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ABSTRACT

Action potentials of striated muscle are created through movement of ions
through membrane ion channels. ATP-sensitive potassium (Katp) channels are the only
known channels that are gated by the intracellular energetic level ([ATP]/[ADP] ratio).
Katp channels are both effectors and indicators of cellular metabolism as part of a
negative feedback system. Decreased intracellular energetic level alters the gating of
Katp channels, which is reflected in alterations of the action potential morphology. These
changes protect the cell from exhaustion or injury by altering energy-consuming
processes that are driven by membrane potential. Assessing the effects of Karp channel
activation on resting membrane potential and action potential morphology, and the
relationship to cellular stress is important to the understanding of normal cellular
function. To better understand how muscle cells adapt to energetic stress, the monophasic
action potential (MAP) electrode and floating microelectrode were used to record action
potentials in intact hearts and skeletal muscles, respectively. Intact organs provide a more
physiological environment for the study of energetics and membrane electrical
phenomena. Utilizing these techniques, a stress on the intracellular energetic state
resulted in greater and faster shortening of the duration of cardiac action potentials, and
hyperpolarization of the membrane of skeletal muscle in a Katp channel dependent
manner. Motion artifacts are a limitation to studying transmembrane action potentials, but
the MAP and floating microelectrode techniques uniquely allow for reading of action
potential morphology uncoupled from motion artifacts. The use of the floating
microelectrode in skeletal muscles is a novel approach that provides previously

unavailable data on skeletal muscle membrane potentials in situ.
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CHAPTER 1
INTRODUCTION

The metabolic pathways of cells have a long evolutionary history of controlling
energy and its use. Energy is required for life and because energy is generally scarce,
proper control is essential. However, not all cells function equally as some have low
metabolic demands like chondrocytes and some have high metabolic demands like
striated muscle. Striated muscle includes two of the three muscle types: skeletal and
cardiac muscle.

Skeletal muscle makes up a significant proportion of the human body. It can
consume 20-73% of the cardiac output (Widmaier, Raff et al. 2008) and, even under
sedentary conditions, skeletal muscle requires 7-10% of daily energy use (Barness, Opitz
et al. 2007). Basal level can increase 20-100 times to meet demands during strenuous
exercise (Spriet and Hargreaves 2006). Skeletal muscle is the only muscle type that is
under voluntary control and the only type tasked with mobility.

The second type of striated muscle is cardiac muscle and it is only found in the
heart. The heart beats continuously throughout life and has adapted to this task. Despite
being the organ responsible for bulk movement of nutrients and waste, the heart
consumes only 4% of the cardiac output under both sedentary and exercise conditions
(Widmaier, Raff et al. 2008). Since the heart beats continuously, the control of energy is
paramount. If the heart is inadequately perfused, then the cardiac output can be disrupted,
which can lead to severe cellular injury and/or death for those tissues dependent on
constant perfusion (e.g., nervous tissue).

Intolerance by critical tissues to gaps in perfusion has evolutionarily driven
metabolic systems to be conservative and pessimistic thereby retaining excess energy.

Primarily, energy is retained in white adipocytes in the form of triglycerides that leads to
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both hypertrophy and hyperplasia of white adipocytes (de Ferranti and Mozaffarian
2008). This excessive accumulation leads to being overweight and, eventually, to being
obese. Currently, many nations face what is often called an epidemic of obesity in both
adults and children (Barness, Opitz et al. 2007) regardless of income level (Popkin, Adair
et al. 2012). In the United States alone, the prevalence of obesity has increased year over
year from 1986 (Sturm 2007).

The consequences of obesity are diverse (Haslam and James 2005;
Anandacoomarasamy, Caterson et al. 2008): insulin resistance, glucose intolerance, type
2 diabetes mellitus, hypertension, coronary heart disease, stroke, sleep apnea, cancer
(breast, colon, endometrium, kidney, esophagus), hirsutism, polycystic ovary syndrome,
pre-eclampsia, gestational diabetes, arthritis, hyperuricemia, gout, fatty liver disease,
gallstones, depression, theumatoid arthritis, osteoarthritis (knee, hip, hand), low back
pain, diffuse idiopathic skeletal hyperostosis, carpal tunnel syndrome, and osteoporosis.
Caloric reduction dieting has been a failure, and pharmacotherapies are few in number,
insufficient as stand-alone treatments, and have historical objections from low efficacy
drug cocktails and drug withdrawal (Haslam and James 2005). This has lead to an
increase use of bariatric surgery in both adults and children (Solomon and Dluhy 2004).
Bariatric surgery has a 25-30% weight loss over 10 years but long-term change in
mortality is unknown (Sjostrom, Lindroos et al. 2004). Therefore, another approach is
warranted.

From one perspective, obesity is the result of the body’s evolutionary success at
energy control in energy-scarce environments. Greater energy intake than is expended
creates an energy imbalance that is universally recognized as the root cause of obesity.
Energy intake can be altered by bariatric interventions and “dieting.” Exercise is a
common means to modify energy expenditure, but the cultural and technological driving
force of a more sedentary lifestyle is reducing average exercise levels to a point that

practically any exercise is beneficial (Blair, Kohl et al. 1995). By looking at the energy
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imbalance simply as intake less expenditure ignores the most prominent member of this
relationship: the body. After all, it is the efficiency of the body that has led to retention of
excess energy. Perhaps a viable alternative — especially in cases where obesity has
serious health consequences — is to decrease bodily energy efficiency.

One historic attempt of note is that of 2,4-dinitrophenol (DNP). DNP was used in
the 1930’s (Tainter, Cutting et al. 1934) as a way to decrease the efficiency of cells by
reducing the proton gradient in mitochondria that drives ATP synthesis. Although known
to be toxic and lethally hyperthermic at high doses, moderate doses were shown to be
effective at increasing energy consumption. However, DNP has undesirable side effects
(e.g., cataracts) that led the FDA to removed DNP from the market in 1938 (Harper,
Dickinson et al. 2001). Mitochondrial uncoupling is of continued interest decades later,
but some organs (e.g., heart, brain) may experience undesirable consequences as a result
of systemic mitochondrial uncoupling (Harper, Dickinson et al. 2001).

As one of the largest consumers of energy, a target of decreasing efficiency could
be skeletal muscle. Instead of targeting mitochondrial uncoupling in skeletal muscle,
perhaps disruption of the ATP-sensitive potassium (Karp) channels would lead to a more
systemically tolerated therapy. Katp channels are the only known membrane channels
that are gated by the cell’s intracellular energetic state. More specifically, Karp channels
act as a negative feedback loop to reduce energy consumption as the energetic state is
taxed.

To target Karp channels, it is first necessary to understand the bioenergetics of
striated muscle; second, to understand how to manipulate it; and, third, to be able to
manipulate it. The current state of understanding of striated muscle does not paint a
complete enough picture of its bioenergetics. The involvement of Ksrp channels in
cellular bioenergetics through their function in the plasma membrane has been

understood for decades. As active members of the plasma membrane, participation of
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Karp channels in the morphology of action potentials may provide a useful indicator to

further the understanding of the bioenergetics of striated muscle.
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CHAPTER 2
BACKGROUND

Like all cells, myocytes have a phospholipid bilayer called the plasma membrane.
This membrane contains numerous proteins with an equally large number of functions.
Some of these proteins are responsible for movement of ions that creates an electrical
potential between the intracellular and extracellular spaces. These proteins are called ion
channels, transporters, and exchangers. Some proteins make the membrane
electrochemically excitable and the membrane is said to be an excitable membrane. lon
channels are commonly gated through ligands or through the membrane potential. A third
gating mechanism is through a change in the intracellular energetic state. The only known
channels co9-ntrolled in this manner are a family of inwardly-rectifying potassium

channels (K;;) called ATP-sensitive potassium (Katp) channels.

2.1 Excitable Membranes

2.1.1 Membrane Potential

In electrical circuits, potentials are created through separation of electrons, and
currents are created through movement of electrons. In general in cells, potentials and
currents are not carried by electrons but through chemical ions (notable exception is the
electron transport chain in mitochondria). Using the plasma membrane as a barrier, ions
can be separated on different sides to create a membrane potential. The membrane
potential assumes a zero reference on the extracellular side and can be approximated by
the Goldman-Hodgkin-Katz (GHK) voltage equation on an infinite, planar membrane at a

steady-state (Fraser and Huang 2007).
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¥, = 1000

Flog,,e & P [X*] + X Py [Y ],

X Px[X ] + X Py[Y7];

V,, = (61.5)logy, Y P X, + 2PV 1,

where R is the ideal gas constant (8.314 J K mol™), T is the temperature in Kelvin (can
be assumed to be 37°C=310 K as done for the second equation), and F is Faraday’s
constant (96,485 C mol ™). Both of these equations yield millivolts. Cations, denoted with
X, and anions, denoted with Y, have opposite charges and have different membrane
permeability (denoted by Px and Py). Increasing the numerator makes the membrane
potential more positive, and increasing the denominator makes the membrane potential
more negative. For example, increasing the intracellular potassium (K ") concentration
would make the membrane potential more negative. (For derivation of the GHK equation,
see 2.3 of (Fraser and Huang 2007).)

As an example, if the following assumptions are made for permeabilities and ion
concentrations of skeletal muscle: Px=100, [K']i=150, [K']o=4.5; Pxno=1, [Na']=12,
[Na'],=145; Pc,~0, [Ca® ]¢=1.8, [Ca®"]=0.0002; and Pc=1000, [C] ]=4.2, [C] ].=116.
The permeability of calcium is extremely small at resting membrane potentials so that it

has negligible effects on V.

100-45+1-145+0-1.8+1000-4.2
100-150+1-12+0-0.0002 + 1000- 116

If the ions of the GHK equation are all eliminated but one, then the GHK equation

reduces to the Nernst potential equation where z is the elementary charge of the ion.

www.manaraa.com



RT [X*], 61.5 [X*],
Vn = ﬁloge X+, < >10g10[x—+]i

i
When used for a single ion, the voltage calculated is called the reversal potential
and is the voltage in which there is no net ion flow. When the membrane potential is not
at the reversal potential for an ion, then changes in the permeability through opening or
closing of ion channels will change the membrane potential.
Continuing the above example for potassium (K"), sodium (Na"), calcium (Ca*"),

and chloride (Cl ), the reversal potentials are calculated below.

4.5
VK = (61.5) 10g10 ﬁ S _93.7 mV

145
VNa = (61.5) loglo E = +66.6 mV

VCa -

<61.5

1.8
5 >log10 00002~ +121.6 mV

4.2
VCl = (615) 10g10 m = —88.6 mV

For this example membrane, the resting membrane potential is different than the
reversal potential for any of the four ions (Vk, Vna, Vca, V). Increasing the
extracellular-to-intracellular ratio would increase the reversal potential for potassium,

sodium, and calcium, but would decrease for chloride because chloride is an anion.

2.1.2 Action Potential
The membrane potential is a stable steady state, not equilibrium, of ion currents.
In excitable membranes, this steady state can be disrupted with an action potential. The
action potential morphology is varied and determined by the unique set of channels in the

cell. There are two action potential morphologies of particular interest here. One is the
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non-myogenic action potential of a ventricular myocyte (hereafter referred to simply as
“cardiac action potential”); the second is of skeletal muscle sarcolemma. These action
potentials have some characteristics:

* The baseline membrane potential before and after the action potential is at a
steady state voltage. (This is not true, for example, for the cardiac sinoatrial
node.)

* A threshold voltage the membrane must depolarize to in order to trigger an action
potential.

* A rising phase where the membrane potential becomes more positive and
typically exceeds 0 mV. This is called depolarization and overshoot, respectively.

* A falling phase where the membrane potential becomes negative once again. This
is called repolarization.

Additionally, the cardiac action potential has a plateau phase between depolarization and
repolarization that extends the action potential duration by two orders of magnitude
compared to skeletal muscle. The plateau phase arises from counter-flows of potassium
efflux and calcium influx currents. Thus, if the potassium current were larger then the
plateau phase would be shorter whereas a smaller potassium current would lengthen the
plateau.

The cardiac action potential morphology has garnered considerable attention to
the extent that each phase has been identified, numbered, and assigned therapeutic drugs
that affect that phase (Figure 1). No such classifications of skeletal muscle action
potentials exist.

In both cardiac and skeletal muscle, the action potential is the first part — the
excitation — in the excitation-contraction coupling (ECC) that couples contraction to the
excitation of the membrane. The action potential leads to an increase in intracellular
calcium concentration and an efflux of calcium out of the sarcoplasmic reticulum.

Calcium acts as a secondary messenger and is the link between excitation and
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contraction. In striated muscle, the calcium binds to the C component of the troponin
complex, which moves the tropomyosin to expose the myosin-binding site on actin. With
sufficient ATP present then cross-bridge cycling produces tension along the length of the
myofibril. This continues until the concentration of calcium drops due to active pumping
of calcium back into the sarcoplasmic reticulum by the sarco/endoplasmic reticulum

calcium-ATPase (SERCA).

—
4 4

Figure 1. The five phases of the cardiac action potential: 4=baseline, O=depolarization,
I=small repolarization, 2=plateau, and 3=repolarization.

Taking a step back, the creation of the action potential is different between
cardiac and skeletal muscle. In cardiac muscle, myocytes are connected in series and
parallel to each other through intercalated discs and the intracellular spaces are connected
through gap junctions. Gap junctions permit ionic currents to transmit action potentials

through cardiac muscle in waves. In skeletal muscle, each individual myocyte is
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innervated by a motor neuron and the intracellular spaces are not connected. Motor
neurons release acetylcholine vesicles that create end-plate potentials (EPP) on the
myocyte that lead to depolarization of the end plate and the sarcolemma, and creation of
an action potential.

Many different ion channels participate in both the membrane potential and the
action potential. A particular combination of these channels leads to cell-specific
behavior of the membrane and is why, for example, the cardiac sinoatrial node behaves
differently from a neuron. One subfamily of potassium channels is the ATP-sensitive
potassium (Katp) channel and this subfamily alters the membrane with respect to changes

in the cellular energetic state.

2.2 Katp Channels

Potassium channels are a diverse group of channels and one subfamily of
potassium channels are the “inwardly rectifying” potassium channels (designated Kj;).
There are eight subfamilies of K;; and they are designated K;;1 through K8 (Hille 2001).
Within each subfamily channels are designated as K;:X.Y in the order they were
identified (e.g., Ki;6.1 then K;;6.2). What makes the K, family “inwardly rectifying” is
that they conduct less during depolarization than hyperpolarization. Some are more
strongly rectifying and conduct very little for positive membrane potential (e.g., K;2),
and some are weakly rectifying (e.g. K;6). Although labeled as inwardly rectifying, these
channels typically have an efflux of potassium out of the cell due to Vk < V.. These
channels, like potassium channels in general, are recognized as “stabilizing” the plasma
membrane by making V,,, more negative and harder to reach the thresholds of voltage-
gated channels. During an action potential, increased Karp channel current would also
have an influence towards repolarization, thus shortening action potential duration in the
case of cardiac action potentials, possibly reducing action potential amplitude and resting

membrane potential in skeletal muscle.
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One subfamily of K;; is gated by ATP and is called ATP-sensitive potassium
channels and is given the systematic designation of K;:6. These channels were originally
discovered in cardiac muscle (Noma 1983) and there are currently two channels in this
subfamily: K;6.1 and K;;6.2. The Ksrp channel construction is a hetero-octamer of four
K;:6 subunits and four regulatory SUR subunits with 1:1 stoichiometry. The SUR unit is a
sulfonylurea receptor and is named for its affinity to sulfonylureas (e.g., glyburide).

K;:6.1 is encoded by the KCNJS gene (potassium inwardly-rectifying channel
subfamily J member 8) and K;;6.2 is encoded by the KCNJ11 gene. SURI is encoded by
the ABCCS gene (ATP-binding cassette transporter sub-family C member 8), and the
ABCC9 gene encodes SUR2A and SUR2B as different splices. Interestingly, K;6.1 and
SUR?2 are at the same locus (12p12.1 human/6qG2 mouse) and K;;6.2 and SURI1 are at
the same locus (11p15.1/7qB4). The relationship between these four genes, the proteins

produced from the genes, and their chromosomal loci are shown in Figure 2.

11p15.1 (human) DI K;.6.2
7qB4 (mouse) (ABCC8) (KCNfll)

12p12.1 (human) SUR2 Kir6'1
69G2 (mouse) (ABCCQ) (KCN./8)

aassssm—— @4 mm m@l)esa—————" 9 -
A B

Figure 2. Chromosomal loci showing SUR1, SUR2A/B, K;;6.1, and K;;6.2.
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In all, there are three SUR and two K;;6 proteins, for a total of six possible
combinations if only one of each of SUR and K;;6 are present in a Karp channel (as is
currently understood):

* SURI1/K;6.1: Type 1 (sweet) taste (Yee, Sukumaran et al. 2011)

¢  SUR2B/K;;6.1: Vascular smooth muscle (Seino and Miki 2003); myometrium
(Curley, Cairns et al. 2002)

¢ SURI1/K;6.2: Pancreatic alpha cells (Gromada, Ma et al. 2004); pancreatic beta
cells (Seino, Takahashi et al. 2012)

* SUR2A/K;;6.2: Cardiac muscle and skeletal muscle (Seino and Miki 2003)

* SUR2B/K;6.2: Non-vascular smooth muscle (Seino and Miki 2003)

However, SUR2A/K;;6.1 has yet to be reported.

Karp channels are ubiquitous throughout the body. Of interest here is their
existence in the plasma membrane (referred to as “Kartp”), but they are reported to exist
in both the mitochondria “mitoKa1p” (Garlid and Halestrap 2012) and the nucleus
“nucKarp” (Quesada, Rovira et al. 2002). The roles of Karp channels are varied but are
all related to energy regulation.

* Regulation of smooth muscle tone (Flagg, Enkvetchakul et al. 2010)

* Regulation of insulin secretion (Seino, Takahashi et al. 2012)

* Regulation of glucagon secretion (Gromada, Ma et al. 2004)

* Taste of sweet by the tongue (Yee, Sukumaran et al. 2011)

* Myometrium for increased excitability in late pregnancy (Curley, Cairns et al.

2002)

* Prevention of fiber damage in skeletal muscles from supercontraction (Cifelli,

Bourassa et al. 2007)

Of particular interest are the roles in cardiac and skeletal muscle. A complicating factor

in teasing apart the role of Katp channels in these tissues is that they have the same
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isoform (SUR2A/K;;6.2). This will be addressed later when discussing the transgenic

mouse models.

K;:6.2 knockout mice (K;;6.2-KO) have been created (Miki, Nagashima et al.

1998) and studied. K;6.2-KO mice reveal numerous different phenotypes:

Hyperphagia (Alekseev, Reyes et al. 2010; Park, Choi et al. 2011)

WT-similar blood glucose, triglyceride, and free fatty acid levels (Alekseev,
Reyes et al. 2010)

Increased energy expenditure (Alekseev, Reyes et al. 2010)

Increased neuropeptide Y (Park, Choi et al. 2011)

Increased oxygen consumption in hearts (Alekseev, Reyes et al. 2010)
Diet-induced obesity resistance (Alekseev, Reyes et al. 2010; Park, Choi et al.
2011)

Sympathetic-induced arrhythmia and sudden death (Zingman, Hodgson et al.
2002)

Lack of cardiovascular metabolic improvement from exercise (Kane, Behfar et al.
2004)

Increased skeletal muscle injury from exercise (Kane, Behfar et al. 2004)
Increased mortality of chronic hyperaldosteronism-caused hypertension (Kane,
Behfar et al. 2006)

Calcium overload, increased QT, interval, and hypertension-induced congestive
heart failure (Kane, Behfar et al. 2006)

Increased susceptibility of generalized seizures (Yamada, Ji et al. 2001)

This list of phenotypic effects from K;;6.2 knockout mice underscores and

underrepresents the breadth of expression and functionality of Katp channels.

Additionally, intact Katp channels are critical for cardioprotection under ischemic stress

(Kane, Liu et al. 2005), a phenomenon that may also involve mitoKatp channels

(Holmuhamedov, Jahangir et al. 2004).
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ATP-sensitive potassium channels, as the name implies, are potassium channels
that are sensitive to the concentration of ATP. More specifically: the concentration ratio
of [ATP]/[ADP]. ATP inhibits K;;6 and MgADP binds to SUR to un-inhibit ATP on K;;6.
Statistically, this leads to closing the K;:6 pore with high [ATP]/[ADP] and opening the
K6 pore with low [ATP]/[ADP]. Additionally, it has been reported that Katp channels
are activated by an intracellular pH reduction from 7.19 to 6.45 (Standen, Pettit et al.
1992) and by extracellular adenosine (Barrett-Jolley, Comtois et al. 1996). This makes
Kartp channels unique in that their activity is gated by energetic state.

Kartp channels can be controlled pharmacologically through both agonists and
antagonists. The SUR subunits respond to sulfonylureas and they act as antagonists to
close the channels. Glyburide (USAN)/glibenclamide (INN) is one sulfonylurea
commonly used when working with Karp channels. Pinacidil is one agonist of Karp
channels that functions to open them (often used with 2,4-dinitrophenol (DNP) to reduce
[ATP]/[ADP]).

One congenital disease caused by Kartp channels is chronic hyperinsulinism
(CHI). In CHI, either SUR1 or K;;6.2 carry a reduction- or loss-of-function mutation that
leads to pancreatic beta cells that are persistently depolarized and chronically secreting
insulin regardless of blood glucose levels (Yan, Lin et al. 2007). Another disease,
permanent neonatal diabetes mellitus (PNDM), can arise from mutations in either
KCNJI1 (Ki6.2) or ABCCS (SURT1) that then lead to a gain in function that presents with
chronic hyperpolarization and, thus, less sensitive to rising ATP resulting from
hyperglycemia (Rubio-Cabezas, Klupa et al. 2011). Mutations in ABCC9 (SUR2) have
been found to be involved in cardiomyopathy and congestive heart failure
(Bienengraeber, Olson et al. 2004; Kane, Liu et al. 2005). Katp channels have also been
implicated in neuroprotective roles and as a possible therapeutic target for reduction of
inflammation in multiple sclerosis and other neuroinflammatory diseases (Virgili,

Espinosa-Parrilla et al. 2011).
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2.3 Potential Measurement

Separation of charges, either electrons or chemical ions, results in a voltage
potential between the charges and is rooted in Coulomb’s Law. This voltage can be
measured directly between the separated charges, or indirectly through the electric fields
they produce. When measuring the voltage of a battery, the voltage is measured directly,
but when an FM radio measures the voltage from its antenna it is indirectly measuring the
electromagnetic field produced by the transmitter antenna. Direct and indirect
measurement can be done in biological systems, and each has benefits and limitations.

The electrocardiogram (ECG), electroencephalogram (EEG), and electromyogram
(EMG) measure potentials indirectly through the electric fields produced by cardiac
muscle cells, cerebral neurons, and skeletal muscle cells, respectively. The EMG can be
performed in two different ways. The first is with a needle electrode inserted into the
muscle and measures the field in proximity to the needle. The second is through an
electrode placed non-invasively on the skin (this method is known as surface EMG or
sEMG). To measure the potential of cells, the ions must be measured directly instead of
indirectly by the electric fields they produce; therefore, neither is suitable to record the
membrane potential or the action potentials of individual myocytes.

In 1883, an electrode was devised (Yang and Kittnar 2010) that used two wires:
one placed on intact epicardium and one placed on injured epicardium. The difference
between these wires produced a recording of action potentials that had only one polarity
and were thus called mono-phasic action potentials (MAP’s). The exact biophysical basis
of what the MAP electrode measures continues to be debated (Yang and Kittnar 2010).
However, the MAP was validated by correlating (r=0.96+0.03) the MAP recordings with
intracellular action potential recordings (Franz, Burkhoff et al. 1986) and this permits
connecting MAP recordings to morphological changes in action potential changes and
thus they have classically been used as an indicator of action potential duration.

However, the recorded amplitude depends upon the contact pressure. This limits the
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value of the absolute voltages recorded. To record cells with meaningful absolute values,

only one method remains: the microelectrode.

2.4 Microelectrode

The microelectrode (ME) is a glass pipette with small tip diameter (<1 pm) that is
filled with a salt solution and a metal wire. According to (Halliwell, Whitaker et al.
1987), this type of microelectrode was pioneered by (Ling and Gerard 1949). ME’s can
be purchased commercially or, more commonly, created with a specialized instrument
called a pipette puller. (Pulling pipettes by hand produces pipettes that vary more than
those mechanically produced and is not generally recommended.) Pipette pullers create
pipettes by applying heat to a small region and then applying a force to pull the tube apart
and create two symmetrical pipettes. The pipette is then filled with the desired solution
and a wire is inserted into the pipette to make it an electrode.

The ME, unlike EMG and MAP, is used to pierce the plasma membrane of
individual cells. This transmembrane approach, in conjunction with a reference electrode
outside the cell, is used to directly measure the membrane potential. Each electrode acts
as a half-cell to convert an ionic current into an electron current in the metal wire. A
specialized amplifier and acquisition systems are used to record from these circuits and
are quite common today in electrophysiology labs.

For some cell types, the ME is quite suitable. However, for striated muscle the
ME has one significant limitation that makes it unsuitable. The micropipette used to make
the ME is made of glass and is particularly fragile. It is particularly problematic that the
only remaining technique capable of studying the desired functionality is incompatible
with the cell’s functionality: movement. One means around this is to uncouple excitation
from contraction and eliminating the movement. For example, with 2,3-butanedione
monoxime (BDM) (Reed 1993) or blebbistatin (Kovacs, Toth et al. 2004), but this creates

a non-physiological testing condition (non-movement) and is undesirable. The problem
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presented with the ME and non-stationary cell is that the micropipette tip is rigidly
connected to the support that the muscle is contracting against. This creates the relative
movement that leads to the ME tip breaking and/or un-impaling with potential of

impaling other cells as well.

2.5 Floating Microelectrode

An extension of the ME is the floating microelectrode (FME). The FME
uncouples the inertia behind the pipette by cutting the pipette above the shoulder and
discarding the shank. This yields a very small pipette (~5 mg) that is suspended by a
small (0.005” diameter) electrode wire. The wire is wedged into the tip to keep the tip
suspended by the glass-wire friction. Otherwise, FME does not differ technically from the
ME. What is different is the cells and data the FME provides access to. The FME permits
recording of skeletal muscle in situ that is under more physiological conditions than
either isolated cell or contraction-uncoupled cells.

Though FME permits recording of cells in situ, it is unfortunately not a panacea.
The FME can still be subjected to un-impalement from motion, but not as likely as with
the ME. The FME is still limited to all of the limitations of transmembrane recording
since the FME is fundamentally interacting in the same manner as the ME. For example,
both the ME and the FME can only access the top layer (or few layers) of exposed cells.

Since the FME is suspended from a small wire then gravity is a significant
determinant of possible approach vectors to the muscle. Good practice with a FME is to
use a micromanipulator with one degree of freedom that operates axially along the
microelectrode. Combining these means one axis of the manipulator should be vertical
along gravity and the FME suspended directly overhead of the cell.

One important limitation of using an in sifu muscle preparation is that the force
measurements of the limb are essentially of no value when comparing effects of

superfused drugs. Assuming drug penetration is limited to the top layers of fibers means
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that the bulk of fibers are not exposed. This leads to a mixed force recording of treated
and untreated fibers with the untreated dominating. For example, the changes in twitch
force (Yensen, Matar et al. 2002) in response to a change in superfused potassium
concentration would not be measureable. Thus, the force and length recordings are likely

only of value as an experimental control.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Transgenic Models

Cardiac and skeletal muscle share the same isoform of the Karp channel: K;6.2
and SUR2A. Two transgenic models based on the FVB/N mouse strain were used to
permit tissue specificity of attenuation of Katp expression in skeletal and cardiac muscle.
Both models are established in the literature so they will be discussed only briefly.

Both models utilize K;;6.1AAA in which a Gly-Phe-Gly is replaced in wild type
K;:6.1 with Ala-Ala-Ala to disrupt pore conduction (Tong, Porter et al. 2006). The
chicken B-actin (CX1) promoter is combined with eGFP, a STOP codon, and the
Ki6.1AAA to make Tg[CX1-eGFP-K;:6.1AAA] mice (Figure 3). A functional portion of
the eGFP and associated STOP codon are floxed such that functional eGFP and
expression of K;;6.1AAA are mutually exclusive. Cre recombinase (“Cre”) is combined
with tissue specific promoters to get tissue-specific expression. For cardiac muscle, Cre
recombinase is combined with the alpha-myosin heavy chain (aMHC) promoter to make
Tg[aMHC-Cre] mice (Figure 4); and for skeletal muscle it is combined with myogenic
differentiation 1 (MyoD) promoter to make Tg[MyoD-Cre] mice (Figure 5). This method
of tissue-specific expression is known by the Cre-loxP system 