Karp channel opener, pinacidil, is known to abolish the resting
tension and the channel deficiency muscles produce more resting tension than control.
Therefore it was necessary to have a difference between the three groups of muscles. So
the latter fatigue protocol with one contraction every S sec for 6 min was used in EDL
muscles.

In the course of this study it became apparent that EDL muscle was not the best
muscle preparation for studying muscle fatigue (See Discussion for further details).
Furthermore, in the laboratory a new muscle preparation was characterized, the FDB

muscle bundle. The remaining experiments were then carried out using this new model.
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To be consistent with other studies in the laboratory, the fatigue protocol was one 200 ms
tetanic contraction every second for 3 min.
METABOLITE MEASUREMENTS

At appropriate time, muscles were freeze-clamped in liquid nitrogen and stored at
-80°C until subsequent analyzing. Muscles were freeze dried with a freeze drier
(Freezemobile 6, Virtis, USA). To extract PCr, ATP and lactate, dried muscle fibers were
separated from tendons at room temperature and weighed on an analytical balance
(Mettler Toledo, XS105, USA). About 0.1-0.2 mg of dry muscles were added to 500 pul of
ice cold 6% perchloric acid. After sonificated with a Microson ultrasonic cell disruptor
(Heat System Ultrasonic Inc.,, USA) at maximum power for 15 sec, solutions were
centrifuged 30 min at 20,000 g at 4° C (Beckman, Avanti J-25, USA). Supernatants were
neutralized with ice cold 3 M K,CO; and the K salt was centrifuged (International
equipment company, IEC, Micromax 3590F2282, USA) 15 min at 10,000 g and 4°C.
ATP, PCr and lactate were determined enzymatically as described by Passoneau and
Lowry (1983) and changes in fluorescence were measured with a Perkin Elmer
fluorometer (Model LS50B, USA).
STASTISTICAL ANALYSIS

Values are given as Mean + S.E (standard error) with the number of samples (n).
Two way ANOVA (Analysis of Variance) designs were used to determine significant
differences; the treatment being i) Karp channel activity and ii) time during fatigue.
ANOVA calculations were made using the Version 9.0 GLM (General Linear Model)

procedures of the Statistical Analysis Software (SAS Institute Inc., Cary, NC USA).
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When a main effect or an interaction was significant, the least square difference (L.S.D)
was used to locate the significant difference (Steel and Torrie, 1980). The word

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

RESULTS

EFFECT OF NO K, rp CHANNEL ACTIVITY IN EDL MUSCLE

When fatigue was elicited with one contraction every 5 sec in EDL muscles, peak
tetanic force decreased almost linearly over time and reached about 60% of pre-fatigue
value after 6 min for both wild type and Kir6.2”" EDL (Fig. 3-1A). No significant
difference was observed between the two groups throughout the whole fatigue period.
Resting tension was greater in Kir6.2” EDL, during the second half of fatigue reaching a
mean value of 2% of the pre-fatigue force compare to only 0.3% for wild type EDL (Fig.
3-1B).

Prior to fatigue, mean PCr content was 115 pmoles/g dry weight in wild type EDL
(Fig. 3-2A). In Kir6.2" EDL, pre-fatigue PCr content was lower than in wild type, being
only 94 pmoles/g dry weight. PCr significantly decreased during the first 2 min of fatigue
to 50-52 pmoles/g dry weight in both wild type and Kir6.2” EDL. It then remained
constant in both groups. Pre-fatigue ATP content in wild type EDL was 28 pmoles/g dry
weight (Fig. 3-2B). No significant change in ATP content was observed during fatigue.
There was also no significant difference between wild type and Kir6.2”" EDL in ATP
content throughout the fatigue period. Lactate content constantly increased during the 6
min fatigue period from 5 to 51 pumoles/g dry weight in wild type EDL (Fig. 3-3). The

changes in lactate content in Kir6.2"~ EDL was similar to those observed in wild type EDL.
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Figure 3-1
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Figure 3-1. A) There was no significant difference in peak tetanic force between wild

type and Kir6.2”- EDL muscles while B) Kir6.2”- EDL generated more resting tension.

Fatigue was elicited with one tetanic contraction every 5 sec for 6 min. For clarity, data are

shown at every min. Peak tetanic force is the maximum force during a contraction and

resting tension is the increase in tension as muscle failed to fully relax between

contractions. Both of them are expressed as a percent of the pre-fatigue peak tetanic force.

Experimental temperature was 37°C. Vertical bars represent the S.E. of 5 muscles.

No significant difference was observed between wild type and Kir6.2” EDL. ANOVA

and L.S.D. P> 0.05.
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Figure 3-2
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Figure 3-2. There was no significant difference in A) PCr and B) ATP content
between wild type and Kir6.2-/- EDL muscles during fatigue. Fatigue was elicited
with one tetanic contraction every 5 sec for 6 min. Experimental temperature was 37°C.
Vertical bars represent the S.E. of 5 muscles.

No significant difference was observed between wild type and Kir6.2”* EDL. ANOVA

and L.S.D. P> 0.05.
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Figure 3-3
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Figure 3-3. There was no significant difference in lactate content between wild
type and Kir6.2~- EDL muscles during fatigue. Fatigue was elicited with one
contraction every 5 sec for 6 min. Experimental temperature was 37°C. Vertical bars
represent the S.E. of 5 muscles.

No significant difference was observed between wild type and Kir6.2”- EDL. ANOVA

and L.S.D. P> 0.05.
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EFFECT OF NO K,rp CHANNEL ACTIVITY IN FDB MUSCLE

GENETIC APPROACH: WILD TYPE vs. KIR6.2"~ FDB

In wild type FDB, most of the decreases in peak tetanic force occurred during the
first 60 sec, at which time mean peak tetanic force was 36% of pre-fatigue force;
thereafter, the decrease was much smaller. At 180 sec the peak tetanic force was 24%
(Fig. 3-4A). The decreases in peak tetanic force in Kir6.2™ FDB were not significantly
different from those of wild type FDB. Wild type FDB generated very little resting
tension, which did not exceed 1% of the prefatigue force (Fig. 3-4B). However, the
increase in resting tension was significantly greater in Kir6.2" than wild type FDB. It
started within 20 sec and reached a maximum of 14% at 30 sec of fatigue period. It then
decreased to 7% by 60 sec and was 5% at 180 sec.

Like for the pre-fatigue PCr content in EDL muscle, Kir6.2" FDB had less PCr than
wild type FDB, the mean values being 64 and 51 pmoles/g dry weight in wild type and
Kir6.2" FDB, respectively (Fig. 3-5A). PCr decreased significantly and rapidly during the
first 5 sec of fatigue, reaching 24 pmoles/g dry weight for both wild type and Kir6.2"
FDB. By 20 sec and thereafter, only very low content of about 10-15 pmoles/g dry weight
was measured with no difference between wild type and Kir6.2” FDB.

ATP content in wild type FDB muscles did not decrease significantly during the first 5
sec of fatigue while it did in Kir6.2” FDB (Fig. 3-5B). During that time ATP decreased by
1 pmoles/g dry weight in wild type FDB and by 5 pmoles/g dry weight in Kir6.2” FDB,
representing a 4-fold difference. ATP continued to decrease until the 20™ sec. At that time,

ATP content was 10 pmoles/g dry weight in wild type compare to 8 umoles/g dry weight in
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Figure 3-4
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Figure 3-4. A) During fatigue the decreases in peak tetanic force were not different
between wild type and Kir6.2” FDB muscles while B) Kir6.2”” FDB muscle generated
more resting tension. Fatigue was elicited with one contraction every sec for 3 min.
Experimental temperature was 37°C. Vertical bars represent the S.E. of 8 muscles.

* Significantly different from wild type FDB, ANOVA and L.S.D, P < 0.05.

§ Significantly different from time 0 min, ANOVA and L.S.D, P <0.05.
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Figure 3-5
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Figure 3-5. A) PCr content was lower in Kir6.2™"

than wild type FDB only in
unfatigued muscles while B) ATP content was significantly lower in Kir6.2” FDB.
Fatigue was elicited with one contraction every sec for 3 min. Experimental temperature
was 37°C. Vertical bars represent the S.E. of 8 muscles.

* Significantly different from wild type FDB, ANOVA and L.S.D, P <0.05.

§ Significantly different from time 0 min, ANOVA and L.S.D, P <0.05.
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Kir6.2”" FDB. After remaining constant for another 20 sec, ATP content increased toward
prefatigue value, reaching 19 umoles/g dry weight by 60 sec in wild type FDB. It
decreased only slightly to 12 umoles/g dry weight by 180 sec. Compare to wild type FDB,
ATP content did not re-increase as much in Kir6.2” FDB between 40 sec and 60 sec.
Consequently at 60 sec and 120 sec of fatigue ATP content in Kir6.2"" FDB was 9-10
pmoles/g dry weight lower than in wild type FDB. Interestingly, by 180 sec ATP levels
were the same in wild type and Kir6.2” FDB.

In wild type FDB, lactate increased linearly over time from 16 to 70 pmoles/g dry
weight during the first 60 sec. Thereafter it remained close to 70 pmoles/g dry weight until
the end of fatigue period (Fig. 3-6). Interestingly, lactate content did not increase
significantly in Kir6.2” FDB during the first 40 sec. During that time, lactate content only
increased from 19 to 25 pmoles/g dry weight. Mean lactate levels became quite variable
between 60 and 180 sec in Kir6.2” FDB.

PHARMACOLOGICAL APPROACH: PINACIDIL vs. GLIBENCLAMIDE

For these experiments, a new group of FDB muscle bundles were used for wild type
control conditioﬁs. This is because DMSO was necessary to dissolve glibenclamide, the
channel blocker, and pinacidil, the channel opener. Consequently, in these experiments, the
control solution also contained DMSO whereas DMSO was not used in the experiments
above, in which wild type and Kir6.2" EDL and FDB were compared. In the control group
(i.e., no drug), peak tetanic force decreased rapidly to 35% of pre-fatigue peak tetanic force
at 60 sec and slower thereafter, being 24% at 180 sec (Fig. 3-7A). Although glibenclamide

and pinacidil had opposite effects on the Karp channel activity, they both induced a faster
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Figure 3-6
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Figure 3-6. Kir6.2-/- FDB muscles produced significantly less lactate during fatigue
than wild type FDB muscles. Fatigue was elicited with one contraction every sec for 3
min. Experimental temperature was 37°C. Vertical bars represent the S.E. of 8 muscles.

* Significantly different from wild type FDB, ANOVA and L.S.D, P < 0.05.

§ Significantly different from time 0 min, ANOVA and L.S.D, P <0.05.
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rate of fatigue during the first 60 sec. The decreases in peak tetanic force were 77% with
glibenclamide and 80% with pinacidil compare to 65% in control condition. By 180 sec,
peak tetanic force was still lower in the presence of either glibenclamide (14%) or pinacidil
(19%) compare to control (24%).

In control conditions, resting tension increased to a mean value of 2.5% of the
pre-fatigue force by 30 sec and then remained around 2% until the end of fatigue (Fig.
3-7B). It reached 17% in 30 sec in the presence of glibenclamide before it decreased to
11.5%. No resting tension was observed in the presence of pinacidil.

Under control condition, FDB muscle PCr content decreased rapidly during the first
40 sec from about 57 pmoles/g dry weight to 8 umoles/g dry weight (Figure 3-8A).
Thereafter PCr content remained at around 8-15 pmoles/g dry weight. As observed in
Kir6.2"" FDB, the glibenclamide group also had lower pre-fatigue PCr content compare to
control, being 43 pmoles/g dry weight. However, from 5 sec to 180 sec of fatigue PCr
content was no longer different from control FDB muscles. In the presence of pinacidil,
PCr content started from a similar level as the control group. However, the decrease in PCr
became slower between 5 and 60 sec. So, at 20 and 40 sec, PCr contents were respectively
35 and 25 pmoles/g dry weight, higher than in the absence of pinacidil. After 60 sec, the
difference between control and pinacidil had disappeared.

In the control group, ATP decreased gradually during the first 20 sec of fatigue from
22 to 10 umoles/g‘ dry weight (Fig. 3-8B), which was similar to the observation in Fig
3-5B. However, unlike the observation in Fig. 3-5B, no increases in ATP content occurred

between 40 and 60 sec as ATP content remained at 6-10 pmoles/g dry weight until the end
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Figure 3-7
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Figure 3-7. A) Glibenclamide and pinacidil increased the rate of fatigue compare to
control; while B) Glibenclamide significantly increased and pinacidil completely
abolished resting tension. Fatigue was elicited with one contraction every sec for 3 min.
Experimental temperature was 37°C. Vertical bars represent the S.E. of 4 muscles.

* Significantly different from wild type FDB, ANOVA and L.S.D, P <0.05.

§ Significantly different from time 0 min, ANOVA and L.S.D, P <0.05.
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Figure 3-8
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Figure 3-8. Glibenclamide had no effect on PCr level (A) and ATP level (B); while
pinacidil preserved PCr (A) and ATP (B) in wild type FDB muscles. Experimental
temperature was 37°C. Vertical bars represent the S.E. of 4 muscles in each group.

* Significantly different from wild type FDB, ANOVA and L.S.D, P <0.05.

§ Significantly different from time 0 min, ANOVA and L.S.D, P <0.05.
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of fatigue (Fig. 3-8B). In the presence of glibenclamide, ATP content decreased from 20 to

9 pmoles/g dry weight for the first 20 sec, which was not significantly different from
control FDB muscles. It then increased slightly to 13 pumoles/g dry weight at 60 sec.
Pre-fatigue ATP content after 30 min in the presence of pinacidil was 31 pumoles/g dry
weight, which was significantly higher compare to control FDB muscles. ATP content
remained significantly higher than that of control until the 60" sec.

Lactate increased during the first 40 sec of fatigue from 4 pmoles/g dry weight to 46
pmoles/g dry weight in the control group (Fig. 3-9), which is similar to the previous
observation (Fig. 3-6). However, thereafter it decreased and remained at about 30 pmoles/g
dry weight until the end of fatigue. For the first 40 sec, the lactate increase in the
glibenclamide group was similar to control; while it was much greater in the presence of
pinacidil. Thus, for the first 40 sec the increase in lactate was in the order of pinacidil >
control > glibenclamide. Thereafter, lactate content in the presence of pinacidil decreased
to a greater extent than in control; while in glibenclamide it remained at the level observed
at 40 sec. So, by 180 sec the order for the lactate content had became the opposite of the

first 40 sec, being glibenclamide > control > pinacidil.
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FIGURE 3-9
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Figure 3-9: At the beginning of fatigue pinacidil increased lactate production in
FDB muscles; while at the end lactate content is in an order of glibenclamide >
control > pinacidil. Experimental temperature was 37°C. Vertical bars represent the S.E.
of 4 muscles in each group.

* Significantly different from wild type FDB, ANOVA and L.S.D, P <0.05.

§ Significantly different from time 0 min, ANOVA and L..S.D, P < 0.05.
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CHAPTER 4
DISCUSSION

From rest to exercise, muscle energy utilization increases 20- to 100- fold,
depending on species, muscle type and activity level (Gibbs, 1987). Although muscle
itself has the ability to produce ATP from PCr, glycogen, glucose, and fatty acids, there
are still conditions in which muscle energy production eventually fails to meet the energy
demand, leading to a situation of energy deficit. Under such situations, fatigue is the
response of muscles in which force and energy utilization are reduced to prevent
deleterious energy depletion. The Karp channel is believed to be crucial in this process,
acting as an energy sensor and effector.

It is considered an energy sensor because it is activated by several changes in
metabolites, which occur during a metabolic stress leading to an energy deficit such as
muscle fatigue. It is an effector because, being a K™ channel, it can reduce membrane
excitability (Gong et al, 2003), Ca®" release (Burton and Smith, 1997; Duty and Allen,
1995) and force (Matar et al, 2000; Gong et al, 2003). The reduction in Ca®" release and
force is believed to be crucial in reducing ATP utilization by reducing the activity of Ca®*
ATPase and myosin ATPase.

To date, the effects of Karp channels on action potential, Ca*" release and force
have been clearly demonstrated (Burton and Smith, 1997; Matar et al, 2000; Gong et al,
2003). However, there are very few studies about the effects of the channels on energy

metabolism. The objective of this study was to test the hypothesis that “During fatigue

51



development there is greater ATP utilization in the absence than in the presence of Karp
channel activity”
STUDY WITH EDL MUSCLE

Compare to soleus, tibialis and plantaris muscles, EDL muscles in Kir6.2”" mice
were the most affected muscles during treadmill running; 25% of the fibers being
damaged in Kir6.2"" mice compare to less than 1% in wild type mice (Thabet et al,
2005). Compare to soleus muscle, it is also in EDL muscles that resting tension during
fatigue and force recovery following fatigue in vitro are the most affected when Karp
channel activity is modulated (Matar et al, 2000; Gong et al, 2003). So, if deleterious
ATP depletion is the cause of fiber damage, then K arp channels should have large effects
on the metabolic changes in EDL. As a first approach, the changes in ATP, PCr and
lactate were measured during fatigue in EDL muscles from wild type and Kir6.2"" mice.
However, the decreases in PCr and increases in lactate were not significantly different
between the two groups (Fig. 3-2A and 3-3), while ATP did not decrease significantly
and there was again no difference between wild type and Kir6.2"~ EDL (Fig. 3-2B).

Although such results do not support the hypothesis, there are several possibilities
as to why no difference was observed. Firstly, the decreases in peak tetanic force during
fatigue were similar between wild type and Kir6.2” EDL (Fig. 3-1A), while the increase
in resting tension was greater in Kir6.2” EDL (Fig. 3-1B). On a qualitative basis, these
results are in agreement with those observed in previous studies (Gong et al, 2003) in
which fatigue was elicited with one contraction every sec instead of every 5 sec as in this

study. On a quantitative basis, Kir6.2"" EDL generates a resting tension of about 10% of
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pre-fatigue peak tetanic force when stimulated every one sec (Gong et al, 2003) compare
to just 2% in this study. Furthermore when stimulated every sec, resting tension increased
within 30 sec; while at every 5 sec the increase is only during the second half of the
fatigue period, i.e. after 3 min. Thus, the fatigue protocol, used in this study, probably did
not activate a sufficient number of Karp channels, perhaps because one contraction every
5 sec gave rise to a smaller metabolic stress compare to a fatigue with one contraction
every sec.

Secondly, when isolated muscles are used in vitro, they are without a vascular
perfusion. Consequently, metabolic needs have to be met by diffusion of O, and glucose
from the surface to the middle core of the muscle. If the O; and glucose diffusion is too
slow to meet their consumption, then an anoxic and hypoglycemic region develops in the
centre of the muscle. Barclay’s study (2005) showed that for mouse EDL and soleus
muscle, the diffusion of O, at rest and 37°C is sufficient to meet the metabolic demand of
the fibers located in the middle core. However, this is not the case during fatigue, where a
large anoxic core develops. The importance of the anoxic core was recently demonstrated
in a study by Zhang et al (2006) in which they showed that exposure of single soleus
muscle fibers to Ny causes large increases in fatigue rates compare to O, whereas the
differences on fatigue rates between O, and N, conditions were almost inexistent in
whole soleus. It then became necessary for this study to use smaller muscle preparations.
STUDY WITH FDB MUSCLE BUNDLE

In parallel of this study, Cifelli (2006) developed a new muscle preparation, in

which small FDB bundles were excised from the whole FDB muscles. FDB muscle
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bundles are on average 2 mg in wet weight and 8 mm long (350 fibers) compare to 10
mg wet weight and 8 mm long (more than 800 fibers) for EDL muscles. According to
Barclay’s model (2005), a fatigue, with a contraction duty cycle of 0.2, results in an
anoxic core with a radius of 0.4 mm in EDL and just 0.1 mm in FDB bundles. Although
an anoxic core still exists, FDB bundle preparation was found to be better than whole
EDL (Cifelli, 2006). For example, force recovery after fatigue under control condition is
92% in FDB bundles (Cifelli, 2006) compare to only 50% and 70% in EDL and soleus
muscles, respectively (Gong et al, 2003); i.e. the anoxic core results in permanent force
loss (possibly due to fiber damage) in EDL and soleus, but very little in FDB.
Consequently this study was continued using the same FDB bundle preparation and
fatigue protocol (one contraction every sec for 3 min) as in the Cifelli’s study (2006).

Karp CHANNEL EFFECTS ON PEAK TETANIC FORCE AND RESTING TENSION

When Krp channel was activated with the channel opener pinacidil, the initial rate
of fatigue was significantly increased while resting tension was completely abolished
(Fig. 3-7A and 3-7B). These effects are similar to those observed in previous studies
using EDL and soleus muscles (Gong et al, 2000; Matar et al, 2000). It is also in
agreement with the concept that Karp channel reduces action potential amplitude, leading
to less Ca’* release and force as discussed in the Introduction.

It is therefore expected that the absence of Karp channel activity would result in a
slower rate of fatigue. However, measurements of tetanic force in FDB bundles (Cifelli,
2006) and intracellular Ca®" in single FDB fibers (Bourassa, 2006) have shown that

abolishing Karp channel activity actually increased the rate of fatigue and caused large
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increases in resting [Ca®']; and resting tension. Furthermore, these effects were observed
when the Karp channel activity was abolished either pharmacologically with
glibenclamide or genetically using Kir6.2” FDB. Cifelli (2006) and Bourassa (2006)
explained that the faster fatigue rates were because of severe contractile dysfunctions,
including large membrane depolarization, large resting [Ca®'};, increase in resting tension
and fiber damage. Furthermore, Cifelli (2006) gave evidence that the large increase in
resting tension was due to an uncontrolled Ca*" influx through L-type Ca*" channels
which were activated because of the large membrane depolarization.

So the faster rates of fatigue (Fig. 3-7A) and the large resting tension (Fig. 3-7B)
with glibenclamide-exposed wild type FDB bundles are in agreement with those reported
by Cifelli (2006). The only difference with Cifelli’s study was the lack of difference in
fatigue rate between wild type and Kir6.2” FDB muscles (Fig. 3-4A). The reason for that
may be related to the fact that wild type and Kir6.2” FDB muscles were from different
animals and if one plots all fatigue curves from Cifelli’s study, little overlap between the
two groups were also observed (Cifelli and Renaud, unpublished result). It is therefore
possible to observe in some cases no difference between wild type and Kir6.2” FDB.
The problem between mouse variability is avoided in the pharmacological approach (i.e.
with glibenclamide) because paired FDB muscle bundles are used, one as control and the

other exposed to glibenclamide.

Karr CHANNEL EFFECTS ON METABOLITES

Effects on PCr

Pre-fatigue PCr content in wild type FDB muscle was 64 pmoles/g dry weight (Fig.
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3-5A), which is much lower than in EDL (Fig. 3-2A; Matar et al, 2000). It is actually
closer to the PCr contents in soleus muscles (Matar et al, 2000). This is interesting
considering that the decreases in force during a 3 min fatigue is the same between FDB
(Fig 3-4A and 3-7A) and EDL (Matar et al, 2000; Gong et al, 2003) and much faster than
in soleus muscles (Matar et al, 2000; Gong et al, 2003). FDB muscles are primarily
composed of type ITA (60%) and type IIX (34%) (Raymackers et al, 2000). Soleus
muscles are primarily composed of type I (40%) and type IIA (60%) (Wigston et al,
1992; Thabet et al, 2005) while EDL muscles have 68% type IIB, 20% type IIX and only
12% type IIA fibers (Rosenblatt et al, 1992; Thabet et al, 2005). Thus the differences in
PCr content between unfatigued EDL, FDB and soleus muscles are either because of
differences among muscles or related to the amount of type IIA fibers, in which the larger
the type IIA content is, the lower the PCr content.

When FDB muscles were fatigued with one contraction per sec, PCr became
depleted within 30 sec in wild type FDB under control conditions (Fig. 3-5A and 3-8A).
Such a rapid PCr depletion is in agreement with several other studies (Sahlin et al, 1998;
Neville et al, 1996; Hirvonen et al, 1987; Meyer et al, 1979). When Karp channel activity
is abolished pharmacologically or genetically, the decreases in PCr are similar to those of
wild type control (Fig 3-5A and 3-8A). The lack of difference here is not surprising, as
PCr is the first source of high energy phosphate that replenishes ATP as it is hydrolyzed.

The rate of PCr depletion should be relative to the energy demand at that time. For
the first 10 sec of fatigue, the decreases in peak tetanic force were the same between wild

type control, Kir6.2”" and glibenclamide-exposed wild type FDB muscles (Fig. 3-4A and
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3-7A). So during that time, energy utilization should be the same between those
conditions. For the next 20 sec, the decreases in peak tetanic force was faster with
glibenclamide as compared to control (Fig. 3-4A and 3-7A), but there was also a large
increase in resting tension (Fig. 3-4B and 3-7B). Resting tension represents a contracture
that constantly uses ATP by myosin ATPase. Thus, Karp channel deficiency muscles most
likely are using more ATP than wild type control muscles during that time. The lack of a
faster PCr depletion in Karp channel deficiency muscles is probably because it already
reached its maximum rate with a fast decrease in peak tetanic force.

When pinacidil was used, the decrease of peak tetanic force was also faster than
control FDB (Fig. 3-7A), and resting tension was completely abolished (Fig. 3-7B). The
differences in force and resting tension were particularly marked between 20 and 40 sec,
which corresponded to the time period when the PCr decreases were slower than in
control (Fig. 3-8A). Thus, for the effects on PCr, only the pinacidil effects support the
hypothesis that Krp channels reduce the rate of ATP utilization.

Effects on ATP

As observed for PCr, the pre-fatigue ATP content in wild type FDB (Fig, 3-5B and
3-8B) was comparable to those reported for soleus and lower than in EDL (Fig. 3-2B;
Matar et al, 2000). Such result is expected because the creatine kinase reaction is always
in equilibrium. As explained in the Result section, when wild type FDB muscle bundles
were compared to Kir6.2”~ FDB, DMSO was not added to the solution whereas for the
experiments with glibenclamide and pinacidil, DMSO was added in the control solutions.

The initial decrease in ATP over the first 20 sec and the final ATP content at 180 sec of
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fatigue were similar whether DMSO was present or not. However, the re-increase in ATP
levels observed between the 40™ and 60™ sec in the absence of DMSO (Fig. 3-5B) was
not observed in the presence of DMSO (Fig. 3-8B). It thus appears that DMSO may
affect energy metabolism for unknown reasons. Here, therefore the effects of no Karp
channel on metabolic contents will be discussed by comparing the effects with Kir6.2™"
muscles and those of the drugs with their respective controls.

It is also important to note that the re-increase in ATP level between 40™ and 60"
sec in the absence of DMSQO is not an artifact. Similar decreases and re-increases in ATP
during a fatigue stimulation have been reported in gastrocnemius muscle with a 4 Hz
stimulation (Shoubridge et al, 1984). In that study, ATP decreased during the first 4 min
of stimulation and was then resynthesized during stimulation, returning back to near
pre-fatigue level. As observed in this study, the initial decrease in gastrocnemius ATP
corresponded in time with most of the decrease in peak tetanic force. Perhaps when peak
tetanic force reaches a steady state as during the last 2 min in Fig. 3-4A and 3-7A, the
energy demand becomes much lower than the capacity of ATP synthesis, allowing for the
resynthesis of ATP. The reason as to why force does not re-increase when ATP
re-increases cannot be explained from the results of this study.

The major differences between wild type and Kir6.2” FDB in terms of ATP changes
were: i) slightly lower pre-fatigue ATP level in Kir6.2” FDB; ii) rapid decreases in ATP
within 5 sec in Kir6.2” FDB while no change was observed in wild type; iii) lower ATP
by 30-40 sec in Kir6.2" FDB; and iv) the re-increase by 60 sec was smaller in Kir6.2"

FDB (Fig. 3-5B). Together, these results support the hypothesis that abolishing Karp
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channel activity leads to greater ATP utilization and depletion.

However, when the channel activity was abolished pharmacologically, the effects on
ATP depletion were not similar to those observed in Kir6.2" FDB. When wild type FDB
muscles were exposed to glibenclamide, the decreases in ATP were similar to those in
control wild type FDB muscles (Fig. 3-8B). Faster ATP depletion was expected in the
presence of glibenclamide considering that glibenclamide-exposed FDB muscles and
Kir6.2” FDB muscles developed similar levels of resting tension. It therefore appears
that an acute lack of Karp channel activity is less detrimental on ATP levels than a
chronic lack of the channel activity. However, the reason for the differences cannot be
explained. Furthermore, all previous studies have given evidence that abolishing Karp
channel activity pharmacologically or genetically always gave rise to similar effects on
fatigue rate (measured from the decrease in tetanic [Ca>"]; or peak tetanic force), resting
[Ca®"];, resting tension, force recovery and fiber damage (Matar et al, 2000; Gong et al,
2000; Cifelli, 2006; Bourassa, 2006). Thus, this is the first time that both approaches give
rise to different results.

Finally, pinacidil, the channel opener, helped in preserving ATP because its content
was higher for about one min in the presence than in the absence of pinacidil (Fig. 3-8B).
This result is also in agreement with the effects reported in heart muscle during ischemia
(McPherson et al, 1993). Thus, overall, the pharmacological approach to activate the
channel gave results that support the hypothesis that Karp channel lowers the rate of ATP
utilization. Abolishing Karp channel activity with genetic approach also supported the

hypothesis;. however, results from the pharmacological approach to abolish the channel
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activity did not support the hypothesis.
Effects on lactate production

In wild type FDB, the pre-fatigue lactate content and increase during fatigue (Fig.
3-6 and 3-9) were comparable to other studies (Bangsbo et al, 1990; Meyer et al, 1979).
Of the three metabolites studied here, lactate is the one that gave rise to the most
unexpected results. The first unexpected result was with Kir6.2”" FDB muscles, which
generated significantly less lactate than wild type FDB muscles (Fig. 3-6). This was
unexpected firstly because Kir6.2" and SUR2" muscles have greater glucose uptake at
least at rest and under insulin stimulation (Miki et al 2002; Chutkow, et al. 2001). It was
therefore expected that greater glucose uptake would lead to greater lactate production.
Secondly, according to the hypothesis, a greater lactate production was expected in
Kir6.2”~ FDB to support a greater ATP demand.

It is unlikely that the lower lactate production was due to a smaller ATP demand in
Kir6.2”- FDB muscles considering that ATP content was lower in those muscles than in
wild type FDB muscles. A more likely explanation is that the chronic lack of Karpe
channel activity in the knockout model gives rise to some compensatory mechanisms.
For example, Kir6.2” FDB muscles may transport lactate out of the fiber more
effectively and/or there is greater pyruvate flux to the Kreb’s cycle. If Kir6.2” oxidative
capacity is higher than in wild type FDB muscles, such a compensatory mechanism
would not be surprising because it would represent an adaptation to prevent ATP
depletion in the absence of a protective mechanisms. If the latter case is true and

assuming that wild type and Kir6.2" FDB generated the same amount of pyruvate during
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fatigue, then more ATP would be generated from glucose as more pyruvate enters the
Kreb’s cycle in Kir6.2” FDB. For example, at 40 sec, the lactate content in wild type and
Kir6.2”" FDB was respectively 57 and 25 umoles/g dry weight. If the difference is
because of more oxidation of pyruvate (i.e. 32 umoles/g dry weight), then there would be
an extra 547 pumoles/g dry weight more ATP being produced in Kir6.2”" than wild type
FDB muscles. In that case a greater ATP production in Kir6.2" FDB would support the
hypothesis that absence of Karp channel activity increases ATP demand. Further studies
are therefore necessary to determine if the oxidative capacity of Kir6.2" FDB is higher
than in wild type FDB.

The second unexpected result came from the pharmacological approach to abolish
Karp channel activity (Fig. 3-9). During the first min, large increases in lactate content
were observed in control and glibenclamide-exposed wild type FDB muscles with no
difference between them, while lactate content barely increased during the first min in
Kir6.2"" FDB. During the last two min, lactate content became higher in glibenclamide
than in control conditions, while it remained below control in Kir6.2" FDBs.

The difference between the two approaches may be explained by the fact that Karp
channels are also present in mitochondria. Kir6.2” FDB muscles are expected to have
normal mitochondria Karp channels activities (Suzuki et al, 2002) because there is
evidence that they are mostly composed of the Kir6.1 subunits (Suzuki et al, 1997).
However, glibenclamide inhibits mitochondrial Karp channels resulting in a decreased
oxidative capacity (Shi et al, 2005; O’Rourke, 2004). So, as expected above, the lower

lactate content in Kir6.2”~ FDB muscles may be an adaptation that increases oxidative

61



capacity, while glibenclamide in wild type FDB muscles first lowers mitochondrial
activity and then forces more pyruvate to lactate. Consequently, it will not be possible to
conclude how the sarcolemmal Karp channel activity affects lactate production before the
effects of glibenclamide on lactate production in wild type FDB are fully understood (i.e.
how it affects pyruvate flux into the Kreb’s cycle) and until we confirm if Kir6.2" FDBs
have greater oxidative capacity.

The last unexpected result came from the effects of pinacidil. For the last two min
of fatigue, pinacidil-exposed FDB muscles had lower lactate content than control FDB
muscles (Fig 3-9), which is as expected from the hypothesis. However, during the first
min of fatigue the increases in lactate were higher in the presence of pinacidil, not lower
than in control. Like glibenclamide, pinacidil also modulates mitochondrial Karp channel
activity (O’Rourke, 2004), except that in this case pinacidil opens mitochondrial Karp
channels as it does for sarcolemmal Karp channels. In isolated mitochondria, pinacidil
causes mitochondrial swelling, mitochondrial membrane potential depolarization,
increase respiration and decrease ATP production (Holmuhamedov et al, 1998). In the
resting state, pinacidil causes a decrease in ATP content of soleus muscle, while during
fatigue it causes an increase in ATP content (i.e. it prevents the usual decrease). It thus
appears that the modulation of mitochondrial Kt channel activity by pinacidil results in
a complex behavior of mitochondrial oxidative activity. For now it appears that at low
mitochondrial activity, pinacidil may adversely affect the Kreb’s cycle and oxidative
phosphorylation, so that at the onset of fatigue pyruvate flux to mitochondria is reduced,

resulting in greater lactate production. Then, as fatigue progresses pinacidil may become
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beneficial, increasing pyruvate flux and decreasing lactate content. Thus overall, the
complexity effects of the Karp channel activity, sarcolemmal and mitochondrial, is such
that further experiments will be required to fully understand its effects on lactate
production.
CONCLUSIONS

The objective of this study was to demonstrate that Karp channels help preserving ATP
during a metabolic stress such as muscular fatigue. In regards to the measurement of PCr
and ATP content, some of the data support the hypothesis: during fatigue development
there was greater and faster ATP depletion in Kir6.2" than wild type FDB; and pinacidil,
which activated more channels, resulted in less ATP and PCr depletion. The other results,
such as the glibenclamide effects did not support the hypothesis. It is because of a lack of
effect, but not because it contradicted to the hypothesis. In regards to the measurements of
lactate, the analysis of the data is complicated by several factors, including: 1) the
possibility of some compensatory mechanisms in Kir6.2” FDB in which there is greater
oxidative capacity than wild type FDB, resulting in less lactate production in Kir6.2” FDB
muscles; 2) the inhibition of mitochondrial Karp channels by glibenclamide that eventually
causes greater lactate production in control conditions; and 3) a time factor in which the
pinacidil affects mitochondria. Under some fatigue conditions, it reduces lactate production
as expected, but under other fatigue conditions it has the reverse effects.

In this study, other K arp modulators were not used because 1) it is not always clear that
they are specific for only the sarcolemmal or mitochondrial K e channel, and 2) because

so far only glibenclamide and pinacidil effects had been fully characterized for the fatigue
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experiments in mouse EDL, soleus and FDB (Gong et al, 2003; Matar et al, 2000; Cifelli,
2006). It will now be necessary to use these other modulators in order to fully understand

how both Karp channel affects energy metabolism.
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Appendix 1: Effects of different fatigue protocols on A) peak tetanic force and B)
resting tension in wild type EDL under control conditions. All tetanic contractions
were elicited with 200 ms train of pulses at 200 Hz and fatigue was elicited with one
contraction every sec or every 10 sec. For another group of EDL muscles, fatigue was
elicited with every 5 sec with 100 ms train of pulses at 100 Hz except at every 30 sec the
train duration was increased to 200 ms and pulse frequency to 200 Hz to measure the
peak tetanic force. The final fatigue protocol for the study with EDL was one contraction
every sec because i) it gave rise to much slower decreases in peak tetanic force than one
contraction every sec, making better time resolution for metabolites and force
measurements; and ii) because it generated a bit of resting tension like one contraction
every sec fatigue period. Experimental temperature was 37°C. Vertical bars represent the

S.E. of 3 muscles.

65



CHAPTER 5

REFERENCES

1. Aguilar-Bryan L and Bryan J. Molecular biology of adenosine
triphosphate-sensitive potassium channels. Endocr Rev 20, 101-135, 1999.

2. Aguilar-Bryan L, Clement JPIV, Gonzalez G, Kunjilwar K, Babenko A and Bryan
J. Toward understanding the assembly and structure of Karp channels. Physiol
Rev 78, 227-245, 1998.

3. Alekseev AE, Brady PA, and Terzic A. Ligand-insensitive state of cardiac ATP
sensitive K™ channels. Basis for channel opening. J Gen Physiol; 111: 381-94,
1997.

4. Allen DG, Kabbara AA and Westerblad H. Muscle fatigue: the role of intracellular
calcium stores. Can J Appl Physiol 27, 83-96, 2002.

5. Antcliff J, Haider S, Proks P, Sansom M and Ashcroft FM. Functional analysis of
a structural model of the ATP-binding site of the Karp channel Kir6.2 subunit.
EMBO J; 24: 229-39, 2005.

6. Ashcroft FM. Adenosine 5’-triphosphate-sensitive potassium channels. Annu Rev
Neurosci. 11: 97-118, 1988

7. Ashcroft FM and Gribble FM. Correlating structure and function in ATP-sensitive
K" channels. Trends Neurosci. 21, 288-294, 1998.

8. Ashcroft FM. Karp channels and insulin secretion: a key role in health and

disease. Biochemical Society Transaction 34, part 2, 2006.

66



10.

11.

12.

13.

14.

15.

16.

17.

Asmussen E. Muscle fatigue. Med Sci Sports 11 (4): 313-21, 1979.

Baczko 1, Giles WR and Light PE. Pharmacological activation of
plasma-membrane Karp channels reduces reoxygen-induced Ca*" overload in
cardiac myocyte via modulation of the diastolic membrane potential. Br J
Pharmacol. 141:1059-67, 2004,

Baker AJ, Brandes R, Schendel TM, Trocha SD, Miller RG and Weiner MW.
Energy use by contractile and non-contractile processes in skeletal muscle
estimated by *'P-NMR. Am J Physiol Cell Physiol 266: C825-C831, 1994,

Balog EM, Thompson LV and Fitts RH. Role of sarcolemma action potentials and
excitability in muscle fatigue. J Appl Physiol, 76 (5), 2157-2162, 1994.

Balog EM and Fitts RH. Effects of fatiguing stimulation on intracellular Na* and
K" in frog muscle. J Applied Physiol. 81: 679-685, 1996.

Bangsbo J, Gollnick PD, Graham TE, Juel C, Kiens B, Mizuno M and Saltin B.
Anaerobic energy production and O, deficit-debt relationship during exhaustive
exercise in humans. Journal of Physiology, 422, 539-559, 1990.

Barclay CJ. Modeling diffusive O, supply to isolated preparations of mammalian
skeletal and cardiac muscle. Journal of Muscle Research and Cell Motility, 26:
225-235, 2005.

Barrett-Jolley R, Comtois A, Davies NW, Stanfield PR, and Standen NB. Effect
of adenosine and intracellular GTP on Karp channels of mammalian skeletal
muscle. J. Memb. Biol 152: 111-116, 1996.

Belcastro AN. Skeletal muscle calcium-activated neutral protease (calpain) with

67



18.

19.

20.

21.

22,

23.

24,

25.

exercise. J Appl Physiol 74, 1381-1386, 1993.

Bourassa F. Thesis: Karp channel deficiency causes fiber damage and impairs
Ca®" release during fatigue in vitro. Faculty of Medicine, University of Ottawa,
2006.

Brody T. Nutritional Biochemistry. Academic Press, San Diego, California. 1994.

Burton FL and Smith GL. The effect of cromakalim on intracellular [Ca*] in
isolated rat skeletal muscle during fatigue and metabolic blockade. Exp Physiol
82:469-483, 1997.

Cady EB, Elshove H, Jones DA and Moll A. The metabolic causes of slow
relaxation in fatigued human skeletal muscle. J Physiol 418: 327-337, 1989.

Cady EB, Jones DA, Lynn J, and Newham DJ. Changes in force and intracellular
metabolites during fatigue of human skeletal muscle. J Physiol 418: 315-325,
1989.

Cairns SP, Flatman JA and Clausen T. Relation between extracellular [K'],
membrane ' potential and contraction in rat soleus muscle: modulation by the
Na'-K" pump. Pflugers Arch, 430: 909-915, 1995.

Cairns SP, Buller SJ, Loiselle DS and Renaud JM. Changes of action potential
and force at lowered [Na], in mouse skeletal muscle: implication for fatigue. Am
J Physiol, Cell Physiology 285, C1131-C1141, 2003.

Carvalho AJ, McKee NH and Green HJ. Metabolic and contractile response of
fast- and slow-twitch rat skeletal muscles to ischemia. Can J Physiol Pharmacol

74:1333-1341, 1996.

68



26.

27.

28.

29.

30.

31.

32.

33.

Chasiotic D, Bergstrom M and Hultman E. ATP utilization and force during
intermittent and continuous muscle contractions. J Appl Physiol 63(1): 167-174,
1987.

Chasiotis D, Sahlin K and Hultman E. Regulation of glycogenolysis in human
muscle at rest and during exercise. J Appl Physiol 53: 708-715, 1982.

Chutkow WA, Samuel V, Hansen PA, Pu J, Valdivia CR, Makielski JC and Burant
CF. Disruption of SUR2-containing Karp channels enhances insulin-stimulated
glucose uptake in skeletal muscle. Proc Natl Acad Sci USA 98: 11760-11764,
2001.

Cifelli C. Thesis: Impairment of force development in Karp channel deficient
skeletal muscle involves Ca’" influx through L-type Ca®* channels. Faculty of
Medicine, University of Ottawa, 2006.

Clement JPt, Kunjilwar K, Gonzalez G., Schwanstecher M, Panten U,
Aguilar-Bryan [, and Bryan J. Association and stochiometry of Karp channel
subunits. Neuron 18 (5), 827-838, 1997.

Conti LR, Radeke CM, Shyng SL, Vandenberg CA. Transmembrane topology of
the sulfonylurea receptor SURI. J. Biol. Chem. 276 (44), 41270-41278, 2001.
Dawson MJ, Gadian DG and Wilkie DR. Muscular fatigue investigated by
phosphorus nuclear magnetic resonance. Nature 274, 861-866, 1978.

Davies NW, Standen NB and Stanfield PR. The effect of intracellular pH on
ATP-dependent potassium channels of frog skeletal muscle. J Physiol 445,

549-568, 1992.

69



34.

35.

36.

37.

38.

39.

40.

41.

Debold EP, Romatowski J and Fitts RH. The depressive effect of Pi on the
force-pCa relationship in skinned single muscle fibers is temperature dependent.
Am J Physiol Cell Physiol 290: C1041-C1050, 2006.

Drain P, Li L and Wang J. Karp channel inhibition by ATP requires distinct
functional domains of the cytoplasmic C terminus of the pore-forming subunit.
Proc. Natl. Acad. Sci. USA. Vol. 95, 13953-13958, 1998.

Dudley GA and Terjung RL. Influence of acidosis on AMP deaminase activity in
contracting fast-twitch muscle. Am J Physiol 248 (Cell Physiol 17): C40-C50,
1985.

Dulhunty AF, Haarmann CS, Green D, Laver DR, Board PG and Casarotto MG.
Interactions between dihydropyridine receptors and ryanodine receptors in
striated muscle. Progress in Biophysics and Molecular Biology 79: 45-75, 2002.
Duty S and Allen DG The effects of glibenclamide on tetanic force and
intracellular calcium in normal and fatigued mouse skeletal muscle. Exp Physiol
80: 520-541, 1995.

Essen B, Jansson E, Henriksson J, Taylor AW and Saltin B. Metabolic
characteristics of fiber types in human skeletal muscle. Acta Physiol Scand 95,
153-165, 1975.

Fink R and Luttgau HC. An evaluation of the membrane constants and the
potassium conductance in metabolically exhausted muscle fibres. J Physiol 263:
215-238, 1976.

Gan XT, Cook MA, Moffat MP and Karmazyn M. Protective effects against

70



42.

43.

44,

45.

46.

47.

hydrogen peroxide-induced toxicity by activators of the ATP-sensitive potassium
channel in isolated rat hearts. J Mol Cell Cardiol. 30, 33-41, 1998.Gasser RNA
and Vaughan-Jones RD. Mechanism of potassium efflux and action potential
shortening during ischaemia in isolated mammalian cardiac muscle. J. Physiol.
(Lond.) 431: 713-741, 1990.

Gasser RN and Vaughan-Jones RD. Mechanism of potassium efflux and action
potential shortening during ischemia in isolated mammalian cardiac muscle. J
Physiol 431, 713-741, 1990.

Giannesini B, Izquierdo M, Fur YL, Cozzone PJ and Bendahan D. In vivo
reduction in ATP cost of contraction is not related to fatigue level in stimulated rat
gastrocnemius muscle. J Physiol 536(3), 905-915, 2001.

Gibbs CL. Comparative muscle energetics and the cost of activation. Proc. Austr.
Physiol. Pharmac. Soc. 18: 115-123, 1987.

Godt RE and Nosek TM. Changes of intracellular milieu with fatigue or hypoxia
depress contraction of skinned rabbit skeletal and cardiac muscle. J Physiol
(Lond) 412, 155-180, 1989.

Gong B, Legault D, Miki T, Seino S, and Renaud JM. Karp channels depress
force by reducing action potential amplitude in mouse EDL and soleus muscle.
Am J Physiol 285: C1464-C1474, 2003.

Gramolini A and Renaud JM. Blocking ATP-sensitive K channel during
metabolic inhibition impairs muscle contractility. Am. J. Physiol. Cell Physiol.

272: C936-C946, 1997.

71



48.

49.

50.

51.

52.

53.

54.

55.

56.

Gribble FM, Tucker SJ, Haug T and Ashcroft FM. MgATP activates the p cell
Katp channel by interaction with its SUR1 subunit. Proc Natl Acad Sci USA; 95:
7185-90, 1998.

Haider S, Antcliff JF, Proks P, Sansom MSP and Ashcroft FM. Focus on Kir6.2: a
key component of the ATP-sensitive potassium channel. Journal of Molecular and
cellular Cardiology 38: 927-936, 2005.

Hallen J, Gullestad L and Sejersted OM. K' shifts of skeletal muscle during
stepwise bicycle exercise with and without b-adrenoreceptor blockade. J Physiol
(London) 477: 149-159, 1994.

Halliwell B and Gutteridgem JMC. Free radicals in biology and medicine. 2" ed.
Oxford: Clarendon Press, 1989.

Halliwell B, Gutteridge JMC and Cross CE. Free radicals, antioxidants, and
Human disease: where are we now? J. Lab. Clin. Med., 119: 598-620, 1992.
Hamalainen N and Pette D. Patterns of myosin isoforms in mammalian skeletal
muscle fibers. Microsc. Res. Tech.30, 381-389, 1995.

Hancock CR, Brault JJ, Wiseman RW, Terjung, RL and Meyer RA. 3IpP_NMR
observation of free ADP during fatigue, repetitive contractions of murine skeletal
muscle lacking AK1. Am J Physiol Cell Physiol 288: C1298-C1304, 2005.
Hellsten-Westing Y, Sollevi A and Sjodin B. Plasma accumulation of
hypoxanthine, uric acid, and creatine kinase following exhausting runs of
different duration in man. Eur J Appl Physiol. 62, 380-384, 1991.

Higgins CF. ABC transporters: from microorganisms to man. Annu. Rev. Cell

72



57.

58.

59.

60.

61.

62.

63.

64.

Biol. 8, 67-113, 1992.

Hirvonen J, Rehunen S, Rusko H and Harkonen M. Breakdown of high-energy
phosphate compounds and lactate accumulation during short supramaximal
exercise. Eur J Appl Physiol 56, 253-259, 1987.

Hochachka P. Muscles as Molecular and Metabolic Machines. CRC Press, Boca
Raton, Florida. 1994.

Holmuhamedov EL, Jovanovic S, Dzeja PP, Jovanvic A and Terzic A.
Mitochondrial ATP-sensitive K™ channels modulates cardiac mitochondrial
function. Am J Physiol Heart Circ Physiol, 44: H1567-76, 1998.

Inagaki N, Gonoi T, Clement JPT, Namba N, Inazawa J, Gonzalez G
Aguilar-Bryan L, Seino S and Bryan J. Reconstitution of IKATP: an inward
rectifier subunit plus the sulfonylurea receptor. Science 270 (5239), 1166-1170,
1995.

Inagaki N, Gonoi T, Clement JP, Wang CZ, Aguilar-Bryan L, Bryan J and Seino
S. A family of sulfonylurea receptors determines the pharmacological properties
of ATP-sensitive K* channels. Neuron 16 (5), 1011-1017, 1996.

Inagaki N, Gonoi T and Seino S. Subunit stoichiometry of the pancreatic beta-cell
ATP-sensitive K™ channel. FEBS Lett. 409 (2), 232-236, 1997.

Jacobs 1, Bar-Or O, Karlsson J, et al. Changes in muscle metabolites in female
with 30-s exhaustive exercise. Med Sci Sports Exerc. 14 (6): 457-60, 1982.
Jansson E, Dudley GA, Norman B and Tesch PA. ATP and IMP in single human

muscle fibers after high intensity exercise. Clinical Physiology 7, 337-345, 1987.

73



65.

66.

67.

68.

69.

70.

71.

72.

John SA, Weiss JN, Xie LH and Ribalet B. Molecular mechanism for
ATP-dependent closure of the K" channel Kir6.2. J Physiol; 552: 23-24, 2003.
Johnson BD, Wilson LE, Zhan WZ, Watchko JF, Daood MJ and Sieck GC.
Contractile properties of the developing diaphragm correlate with myosin heavy
chain phenotype. J Appl Physiol 77; 481-487, 1994.

Kane GC, Behfar A, Yamada S, Perez-Terzic C, O’Cochlain F, Reyes S, Dzeja PP,
Miki T, Seino S and Terzie A. ATP-sensitive K* channel knockout compromises
the metabolic Benefit of exercise training, resulting in cardiac deficits. Diabetes,
vol. 53, supplement 3, 2004.

Kane GC, Behfar A, Dyer RB, O’Cochlain DF, Liu XK, Hodgson DM, Reyes S,
Miki T, Seino S and Terzic, A. KCNJ11 gene knockout of the Kir6.2 Karp channel
causes maladaptive remodeling and heart failure in hypertension. Human
Molecular Genetics, Vol. 15, No, 15: 2285-2297, 2006.

Kzratzaferi C, de Haan A, Ferguson RA, van Mechelen W and Sargent Al.
Phosphocreatine and ATP content in human single muscle fibers before and after
maximum dynamic exercise. Pflugers Archiv. 442, 467-474, 2001.

Karatzaferi C, Myburgh KB, Chinn MK, Franks-Skiba K and Cooke R. Effect of
an ADP analog on isometric force and ATPase activity of active muscle fibers.
Am J Physiol Cell Physiol. 284: C816-25, 2003.

Katz A, Sahlin K and Henriksson, J. Muscle ATP turnover rate during isometric
contraction in humans. J Appl Physiol, 60(6): 1839-1842, 1986.

Katz A, Broberg S, Sahlin K and Wahren J. Leg glucose uptake during maximal

74



73.

74.

75.

76.

77.

78.

79.

80.

dynamic exercise in humans. Am J Physiol. 251(Endocrinol Metab 14): E65-E70,
1986.

Keung EC and Li Q. Lactate activates ATP-sensitive K* channels in guinea pig
ventricular myocytes. J. Clin. Invest. 88: 1772-1777, 1991.

Kristiansen SB, Nielsen-Kudsk JE, Bother HE and Nielsen TT. Effects of Karp
channel modulation on myocardial glycogen content, lactate, and amino acids in
nonischemic and ischemic rat heart. J Cardiovasc PharmacolTM; 45:456-461,
2005.

Lannergren J and Westerblad H. Action potential fatigue in single skeletal muscle
fibers of Xenopus. Acta Physiol Scand, 129: 311-318, 1987.

Lascano EC, Negroni JA, and del Valle HF. Ischemic shortening of action
potential duration as a result of Kxrp channel opening attenuates myocardial
stunning by reducing calcium influx. Molecular and Cellular Biochemistry 236:
53-61, 2002.

Lee JA, Westerblad H and Allen DG. Changes in tetanic and resting [Ca*']; during
fatigue and recovery of single muscle fibres from Xenopus laevis. J Physiol 433,
307-326, 1991.

Li L, Wang J and Drain P. The 1182 region of Kir6.2 is closely associated with
ligand binding in Karp channel inhibition by ATP. Biophys J; 79: 841-52, 2000.
Lowenstein JM. Ammonia production in muscle and other tissues: the purine
nucleotide cycle. Physiol Rev, 52: 382-414, 1972.

Lund S, Holman GD, Schmitz O and Pedersen O. Contraction stimulates

75



81.

82.

83.

84.

85.

86.

87.

88.

89.

translocation of glucose transporter GLUT4 in skeletal muscle through a
mechanism distinct from that of insulin. Proc Natl Sci USA 92, 5817-5821, 1995.
Macdonald WA, Ortenblad N and Nielsen OB. Energy conservation attenuates the
loss of skeletal muscle excitability. Article in press. Am J Physiol Endocrinol
Metab November 7, 2006.

Macdonald WA and Stephenson DG. Effect of ADP on slow-twitch muscle fibers
of the rat: implications for muscle fatigue. J Physiol 573.1: 187-198, 2006.
Markworth E, Schwanstecher C, Schwanstecher M. ATP mediates closure of
pancreatic beta-cell ATP-sensitive potassium channels by interaction with 1 of 4
identical sites. Diabetes; 49: 1413-8, 2000.

Matar W, Nosek TM, Wong D and Renaud JM. Pinacidil suppresses contractility
and preserves energy but glibenclamide has no effect during muscle fatigue. Am
J. Phyiol. Cell Physiol. 278: C404-C416, 2000.

Matsuo M, Kimura Y and Ueda K. Kurp channel interaction with adenine
nucleotides. Journal of Molecular and Cellular Cardiology 38: 907-916, 2005.
McCully JD and Levitsky S. The mitochondrial K(ATP) channel and
cardioprotection. Ann. Thorac. Surg.; 75: S667-73, 2003.

Mcpherson CD, Pierce GN and Cole WC. Ischemic cardioprotection by
ATP-sensitive K™ channels involves high-energy phosphate preservation. Am J
Physiol 265 (Heart Circ Physiol. 34): H1809-H1818, 1993.

Merton PA. Voluntary strength and fatigue. J Physiol 123, 553-564, 1954.

Metzger JM and Moss RL. Effect on tension and stiffness due to reduced pH in

76



90.

91.

92.

93.

94.

95.

mammalian fast- and slow- twitch skinned skeletal muscle fibres. J Physiol 428,
737-750, 1990.

Meyer RA and Terjung RL. Differences in ammonia and adenylate metabolism in
contracting fast and slow muscle. Am J Physiol 237(3): C111-C118, 1979.

Miki T, Nagashima H, Tashiro F, Kotake K, Yoshitomi H, Tamamoto A, Gonoi T,
Iwanaga T, Miyazaki JI and Seino S. Defective insulin secretion and enhanced
insulin action in Kap channel-deficient mice. Proc Natl Acad Sci USA 95:
10402-10406, 1998.

Miki T, Liss B, Minami K, Shiuchi T, Saraya A, Kashima Y, Horiuchi M,
Ashcroft F, Minokoshi Y, Roeper J and Seino S. ATP-sensitive K™ channels in the
hypothalamus are essential for the maintenance of glucose homeostasis. Nat
Neurosci. 4: 507-512, 2001.

Miki T, Minami K, Zhang L, Morita M, Gonoi T, Shiuchi T, Minokoshi Y,
Renaud JM and Seino S. ATP-sensitive potassium channel participate in glucose
uptake in skeletal muscle and adipose tissue. Am J Physiol Endocrinol Metab
283: E1178-E1184, 2002.

Miki T, Nagashima H, Tashiro F, Kotake K, Yoshitomi H, Tamamoto A, Gonoi T,
Iwanaga T, Miyazaki J-I and Seino S. Defective insulin secretion and enhanced
insulin action in Karp channel-deficient mice. Proc. Natl. Acad. Sci. 95,
10402-10406, 1998.

Minami K, Morita M, Saraya A, Yano H, Terauchi Y, Miki T, Kuriyama T,

Kadowaki T and Seino S. ATP-sensitive K" channel-mediated glucose uptake is

71



independent of IRS-1/phosphatidylinositol 3-kinase signaling. Am. J. Physiol.
Endocrinol. Metab. 285: E1289-E1296, 2003..

96. Nethery D, Callahan LA, Stofan D, Mattera R, DiMarco A and Supinski G. PLA2
dependence of diaphragm mitochondrial formation of reactive oxygen species. J
Appl Physiol 89, 72-80, 2000.

97. Neville ME, Bogdanis GC, Boobis LH, Lakomy HKA and Williams C. Muscle
metabolism and performance during sprinting. In : R.J. Maughan & S.M. Shireffs
(Eds.) Biochemistry of Exercise IX, 243-260 Human Kinetics, Champaign, 1996.

98. Nichols CG and Lederer WJ. Adenosine triphosphate-sensitive potassium
channels in the cardiovascular system. Am J Physiol 261, H1675-H1686, 1991.

99. Nielsen OB, Hilsted L and Clausen T. Excitation-induced force recovery in
potassium-inhibited rat soleus muscle. J Physiol (London) 512: 819-829, 1998.

100. Noma A. ATP-regulated K* channels in cardiac muscle. Nature, 305, 147-148,
1983.

101. Norman B, Sollevi A, Kaijser L and Jansson E. ATP breakdown products in
human skeletal muscle during prolonged exercise to exhaustion. Clinical
Physiology 7, 503-509, 1987.

102. Odlenbury O, Cohen MYV, Yellon DM and Downey JM. Mitochondrial K(ATP)
channels: role in cardioprotection. Cardiovasc Res; 55: 429-37, 2002.

103. Olsson RA. Adenosine receptors in the cardiovascular system. Drug Dev Res,
39:301-307, 1996.

104. O’Rourke B. Evidence for mitochondrial K' channels and their role in

78



cardioprotection. Circ Res. 94: 420-432, 2004.

105. Parry DJ. Myosin Heavy Chain Expression and Plasticity: Role of myoblast
Diversity. Exerc. Sport Sci. Rev. 29, 175-179, 2001.

106. Passoneau J and Lowry O. Enzyme Analysis. A practical guide. New York:
Humana, 1993.

107. Pate E, Bhimani M, Franks-Skiba K and Cooke R. Reduced effect of pH on
skinned rabbit psoas muscle mechanics at high temperatures: implications for
fatigue. J Physiol 486, 689-694, 1995.

108. Patel HH, Gross ER, Peart JN, Hsu AK and Gross GJ. Sarcolemmal Karp
channel triggers delayed ischemic preconditioning in rats, Am J Physiol Heart
Circ Physiol 288: H445-H447, 2005.

109. Perdersen TH, de Paoli F and Nielsen OB. Increased excitability of acidified
skeletal muscle: role of chloride conductance. The Journal of General‘ Physiology
125, 237-246, 2005.

110. Peter F. Banitt, Paul Smits, Stephen B. Williams, Peter Ganz, and Mark A.
Creager. Activation of ATP-sensitive potassium channels contributes to reactive
hyperemia in humans. Am. J. Physiol. 271 (Heart Circ Physiol. 40):
H1594-H1598, 1996.

111. Piao H, Cui NR, Xu HX, Mao JZ, Rojas A, Wang RP, Abdulkadir L, Li L, Wu JP
and Jiang C. Requirement of multiple protein domains and residues for gating
Karp channels by intracellular pH. The Journal of Biological Chemistry

276:36673-36680, 2001.

79



112. Proks P, Gribble FM, Adhikari R, Tucker SJ, Ashcroft FM. Involvement of the
N-terminus of Kir6.2 in the inhibition of the Karp channel by ATP. J Physiol; 514:
19-25, 1998.

113. Raymackers JM, Gailly P, Colson-Van Schoor M, Pette D, Schwaller B,
Hunziker W, Celio MR and Gillis JM. Tetanus relaxation of fast skeletal muscles
of the mouse made parvalbumin deficient by gene inactivation. Journal of
Physiology, 572.2, 355-364, 2000.

114. Reimann F, Ryder TJ, Tucker SJ, Ashcroft FM. An investigation of the role of
lysine 185 in Kir6.2 in inhibition of the Karp channel by ATP. J Physiol; 520:
661-9, 1999.

115. Renaud JM and Light P. Effects of K™ on the twitch and titanic contraction in the
sartorius muscle of the frog, Rana pipiens. Implication for fatigue in vivo. Can J
Physiol Pharmacol 70: 1236-1246, 1992.

116. Renaud JM. Invited review. Modulation of force development by Na', K*, Na®
K" pump and KATP channel during muscular activity. Can J Appl Physiol 27(3):
296-315, 2002.

117. Roman BB, Meyer RA and Wiseman RW. Phosphocreatine kinetics at the onset
of contractions in skeletal muscle of MM creatine kinase knockout mice. Am J
Physiol Cell Physiol 283: C 1776-C1783, 2002.

118. Rosenblatt JD and Parry DJ. Gamma irradiation prevents compensatory
hypertrophy of overloaded mouse extensor digitorum longus muscle. J. Appl.

Physiol. 73: 2538-2543, 1992.

80



119. Sahlin K, Palmskog G and Hultman E. Adenine nucleotide and IMP contents of
the Quadriceps Muscle in Man after exercise. Pflugers Arch, 374, 193-198, 1978.

120. Sahlin K and Broberg S. Adenine nucleotide depletion in human muscle during
exercise: causality and significance of AMP deamination. Int. J. Sport Med. 1,
S62-S67, 1990.

121. Sahlin K, Katz A and Broberg S. Tricarboxylic acid cycle intermediates in
human muscle during prolonged exercise. Am J Physiol 259, C834-C841, 1990.

122. Sahlin K and Ren JM. Relationship of contraction capacity to metabolic changes
during recovery from a fatiguing contraction. J Appl Physiol 67, 648-654, 1989.

123. Sahlin K, Tonkonogi M and Soderlund K. Energy supply and muscle fatigue in
humans. Acta Physiol Scand, 162, 261-266, 1998.

124, Seino S. ATP-sensitive potassium channels: a model of heteromultimeric
potassium channel/receptor assemblies. Annu Rev Physiol 61, 337-362, 1999.
125. Seino S and Miki T. Physiological and pathophysiological roles of ATP-sensitive

K" channels. Prog. Biophys. Mol. Biol., 81: 133-176, 2003.

126. Shi NQ, Ye B and Makielski JC. Function and distribution of the SUR isoforms
and splice variants. Journal of Molecular and Cellular Cardiology 39: 51-60,
2005.

127. Shoubridge E.A. and Radda GK. A *'P-nuclear magnetic resonance study of
skeletal muscle metabolism in rats depleted of creatine with the analogue
-guanidinopropionic acid. Biochimica et Biophysica Acta, 805: 79-88, 1984.

128. Shyng SL, Ferrigni T and Nichols CG. Control of rectification and gating of

81



cloned Karp channels by the Kir6.2 subunit. J. Gen. Physiol. 110 (2), 141-153,
1997.

129. Silverthorn DU. Human Physiology: An integrated approach, 39 ed. Pearson
Benjamin Cummings, New York.

130. Singh H, Hudman D, Lawrence CL, Rainbow RD, Lodwick D and Norman RI.
Distribution of Kir6.0 and SUR2 ATP-sensitive potassium channel subunits in
isolated ventricular myocytes. Journal of Molecular and Cellular Cardiology 35:
445-459, 2003.

131. Sjodin B, Hellsten-Westing and Apple FS. Biochemical mechanisms for oxygen
free radical formation during exercise. Sports Med 10: 236-254, 1991.

132. Soderlund K and Hultman E. ATP and phosphocreatine changes in single human
muscle fibers following intense electrical stimulation. Am J Physiol 261,
E737-E741, 1991.

133. Spencer MK and Katz A. Role of glycogen in control of glycolysis and IMP
formation in human muscle during exercise. Am J Physiol. 260 (Endocrinol
Metab 23): E859-E864, 1991.

134. Spriet LL. ATP utilization and provision in fast-twitch skeletal muscle during
titanic contractions. Am J Physiol 257 (Endocrinol. Metab. 20): E595-E6035,
1989.

135. Spriet LL. Anaerobic metabolism during high-intensity exercise. In: Hargreaves
M, editor. Exercise metabolism. Champaign (IL): Human Kinetics, 1-39, 1995,

136. Standen NB, Pettit AI, Davies NW and Stanfield PR. Activation of

82



ATP-sensitive K" currents in intact skeletal muscle fibres by reduced intracellular
pH. Proc. R. Soc. Lond. B Biol. Sci. 247: 195-198, 1992.

137. Steel RGD and Torrie JH. Principles and procedures of statistics. A biometrical
approach. McGraw-Hill Book Company, New York.

138. Steele DS and Duke AM. Metabolic factors contributing to altered Ca®”
regulation in skeletal muscle fatigue. Acta Physiol Scand 179, 39-48, 2003.

139. Suzuki M, Kotake K, Fujikura K, Inagaki N, Suzuki T, Gonoi T. Kir6.1: a
possible subunit of ATP-sensitive K* channels in mitochondria. Biochem Biophys
Res Commun, 241,693-7, 1997.

140. Suzuki M, Sasaki N, Miki T, Sakamoto N, Ohmoto-Sekine Y, Tamagawa M,
Seino S, Marban E, Nakaya H. Role of sarcolemmal Karp channels in
cardioprotection against ischemia/reperfusion injury in mice. J. Clin., Invest. 109
(4), 509-516, 2002.

141. Suzuki M, Saito T, Sato T, Tamagawa M, Miki T and Seino S. Cardioprotective
effect of diazoxide is mediated by activation of sarcolemmal but not
mitochondrial ATP-sensitive potassium channels in mice. Circulation, 107(5),
682-685, 2003.

142. Szentesi P. Zaremba R, van Mechelen W and Stienen GJ. ATP utilization for
calcium uptake and force production in different types of human skeletal muscle

fibres. J Physiol 531: 393-403, 2001.

83



143. Thabet M, Miki T, Seino S and Renaud JM. Treadmill running causes significant
fiber damage in skeletal muscle of Karp channel-deficient mice. Physiol
Genomics 22: 204-212, 2005,

144. Tokube K, Kiyosue T and Arita M. Openings of cardiac K arp channel by oxygen
free radicals produced by xanthine oxidase reaction. Am J Physiol 271 (Heart
Circ Physiol. 40): H478-H489, 1996.

145. Tricarico D, Mele A, Lundquist AL, Desai RR, George AL and Camerino DC.
Hybrid assemblies of ATP-sensitive K" channels determine their
muscle-dependent biophysical and pharmacological properties. PNAS vol. 103:
1118-1123, 2006.

146. Trube G, Rorsman P, Ohno-Shosaku T. Opposite effects of tolbutamide and
diazoxide on the ATP-dependent K' channel in mouse pancreatic beta-cells.
Pflugers Arch, 407(5), 493-499, 1986.

147. Tucker SJ, Gribble FM, Zhao C, Trapp S and Ashcroft FM. Truncation of Kir6.2
produces ATP-sensitive K™ channels in the absence of the sulphonylurea receptor.
Nature 387-(6629), 179-183, 1997.

148. Tullson PC, Whitlock DM and Terjung RL. Adenine nucleotide degradation in
slow-twitch red muscle. Am J Physiol 258 (Cell Physiol 27): C258-C265, 1990.
149. Tullson PC and Terjung RL. Adenine nucleotide metabolism in contracting

skeletal muscle. Ex Sci Sports Rev, 19: 507-537, 1991.
150. Ueda K, Komine J, Matsuo M, Seino S and Amachi T. Cooperative binding of

ATP and MgADP in the sulfonylurea receptor is modulated by glibenclamide.

84



Proc Natl. Acad. Sci. USA 96(4), 1268-1272, 1999a.

151. Ueda K, Matsuo M, Tanabe K, Morita K, Kioka N and Amachi T. Comparative
aspects of the function and mechanism of SUR1 and MDRI1 proteins. Biochim.
Biophys. Acta 1461 (2), 305-313, 1999b.

152. Vollestad NK, Sejersted OM, Bahr R. Motor drive and metabolic responses
during repeated submaximal contractions in humans. J Appl Physiol 64(4):
1421-1427, 1988.

153. Vollestad NK, Hallen J and Sejersted OM. Effect of exercise intensity on
potassium balance in muscle and blood of man. J Physiol (London) 475: 359-368,
1994.

154. Westerblad H, Lee JA, Lannergren J and Allen DG. Invited review: Cellular
mechanisms of fatigue in skeletal muscle. Am J Physiol 261 (Cell Physiol. 30):
C195-C209, 1991.

155. Westerblad H and Allen DG. Changes of myoplasmic calcium concentration
during fatigue in single mouse muscle fibers. J Gen Physiol. 98, 615-635, 1991.
156. Westerblad H, Allen DG and Lannergren J. Muscle fatigue: Lactic acid or
inorganic phosphate the major cause? News Physiol Sci. volume 17. February

2002.

157. Wigston DJ and English AW. Fiber-type proportions in mammalian soleus
muscle during postnatal development. J. Neurobiol. 23: 61-70, 1992.

158. William AC, Samuel V, Hansen PA, Pu JL, Valdivia CR, Makielski JC and

Burant CF. Disruption of Sur2-containing Karp channels enhances

85



insulin-stimulated glucose uptake in skeletal muscle. Proc Natl Acad Sci U S A.
2001 Sep 25; 98(20):11760-4. Epub 2001 Sep 18.

159. Winder WW, Terjung RL, Baldwin KW and Holloszy JQ. Effect of exercise on
AMP deaminase and adenylosuccinase in rat skeletal muscle. Am J Physiol 227:
1411-1414, 1974.

160. Wiseman RW, Beck TW and Chase PB. Effect of intracellular pH on force
development depends on temperature in intact skeletal muscle from mouse. Am J
Physiol Cell Physiol 271, C878-C886, 1996.

161. Wu JP, Cui NR, Piao HL, Wang Y, Xu HX, Mao JZ and Jiang C. Allosteric
modulation of the mouse Kir6.2 channel by intracellular H' and ATP. Journal of
Physiology, 543.2: 495-504, 2002.

162. Xu HX, Cui NR, Yang ZJ, Wu JP, Giwa LR, Abdulkadir L, Sharma P and Jiang
C. Direct activation of cloned Karp channels by intracellular acidosis. The Journal
of Biological Chemistry 276:12898-12902, 2001,

163. Yamada M, Isomoto S, Matsumoto S, Kondo C, Shindo T, Horio Y, Kurachi Y.
Sulphonylurea receptor 2B and Kir6.1 form a sulphonylurea-sensitive but
ATP-insensitive K" channel. J. Physiol. 499 (Part 3), 715-720, 1997.

164. Zerangue N, Malan M, Fried S, Dazin P, Jan Y and Jan L. Analysis of
endoplasmic reticulum trafficking signals by combinatorial screening in
mammalian cells. Proc Natl Acad Sci USA, 98(5): 2431-6, 2001.

165. Zhang SJ, Bruton JD, Katz A and Westerblad H. Limited oxygen diffusion

accelerates fatigue development in mouse skeletal muscle. Journal of Physiology

86



572, 551-559, 2006.

166. Zhang SJ, Andersson DC, Sandstrom ME. Westerblad H and Katz A. Cross
bridges account for only 20% of total ATP consumption during submaximal
isometric contraction in mouse fast-twitch skeletal muscle. Am J Physiol Cell
Physiol 291; C147-C154, 2006

167. Zhuo ML, Huang Y, Liu DP, Liang CC. Kamp channel: relation with cell
metabolism and role in the cardiovascular system. The International Journal of
Biochemistry & Cell Biology 37: 751-764, 2005.

168. Zingman LV, Hodgson DM, Bast PH, Kane GC, Perez-Terzic C, Gumina RJ,
Pucar D, Bienengraeber M, Dzeja PP, Miki T, Seino S, Alekseev AE, Terzic A.
Kir6.2 is required for adaptation to stress. Proc Natl Acad Sci, USA, 99,

13278-13283, 2002.

87



