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RESUME

Cette étude démontre I’effet de I’isoprotérénol (ISO), un agbniste [-adrénergique, sur le
contenu tqtal en calcium dans le réticulum sarcoplasmique (SR), désigné [Car]sr. Un indica;ceur
d’ions Ca® de basse affinité (Kp = 2.6 mM),-le tétraméthylmuréxide (TMX), perméable aux
membranes, a ét¢ utilisé afin d’évaiuer le contenu en Ca®" libre dgﬁs le SR, désigné [Ca*'Jsr. La
fra¢tion du TMX lié 4 du Ca®" dans le SR (fCa) est proportionnel & [Ca®'Jsg laquellé peut étre

utilisée pour déterminer [Carlsg.

Les résultats démontrent que 10 uM ISO augmente [Ca*'Jsg de 112 % dans le fibres
musculaires maintenues a un potentiél membraﬂaire de repos physiologique de -90 mV. Par
contre, en I’absence de Ca?’ dans la solution externe, I'ISO n’augmente‘ bas de fagon
significative [Ca2+]sg,‘ suggérant que 1’ISO induit un flux de Ca’* 4 travers la membrane
plasmique. Cette augmentation de [Ca® s se produit avec un délai exponentiel (t = 7.0 min) et
n’est pas réversible apres le ret;'ait de I’ISO de la solution externe. Ces résultats suggérent donc
que I'ISO pourrait stimulér expression de certain type de éanaux calcique et que ceux-ci
ldemeureraier;t actifs méme aprés le retrait de I’agoniste B-adrénergique. Puisque 1’augmentation
de [Ca**]sr en pfésenc'e d’ISO se produit au potentiel de repos physiologique, il est peu probable

- que vde‘s canaux calciques dépendant du voltage soient responsables. de effet obs_ervé‘; méme éi
une phosphorylation de ces canaux puisse modifier leur cinétique et donc augmenter leur
probabilité d’ouverture. |

De plus, nous a.vons nous avons observé que ’effet de I’ISO sur I’influx de Ce‘l2+ est accru -
par l?hyberpolari,sation des ﬁbfes. Cette augmeﬁtation survient avec un délai expoﬁentiel (=16 |

min) qui ne peut étre expliqué par une simple augméntation de la force motrice pour les ions

- VI



calciques ou par le courant rectifiant dans le sens entrant, Ce rééultat éontredit I’hypothése selon
laquelle ISO activerait une dépendance calcique dépendante du voltage du fait que la probabilité
d’ouverture de ce type de canaux auglnehte avec la dépolarisation membranaire. |
En absence d’ISO, nous avons observé que la valeur de fCa demeuré la méme avec ou
sans Caz‘; dans la solution externe, suggérant une absence d’influx calcique durant des conditions
~ physiologiques de ‘repos. Loréque les fibres musculaires sont déplétées de 70 % de leur contenu -
en Ca”*, la valeur de fCa n’est pas influencée par I’absence ou la présence de Ca?* dans Ie milieu
extracellulaire. Ceci indique que les canaux calciques de la membrane de surface, activé par une
diminution du Ca*' dans‘. le RS (canaux SOC), ne sont pas irﬁpliqués directement dans la
régulation du contenu en Ca>* dans le RS.

L’élimination de I’ISO du ﬁﬁlieu extracellulaire produit une diminution transitoire rapide
de fCa qui est suivit par une ré-augmentation graduelle 4 une vitesse similaire de celle obtenue
en présence d’1SO. Cet effet peut s’expliquer par une inversion du ée_né de la pompe calcique
ATPase sarco.-endoplasmiqu‘e‘ (SERCA), provoqué par deux facteurs: (1) l’augmentation’ de
[Ca*sr et (2) la diﬁn'nution de la concentration en ATP intracellulaire ([ATP];), rééultant de
T’élimination de I’ISQ du milieu extracellulaire. |

D’autre parf, nous avons obsérvé que la stimulation adrénergique augmente le pH
myoplasmique. Cette observation peut étre expliquée par un effet possible de Pactivation des
récepteurs o-adrénergiques, lesquels augmentent l’activité des échangeurs Na'/H" via la voie des

PLCetde I’IPs. Ceci a pour conséquence de réduire [H'] dans le myoplasme. |
Finalement, ﬁos résultats démontrent que ‘I’ISO augmente [Car]sr au repos é,insi que
activité des SERCA. Les résultats de cette thése _soﬁlévent également des questioné quant au

role physiologique.des canaux SOC dans la régulation de [Car]sg.
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Tetraméthylmuréxide, muscle squelettique, contenu en calcium, isoprotérénol, réticulum

sarcoplasmique.
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IIL. ABSTRACT

Data in this study show th¢ effects‘of isoproterenol (ISO), a fB-adrenergic agonist, on the. total
calcium content of the sarcoplasmic reticulum (SR), denoted [Car]sr. Tetramethyl mufexide
(TMX), 2 membrane permeable, low afﬁnity‘ Ca?* indicatér was used to monitor SR Ca®*
content. The fraction of calcium-bound form of TMX in the SR (fCa) is approximately
proportional to the concentration of the free Ca?* in the SR ([Ca®"]sg) which in turn can be used
to give [Car]sr.

Results show that 10 uM ISO increases [Ca®]sr by 112% in 30 nﬁn; in resting frog skeletal
muscle. No significant increase was observed with no Ca®* present in th"e external solution
indicating that ISO caused a Caz*‘ influx across the surface/T ;system membrane. This increase in
[Ca® sk occurred with an exﬁoneﬁtial delay (t1=7.0 nﬁn.) and failed to reverse after washing out
ISO. These results sugge_st that ISO stimulates the qxpfession of a channel -'permeable to calcium
during resting potentials- which would femain active or open even after washing out ISO. These
reéuits afgue against the involvement of most of voltagé-dependent Ca?* channels tha:c are gated
by depolarization. | |

Furthermore, we showed that hyperpolarizatibn in ISO further increases Ca®" influx. The
increase in rate of influx came on with an exponential dela}; (t = 1.6 min.), and couldn’t be
explained simply by the increased driving force for Ca>* or by inward rectification. This delay
also argues against the involvement of hypéxpolarization—a@tivafed channels. The fact that the
rate of Ca®* flux did not decrease during hyp‘erpolariiation further supports the idea that the Ca®*

influx is not due to depolarization-activated Ca®* channel.



In the absence of ISC, the level of fCa was the same with apd without Ca* in the external
solution, indicative of a lack -of Ca®" influx under resting physiological conditions. When the
level of fCa was reduced to 30%lof the physiolqgical le\'/el with 20 mM EGTA, the average value
of fCa was the same with or without external Ca**. These results thereby arguing against the
involvement of store operated mechanisms ‘in the regulation of SR Ca®* content in the
physiological range. |

The data show two well distinguished effects when ISO was removed. One is a reversible
‘effect which shoWed a sudden, transient decrease in SR calcium content (termed “dip™). The
“dip” can be described with a single exponential and corresponds with the rate of Ca’* release
observed in response to a depolarization to -70 mV. The “dip” appears to require the reversal of -
the SR calcium pump (SERCA). After the “dip”, SR calcium content rose again and reached the

-same rate as was observed during ISO. This steady rise in SR calcium content appeared to be thé
other, irreversible effect of ISO.

In addition, during the course of ISO stimulation, we observed an increase in myoplasmic
pH. One possible explanation could involve the activation o\f o-adrenergic receptors by ISO. The
receptors activate the PLC-IP3 pathway which, in turn, enhances the Na/H exchanger and thus
the removal of H+ ions from the myoplasm.

In summary; the data indicate that eidrenergic stimulation increases [Car]sg in resting fibers
by activating Ca®" influx across the surface/T -system membrane and is con‘sistent with the
expressioﬁ of an unknown Ca?' channel. Our results also raise doubts about .whe_ther, store- .
operated mechanisms are involved in fibers deplete(‘i to 30% of their nonﬁal [Ca2+]SR.. The data

also suggest that SERCA is directly enhanced by ISO.
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1. INTRODUCTION

Adrenaline was iéolated'\ and identified in 1895 by Napoleor; Cybulskj; a Polish
physiologisf. In 1896, William Bates reported the clinical effects of a substance produced
by the adrenal gland in the New York Medical Journal (Bates, 1896). The active principle
of suprenal extract that produces its pressor effects was isolated by the joint research of
John Abel in 1899 and Jokichi Takéming in 1901. Within a few years (in 1904); it was
“suggested that this active principle, referred to by British physiologists as “adrenaline”,
was released from sympathetic nerve terminals to act on smooth muscle cells (Bennett,
1999).

The original observations of adrenaline’s effects on thé contractions of frog and
mammalian muscle were made by Gruber (1914) and Orbeli (1923).
Orbeli observed that - when blood adrenaline level increased due to the stimulation of the
lumbar sympathetic nerve in the frog - the force of the fatigued skeletal muscle,
contractiI;g due to electrical stimulation, recovered frém the weakened tension. In the
‘40s, Brown and co-workersbshowed that the site of action of adrenaline in fatigued
nerve-muscle preparations in the rat and cat is primarily upon the muscle fiber itself
(Brown et al., 1948).

In curarized frog skeietal muscle, Hutter & Loevenstein (Hutter and Loewenstein,
1955) and later .Oota & Nagai (Oota and Nagai, 1977) repoﬁed a positive inotropic effect
of adrenaline. This enhancement of twitch tension could be due to catecholamines acting

on the actomyosin system, on the sarcoplasmic reticulum (SR) calcium pump or on the



release or influx of calcium ions. Rubio and coworkers fognd that the enhancement of the
actomy‘osin complex obsewed in heart preparations is not present in skeletal muscle
(Rubio et al., 1975). |
Aftér the exclusion of the enhancement of actorhyosi_n complex, Gonzalez-Serratos et
‘al, (1981) set out to examine whether adrenaline has a clear positive inofropic effect on
frog skeletal muscle, and if so, what mgchanisms are responsibié for this effect. In split
fibers, they showed that the force produced with the release of Ca?* from the SR by
caffeine was 60-100% larger when cAMP was added to the solution; ghnply adding
adrenaline to the interior of the cell produced no changes in tension. They speculated that
adrenaline acts via cAMP, ‘and in turn, cAMP increases the amount of Ca*" taken up by
the SR. Furthermore they suggested that the positivg inotropic effect is due to the release
of this extra Ca®* aécumulated by the stimulation of the SR Ca?* pump and probably by
an increase in the capacity of Ca®* binding in the SR. Further investigating with intact
fibers, they found that catecholarrﬁnes produced an increase of fwitch_tensién preferably
at lower stimulation frequencies. They also showed that, after bathihg the intact fiber in
adrenaline for 8 inihutes, thé first stimulation resulted in an 80% increase of force (Fig.
1). This finding éuggests that Ca®" entry and its accumulaﬁqn in the SR occurred in the
resting state. |

Partially based on Gonzalez-Serratos et al. (1981) findings, Arrreoia and co-workers
aimed to answer whether Ca”" channels of frog skeletal muscle are subjected to long-term
modulation by adfenali_ne and Whether this modulatioﬁ could explain twitch potentiation |
(Arreola et al., 1987). In ‘inta'ct‘preparation after' 27 minutes of exposure to adrenaline,

they measured an increased force potentiation, which was greater at high frequency



stiniulation. They measured an increased Ca®" current (Ic,) during adrenergic stimulation,
and speculated that ISO increased SR calcium content; howévef, they did not measure
sardoplasmic reticulum free calcium concentration ([Ca®*]sg) directly. Since addition of
nifedipine, an L-type Ca’* channel inhibitor did not ﬁroduce a decrease on twitch
potentiation, they concluded ‘that these Ca?* channels are probably not involved. They
also showed the dependence of enhanced twitch potentiation on the presence of external
Ca®*. In addition and opposéd to the ﬁnding of GonzaleZ-Sénat'os laboratory, théy did nbt_
measure an increased tension for the first stimulation of the intact fiber after 25 minlliltes‘
of bathing in adrenaline (Fig. 2). They observed an increase in force potentiation only

after five minutes of low frequéﬁcy stimulation. They concluded that adrenaline is

ineffective if no stimulation was applied.

I'lOQ rmN/sec

Fig. 1. Effect of L-adrenaline (1 x 10-6 M) on the twitch tension (upper traces) and rate of tension
development and decay (lower traces). In ¢ the fiber had not been exposed to adrenaline; in a the fiber had
been in a bathing solution containing adrenaline for 8 min before it was stimulated (After Gonzalez-
‘Serratos et al., 1981) '
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5 min

26 min
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Fig. 2. After a control twitch, adrenaline was added to the external solution and the fiber was bathed for 25 ~
min before the series of twitches elicited at 0.07 Hz. The last twitch is a steady-state potentiation at 5 min
(After Arreola et al., 1987) ‘

. The motivation for the work of this Ph.D. thesis was based “on the controversy
between results reported by the above mentioned laboratories: Arreola et al. (198.7)
reported that twitch potentiation required a train of closely spaced _actioﬁ potentials and
attributed this requirement to the build up' of voltage activatic;n of some type of voltage-
 activated Ca'2+ channels during tﬁe train of action potentials; iﬁ contrast, Gonzalez-
Serratos et al. (1981) reported that adrenaline greatly enhances the first twitch responée- |
following adrenergic stimulation which suggests that the enhanced Cé2+ entry occurréd in
the restiﬁg state. They both sugg_ésted however that the_‘enhanced twitch potenﬁaﬁon is
due to an increased [Ca®*]sr resulted by édrenergic stimulation, aithough they never

directly measured it.

1.1 Anatomy of frog skeletal muscle

The primary function of skeletal muscle is to generate force or movement in response to a
physiological stimulus. Normally it transduces an electrical command into mechanical

response and it has to be able to create a rapid force development and sometimes



maintain its contractile force for relatively long periods (Boron and Boulapep, 2003). To
achieve this goal, muscle cells have developed highly specialized anatomical structures

and functional mechanisms.

1.1.1 Neuromuscular Junction

At the neuromuscular junction or éndplate region, the presynaptic axon transmits an

excitatory signal to th_e“ postsyﬁaptic muscle. The frog motor endplate in its simplest form

consists of an elongated, slender nerve ending embedded in a gutter-like depression of the

sarcolemma (Fig. 3, middle image). This nerve terminél céntains the usual synaptic

or‘gane'lles, capped by a thin sheath éf Schwann cell cytoplasm (Fig. 3, middle image). At

- the active zone, where vesicles are released from the nerve terminal, these synaptic

vesicles éontaining acetylcholine (ACh) lie adjacent to the présynaptic membréne. The.‘

postsynaptic meinbrane of the muscle cell contains closely packed nicqtinic ACh

receptors (Fig. 3?‘bottom image). The extracellular matrix in the synaptic cleft contains |
the enzyme acetylcholinesterase (AChE) which tenninafes fhe action of ACh (Peper et

al., 1974).
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Fig. 3 Anatomy of Frog Neuromuscular Junction. The top image shows the myelinated nerve fibers
branching to form the neuromuscular junction. The middle image shows one terminal indenting the muscle
surface. The bottom image is a blown up drawing of the active zone of the postsynaptic membrane, with
the closely packed ACh receptors, and synaptic vesicles released from the nerve terminal (Peper et al.,
1974). ‘ :

1.1.2 Structure of the muscle fiber
Skeletal muscle fibers are multinucleated cells formed by the fusion of elongated
uninucleate cells called myoblasts. Mature fibers may be as long as the muscle of which |

they form part, and are normally around 50 to 100 um in diameter in amphibians. Most of



the interior of the fiber consists of the protein filaments which constitute the contractile
apparatus, grouped together ‘in bundles called myofibrils. The myofibrils also contain the
internal membrane systems of the sarcoplasmic reticulum (SR) and the T tubule system.
The myofibrils .have characteristic baﬁding patterns, and the bands on adjacent
myofibrils are transversely aligned so that the whole fiber appears striated under the light

microscope (Fig. 4). The two main bands are the dark, strongly birefr,ingent A band and

Fig. 4 Light microscope image of the frog semitendinosus muscle. The darker, more birefringent A
bands and the lighter, less birefringent I bands are clearly visible. The rectangular area on the figber
represents the approximate size of transilluminated spot used for absorbance measurements. Fiber diameter
is 85 uM (Photo by the author). '

the lighter, less birefringent 1 band. These bands alternate along the length of the
myofibril. In the middle of the A band is a lighter region, the H zone, which is bisected

by a darker line, the M line. A li ghfer region in the middle of the H zone, the L zone, can



.sometimesvbe distinguished (Fig 5). Two kinds of protein filaments, called myoﬁlameﬁts,
| are major components of myofibrils. The thick filaments are called myosin and the thin
ﬁléments are called actin. The actin and myosin myofilaments form highly ordered units
called sarcomeres, which are joined end to end at -the Z line to form the myofibrils

(Seeley et al., 2003).
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b— O I
— L 8 cmmma——

Fig. 5 The striation pattern of a vertebrate skeletal muscle fiber as seen under electron microscope
(a), and its interpretation as two sets of filaments (b). Photo by H. E. Huxley. (Keynes and Aidley, 2001)

Muscle contraction is described by the sliding filament theory of Huxley and
Niedergerke (Huxley and Niedergerke, 1954), using interfereﬁce microscopy of living
muscle fibers. This theory suggests ‘.that‘contraction is brought about by movement of the
thin filaments between the thick filaments. The sliding is caused by a series of cyclic
reactions between the projections on the myosin filaments and active sites on the actin
filaments. Each projection ﬁrst attaches itself to the actin filament to form a cros‘s-bridge,
then pulls on it and finally releases it, moving back to attach to another site further along
the actin ﬁlafnent. The presence of ATP and Ca?" is needed for this process. The increase
of myoplasmic calcium concentration ([Ca2+]myo) is the acti;fator of muscie contraction.

When [Ca?*uye concentration increases (to about 10° M , cross bridges are formed
y



between the two sets of filaments; ATP is split and sliding occurs (Keynes and Aidley,
2001).

An internal membrane system, the sarcoplasmic reticulum supplies Ca® fdr
contraction upon depolarization. .'I‘he SR is a series of membrane-bound sacs between the
myofibrils. Its major property is that if accumulates Ca®* against a concentration gradient
by means of a calcium pump which requires energy from the splitting 6f ATP for its
activity. This pump, called the sarco-endoplasmic calcium ATP-ase (SERCA) serves to
maintain the calcium ion concentration in the sarcoplasm of the living muscle at its low
resting level (at about 0.1 uM), and to produce relaxation of the muscle after contraction.

The sarcolemma has, 'along its surface, much regularly arranged, tube-like
invaginﬁtions called transverse, or T tubules. T tubules project into the muscle fiber and
Wrap éround sarcomeres in the region of Z lines in ffog muscle (in mammalian muscle, T "

‘tubules run in the region where actin and myosiI; filaments overlap). Near the T tubules,
the SR is enlarged to form terminal cisternae (Peachey, 1965). A T_tubule and the two
adjacent terminal cisternae together are called a triad (Fig. 6). High-quélity eiectron
micrographs by Clara Frénzini-Armstrong (1970) showed that, at the triads, the T tubule
and its adjacent terminal cisternae are connected by an array Qf structures called. “feet”
(Fig. 7). These feet belong to the calcium-release receptor channel (RyR) anchored in the
SR membrane. The T tubule membrane, on the other ha.nd, containé particles grouped in
fours (“tetrads™) that are positioned dpposite the feet. These tetrads are groups of four
voltage-gated calcium channels, also known as DHP receptors. All tﬁe DHP receptor -
tetrads are closely alignéd with rsranodine receptbrs, but about half of the RyRs have no

associated DHP receptors (Franzini-Annstrong, 1970).



T system

= "+ tubule
- | <= Terminal
cisternase

< Intermediate
cisternae

«— Fenestrated .
collar

Sarcoplasmic reticulum

Triad

Fig. 6 The internal membrane system of the frog sartorius muscle fiber. In frog, the T tubule system is
located at the Z line region. (Peachey, 1965) .

Fig. 7 A single triad in frog sartorius muscle. The SR and T-system’ membranes run parallel and are
separated by an empty gap. The SR membrane is scalloped, (marked by “S”) with the period of the scallops -
coinciding with the position of the feet. The periodically repeating feet are well visible. After Franzml—

Aramstrong, (1970).
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1.1.3 Tﬁes of skeletal muscle fibers

Some skeletal muscles are resistant to fatigue and are able to maintajn tension for a
relatively long period, although thefy don’t have to contract rapidly. Examples are
muscles that maintain body posture, such as ‘the soleus muscle in the leg. On the other
hand, some muscleé are capable of contracting very rapidly. However, these “fast-twitch”
mﬁscles tend to fatigue quickly. A good example of a fast‘twitch muscle is the external
muscles of thé éye, which need to contract rapidly but don’t haye to maintain contraction:
for‘ a long period of time. Hence, muscle fibers are generally claésiﬁed as slow twitch
(type I) and fast twitch (type II), depending on their rate of force devefopment. These
fibers are also  distinguished by their histoldgic appearance, resistance to fatigué, and
biochemical compositiori (Seeley et al., 2003).

Slow twitch fibers are generally thinner; also appear ;e‘d because of the abundénce of
the oxygen-binding protein myoglobin. These muscles rely on oxidative metabolism for
energy, hence the high dénéity of mitochondria. In amphibians, these rﬁuscles are called
tonic muscles. The maximum shortening velocity of these muscles is ‘lower than their fas‘t‘
type counterparts. The slqwer confraction‘is due to a different isbfqrm of myosin light
chain ldnase (MLC), and myosin heavy chain kinase (MHC) i)resent in these fibers, as. |
Lutz an coworkers showed in Rana pipiens anterior tibialis' musclé (Lutz et al., 1998).

Fast-twitch fibers differ among themselves ‘v;/ith respect to fatigability and maximum
velocity ‘of contraction. In mammals, the so called type Ila fast twitch fibers are quite
resistant to faﬁgue. Indeed, their inétébolic rate is high; they contain high cohcentration
of myoglobin and mitochondria to compensate for the increased‘rat'e of ATP hydrolysis.

On the other hand, type IIb fast twitch fibers are not capable of sufﬁcient‘ oxidative
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metabolism to sustain éontr_acﬁon. These fibers rély. o‘n‘the energy that is stored in
glycogen and phosﬁhocreatine, and are more easily fgtigable. They ha.ve/ fewer
mitochondria and lowér concentrations of myoglobin and oxidative énzymes. Because. of
the low myoglobin content, they appear white (Bor_on' ‘and Boulapep, 2003).. In
amphibians, fast twitch fibers are classified as type 1, type 2, and type 3 fibers. This
classification is based on the differences of maximum sho&ening velocity (type 1 being

the fastest) and the various subunits of myosin molecules (Lannergren, 1987).

1.2 Excitation-contraction coupling in skeletal muscle '

Skeletal muscle is excited by an ‘all-or-nothing action potential that is propagated along
the whole length of the fiber. This is followed by contraction. The process linking the two

events is called the excitation-contraction coupling process.

| 1.2.1 End-plate potential and action potential
When an action potential arrives at the presynaptic terminal of the motor neuron it causes
voltage gé,tpd Ca?* channels to open. Calcium ions enter the presyhaptic terminal; initiate
the release of fhé neurotransmitter, acetylchoiine (ACh) from the synaptic vesicles into
the synaptic cleft. Acetylcholine diffuses across the S}IInaptic“cleft and binds to niéotiﬁic
‘ACh-receptor channels (nAChR) on the postsynaptic musclé fiber membrane (Seeley et .
al., 2003). These receptors are nonselective cation channels that open when ACh binds to

a specific site on the channel. The result is depolarization, known as the end-plate
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potential, is produced. For the first time Fatt and Katz (Fatt and Katz, 1952) showed -in
frog muscle using intracellular recording technique- how stimulation of the motor nerve
affects the post synaptic membrane potential. If the eed-plate potential exceeds the
threshold for activating voltage gated Na’ channels, an action potential results.
Generation of an action potential initiates the sequence of processes leading to
contraction. (Boron aﬁd Boulapep, 2003). Once triggered, the action potential propagates
along the sarcolemma and T-tubules. The depolarization of the T-tubule membrane
causes the activation of L-type Ca** channels (also called dihydropyridine receptors or
DHPRs). DHPRs are clustered in groups of four called tetrads. DHPRS play a pivotal role -
in EC-coupling since they serve as the voltage sensor for SR Ca’" release (Rios and
Brum, 1987). The coupling mechanism is thought to iﬁvolve a physical link between the
DHPR and the sarcoplasmie reticulum Ca®" release channel (also called as ryanodipe

receptor or RyR channel).

1.2.2 Central Role of sarcoplasmic reticulum

As depicted in Fig. 6, the sarcoplasmic reticulum cons.ists of a series of membrane-bound
sacs between the myofibrils of the skeletal muscle. The volume of the SR is about 16% of
that of the volume of the sarcoplasm measured in frog sartorius muscle ﬁbers bathed in
isotonie solution (Birks and Davey, 1969). In thlS relatively smaﬂ lumen, the SR
sequesters the calcium, The release of this sequestered calcium is necessary for initiating .
contraction ‘u'pon stimulation. Hence,- the SR most important property is that it
accumulates cf* against its concentration gradient (Keynes and Aidley, 2001)‘. The

protein that buffers calcium in the SR is called calsequestrin (CSQ) after the suggestion
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of MacLennan. MacLennan é,nd Wong (1971) were the first to purify this protein.
Calsequestrin is a vergl high capacity calciurh-binding protein; its molecular weight is
between 44 and 6-5 kD (MacLennan and Wong, 1971; Meissner G et al., 1973; Campbell
KP, 1980), and it has a iow affinity (Kq = 1 mM (Pape et al., 2007)) but very hjgh
capacity for calcium. CSQ is considered to be responsible for the ability of SR to
maintain a high calcium content. and also maintain the necessary -driving force for
calcium relegse upon stimulation (FfanzinifAnnétrong et al., 1987; Pape et al., 2007;
Papé and Fénelon, 2008). Pépe et al. (2007) showed in cut frog muscle fibers that almost
“all of the calcium in the SR is bound to calsequestrin. They estimated. that -upon
stimulation- 23 times more released calcium comes ﬁ‘omvlcalsequestrin as -oppbsed to
from tile pool of free Ca?* in the SR indicative of calsequestrin importance as a buffer of
[Ca®*)sr during release.

Const.anti_n et al., ,(1965) observed that calcium accumuléted in the t¢rmina1 sacs of
sarcoplasmic reticulum in oxalate treated frog muscle. They identified these regions éf :
the SR as the intracellular calcium sink that controls the relaxation phase of the
contré.ction-relaxation cycle. Their also suggested that this area of the SR might also be
| the regions from which cé.lcium is released to trigger contraction. Indge(i, ca_lsequéstrin
was localized to the terminal cisternae of the SR (MacLennan and Wong, 1971;
Meissner, 1975). As shown in sarcoplasmic reticulum vesicles from rabbit leg muscle,
calsequestrin has a tendency to aggregate on the junctional side of t'he membrane
(Cé,rhpbell KP, 1980), suggesting a direct att‘achxﬁent to the junctional r_nembrane'
(Ffanzini—Armst_rong et al., 1987). Zhang et. al. and other workers later fouﬂd two

proteins in the junctional SR: junctin and triadin (Zhang et al., 1997; Shen et al., 2007).

~
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They suggested that these proteins interact directly to anchor calsequestrin to ryanodine
. receptor and form a quaternary complex that may be required for normal operation of

Ca?" release.

1.2.3 Role of DHPR channels
To release Ca** upon fhe arriva:I of the action potential to the triads, the SR needs a
voltage sensor which senses the depolarization of the T tubule membrane. Schneider and
Chandler.' theorized (Schneider and Chandler, 1973) and later Brum and coworkers
- confirmed (Brum et al., 1988b), that there are ;'pltage sensors present in the T tubule
membrane, and their action is necessary for initiating caléium release from the SR.
Indeed, one surface membrane protein was located at the junctiénal domains of the
exterior membranes whiéh serves as voltage sensor for the SR: the L-type calcium
channel, ér DHPR.

Tsien and coworkers (Tsien et al. 1988) classified I;-type' calcium channels according
to theirﬁifferences in. gating, ionic conductance and phannacology._According ltno these
criteria, they distinguished four different'L-type channels: Ca,l1.1, 1.2, 1.3‘, 1.4 (Fig. 8).
L-type channels show high sensitivity to dihydropyridines, such as nifedipi;ie and BAY
K 8644. The responsiveness/to these drugs is one of the defining criteria for separatiﬁg
them from the other voltage gated Ca®* channels. Hence they are ﬁamed dihydrépyﬁdine
receptor channels (ﬁHPR). In skelefal muscle, excitation-contraction coupling Ca,1.1
channels play a major role as the voltage .-senso'r. These chanhels are primarily voltage

gated but can be modified by intracellular protein-protein interactions as well.
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Slow, persistent

HVA
Tsien type® L
Snutch gene class® - 5,C,D,F
Structural nomenclature®* Ca,1.1,1.2,1.3,14
Activation range? Positive to -30 mV
Inactivation range -60 to -10 mV
Inactivation® Very slow
(t> 500 ms)
Deactivation rate/ Rapid
Single-channel 25pS
conductance$®
Single-channel Continu_al
openings reopening
‘Relative conductance Ba?* > Ca?*
Divalent block Cd?* > Ni2* -
@-CTX GVIA block” No
Dihydropyridine Sensitive
sensitivity’

Fig. 8 Types of L-type Ca’" channels

Lower case letters in 1ndex refer to the following references from where the results were taken:
*(Tsien et al., 1988), °(Snutch et al., 1990; Bimbaumer et al., 1994), °(Ertel et al., 2000),

¢In 10 mM calcmm

“Inactivation rate at 0 mV, 10 mM Ca or 10 mM Ba extracellular, EGTA in cell, 21 °C.

fRate of turn-off tail current at -80 to -50 mV.

.gMax1mum slope conductance in 110 mM Ba.
"w-Conotoxin GVIA from Conus geographus

"Enhancement by BAY K 8644 and inhibition by nifedipine

(after Tsien et al., 1988)

L-type calcium channels were first purified using ion-exchange chromatography by |
Curtis and Catterall (Curtis and Catterall, 1984) from the transverse tubule membranes of
skeletal muscle. Analysis of the biochemical properties revealed that the protein has five

distinct subunits a;, ap, B, 8, and y. Takahashi et al. (1987) demonstrated in purified
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dihydropyridine-sensitive calcium channels -from rabbit skeletal muscle- that these
subunits are located in close proximity to each other with the principal transmembrane
subunit «; in association with the disulfide-linked 0,8 subunit, an intracellular

phosphorylated p subunit, and a transmembrane y subunit (Fig. 9).
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Fig. 9 Subunit structure and regulations of Cav1 channels.

The subunit composition and structure of Ca®* channels purified from skeletal muscle are illustrated. The
model is updated from the original description of the subunit structure of skeletal muscle Ca’" channels
(Takahashi et al 1987). P, sites of phosphorylation by cAMP-dependent protein kinase that have been
demonstrated in intact cells. The actual disulfide linkage between the o, and 8 subunits are not shown.
(Catterall, 2000). o ‘

In skeletal musc]e, single twitches do not require Ca?* from the extracellular space
(Armstrong et al., 19_72)" It has been propo‘sed. that excitation-contraction coupling occurs
via direct mechanical coupling — protein-prbtein interaction — between the: voltagé
sensitive Ca”" channel (DHPR) and the RyR1 or a—R?R ‘c'hamllels in manﬁnals and
amphibians respectively (Franzini-Armstrong, 1970; Adams and Beam, .‘1990). Dun'ng

EC coupling there are voltage-driven conformational changes occurring in the DHPR that _
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are recorded as intramembranous charge movement that precede the channel opening
(Schneider and Chandler, 1973; Garcia et al., 1994). These voltage-driven charge
movements are thought to reflect of movement of the voltage sensors (DHPRs) as they
change to a conformation. This change in conformation presumably gates the opening of
skeletal musclé RyRs (RyR1) in the SR via a mechanical, possibly direct link between
the two proteins (Brum et all., 1988a). In frog skeletal muscle, intramembranous charge
movements show two well distinguishable components (Schneider‘ and Chandler, 1973;
Adria.n and Peres, 1977; Hui and Chandler, 1991). The early component, Qp, which
decays exponentially, and the late “hump”, Qy (see Fig. 10). Pharmacological studies
suggested that Qy might be closely associated ‘with Ca®" release from saréoplasnﬁc
reticulum (Huang, 1982). Using voltage clamp technique, Hui (1983) also speculated that
Qy is linked to Ca** release from the ‘SR. This rdea that Oy chérge is caused by movement
of voltage sensors in the T tubular membrane that activate C‘a2+ release channels in the
closely apposed SR membrane, presumablybvié mechanical coupling was supported by
the results from other labs (Hui, 1983; Vergara and Caputo, 1983.; Hui and Chandler,
1§91; Pape and Carrier, 2002). Nifedipine, a substance that binds to DHPRs and inhibits
L-type Ica inhibits Qy énd in addition it inhibits SR Ca®" release (Huang, 1990). Using
nifedipine during adrenergic stimulation however, did not change the enhanced force
potentiation in frog fast twitch and rat soleus muscles (Arreola et al. 1987, Caims and
Dulhunty 1993). This result suggests that catecholémines enhance a pathway other than

DHPR channels for Ca®* entry.
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100 ms .

Fig. 10 Intramembranous charge movement.

The top trace shows the voltage pulse from -90 mV to -40 mV. The next trace shows the corresponding I
— Lontrot signal. The arrows indicate the early component Qg (left), and the late “hump” Q, (right) (Jong et
al., 1995). ' ' -

Phoéphorylation sites for cAMP-dependent protein kinase (PKA) are found on the a, |
and B subunits of DHPR in skeletal Ihuscle cells (Curtis and Catterall, 1985; Jahn et al.,
1988). Ca®* flux through the ‘channel is regulated by 'cAMP—d‘ependent protein
phosphorylation, (Flockerzi et al., 1986; Catterali, 2000). Ion flux studies in phospholipid
vesicles showed that phosphorylation of the ol and f subunits can greatly increase the
number of functional Ca** channels in purified prepérations (Nunoki et al., 1989;
Mundina—Weiienmann et al., 195;1); furthermoré, single-channel recordings in planaf
bilayer membranes show increases in open probability after phosphorylation by PKA
(Flockerzi et al., 1986). As biochemical studies revealed, PKA ‘is anchored to DHPR
channel b); an A ‘kinase anchoring protein (AKAP) (Rubin CS, 1994; Gmy et al., 1998).
The specific anchoring molecule in skeletal muscle is AKAP1S, a 15 kD protein that

binds to the regulatory subunit of PKA (Fig. 9) (Gray et al., 1997). This close proximity
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makes‘ the cAMP-dependent protein kinase regulation very rapid, with observable effects
within 50 ﬁs (Johnson et al., 1994; Catterall, 2000).

In cultured skelétal muscle cells, repetitive depolarization causes a dramatic
enhéncement of Ca®* currents (Fleig and Penner, 1996) in the critical membrane potential
rainge near to -20 mV. This potentiation ‘is strongly voltage dépendent and also is
depetideﬁ_t on the cAMP - PKA cascade (Sculptoreanu et al., 1993). This may result from
iﬁteraétion between voltage-dependent gaﬁng and phogphorylatioﬁ of the Ca®" channel
ifself (Cattéréll, 2000). This mechanism may gr.eatly‘ increase Ca’" channel activity
dming tetanic stimulation and may play a critical role in regulaﬁon of confractilé force of
skeletal muscle in response to adrenaline and to the frequency of s;cimulation of the motor
nerve (Sculptoreanu et al., 1993) . Also, Arreola et al. (1987) showed an increase of L-

~ type I, in adrenaline in response to low frequency stimulations.

1.2.4 Role of RyR channels ‘
~ When DHPRs in the T tubular membrane activate the Ca®* release channels of the SR
‘membrane (RyR channels), these channels open and Ca** will bé released into the
sarcoplasﬁl. Ca®" release channels in the SR membrane were named after the plant
~ alkaloid called ryanodine. Ryahodine has a potent paralytic action on.skeletal muscle. It
was shown to inhibit SR Ca®’ release by binding with high affinity toa protein present in
the SR membrane (Flei§cher et al., 1985). Incorporating heavy SR proteins into planar
~ lipid bilayer, Sﬁﬁth et al. (Smith et al., 1§85) reported single channel reéord'mgs of Ca**
release chaﬁﬁels. Based on tileir results, Meissner and co-workers (Meissner et al., 1986) |

-suggested that heavy SR vesicles indeed contain Ca®" release channels.
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The RyR channel consists of four polypeptide Subunits of 560 kDa, normally
arranged in a homo-tetrametric structure, whicﬁ contains a carboxyl (C) — terminal
transmembrane domain, and a large amino (N) — terminal cytoplasmic domain, the foot
region (Block et al., 1988; Bhat et al., 1997).

In amphibian skeletal muscle, there are two isoforms of ryanodine receptor channels
present: a-RyR and f-RyR (these isoforms are homologoﬁs with the mammalian RyR1
and RyR3). Using freeze-fracture method, o-RyR iéofonns were localized in the
junctional region, and B-RyR isoforms were localized at the parajunctional region of the
terminal cisternae (Felder and Frénzini-Aimstrong, 2002). By éxd:nining imicrographs
from frog sartorius muscle, Franziﬁi-Annstrong (1970) showed small projections: of the
‘SR membrane whose tips were joined to the T system membrane by some amorphous
material. She called. these projections and the :clmorphous material SR feet. It has been
proposed that these feet portioné of RyR channels are in mechanical contact with DHPRs
(Franzini-Armstrong, 1970) and as noted above, the latter serves as voltage sensor for
these coupled RyRs (Schneider and Chan_dlef, 1973). Bianchi and Bolton (1966) first
proposed then supported by Ford and Podolsky (1968) and Endo et al. (1968) that Ca**
l.itself can actually trigger Ca®" release from the S‘I.{ in frog skeletal muscle. Later, Fabiato
(Fabiato, 1983) observed in cardiac muscle that cardiac RyR2 isoforms cén be activated |
by the local ﬁse (to 1 — 10 uM) of myoplasmic calcium, a phenomenon termed Ca*'-
induced Ca?" release (CICR). Rios and Pizarro proposed that in amphibians, via their
voltage sensors, the depolarization-induced Ca®" release 4from a-RyRs aétivates nearby
B-RyRs through Ca®* -induced Ca’' release (Rios and Pizarro, 1988; Rios a.ndb. Pizarro,

1991). According to this idea, calcium for CICR in skeletal muscle (in opposed to in
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cardiac muscle where the source of calcium is extracellular as well) cofnes from the SR
through the junctionally located a-RyR. | |

- Besides the alkaloid ryanodine and calcium, RyR channels can be modulated with
' other sub,éta.nces. Ogawa and Ebashi (dgawa and Ebashi, 1976) showed an increase of
Ca®* release from the SR in the preéence of ATP on fragmented bullfrog SR. Smith et
al. (1989) using radioisotlope‘ efflux meas'urements‘ also in fragmented SR vesicles
observed that Mg”" in millimolar range blocked calcium releaée. In lipid bilayers, théy
' demonstrated th'?,lt‘ calmodulin inhiBits RyR' channel by reducing the mean duration of .
channel opening, without having an effect on single-channel conductance (Smith et al,
1989).

Analysis Qf the RyR protein séquence in skeletal muscle revealed that it contains
phoéphorylation sites (Suko et al., 1993) and that proteiﬁ kinase A in fact phosphorylates
l RyR1 channels (Reiken et al., 2003). Jayaraman et al. (1992) found that in lipid bilayers
FK506 binding protein (FKBP12) co-purifies with the RYRI. By co-expressing RyR and
FKBP12 in insect cells, Brillantes and coworkers (1994)‘ demonstratéd that FKBP12
moduiates channel gatinlg by increasing channeis with full conductance levels, decreasing
| open proBabiliw (P,) after cé.ffeine activation, and fncreasing mean open timé. Marx et
al., 1998, found, that in lipid bilayérs, addition of FKBP12 to RYR1 induced a process,
they terrﬁed as coupled gating. They hypothesized that co‘uplled gating provides' a
mechanism by which RyR1 channels tﬁat are not associated with volfage-dependent Ca®*
channels can be regulated (Marx et al., 1998). The hypothesis 'suggests that the binding
of four FKBP12 molecules stabilizes a conformation of the RyR that favors channe}

opening to the maximum conductance (Ahern et al., 1997).
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Further investigating in skeletal muscle of dogs with heart failure (HF), Marks and
coworkers (Reiken et al., 2QO3) found that long term sympathetic over-stimulation (e.g.
- stress ’that caused heart. failure in their experimental animals) resulted in weakened
skeletal muscle contractions. In microsomes, thiey identified PKA phosphorylation sites
on RYRI1 at Ser””, and that phosphorylation causes the dissociation of FKBP12 from

RyR1. DiSsociation of FKBP12 increases P, of the channel (Brillantes et al., 1994;
Gaburjakova et al., 2001), »incr'eases its Ca? sensitivity (Ahern et Aal.,. 1997), and in
éddition, inhibits coupled gating (Marx et al., 1998). They suggested that’skeletal muscle
~ contractions in HF animals become weaker because their RyR1 ch;mnels with the
released FKBP12 by PKA phosphorylation becomes “leaky” causing decrease in SR
[Ca®*] (Reiken et al., 2003). However, this idea was not supported with the more
physiological skinned (EDL) and intact (FDL) préparé;ions of rat and mouse muscle
(Blazev et al., 2001). These researchers did not measure any noticeable effect of 1-3 pM
PKA inhibitor H-89 on action potential-mediated Ca®* transients.

Taken together, there are contradicting evidences of whether or not phosphorylation

can cause “leaky” SR at rest.

1.2.5 Role of SERCA1 Pump

In order to produce movements, skeletal muscle has to be able to both rapidly contract’
and relax. During relaxation, elevated [Ca2+]myo has to decrease. In skeletal muscle, this
occurs by the SR by the Sarco-Endoplamic Reticulum Calcium ATP-ase (SERCA).
Sarco-Endoplasmic Reticulum Calcium ATP-ase is located in the membrane of SR in

skeletal muscle. This protein has a total of seven known isoforms which show great
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variability in sequence and tissue expression (Andersen JP and B., 1998). SERCAla is
expressed exclusively in adult skeleial muscle, whereas the SERCAL1b variant is found in
| the same fibers in the fetus only (Brandl et al., 1987). SERCA2a is expressed in both
cardiac and slow twitch skeletal muscles and its function is similar to that of SERCA1la in
fast twitch muscle. (Brandl et al., 1987), SERCA2b is a housekeeping protein involved in
.basal'[CaZJr]myo regulation in B-cells of the pancreas (Armstrong et al., 1972; Carafoli,
2000; Arredouani et al., 2002). The expression of SERCA3 is mostly restricted to some
tissues like pancreatic B-cells (Andersen JP and B., 1998; Arrédouani et al., 2002), and is
weakly expressed in muscle’(Carafoli, 2000).

The SERCA pump is a protein with a hydrophobic region located in the iipid bilayer,
and a hydrophilic region reaching into the cytoplasm (Fig- 11) (Herbette et al., 1977). The
hydrophobic region has ten transmembrane segments (M1-M10) (MacLennan et al.,

- 1985), these segments form a cavity that has high affinity for Ca®* and which is
responsible for the translocation of the calcium ion (MacLénnan etal., 1997).

The SERCAla is the predominant form of the pump in fast twitch skeletal muscle
(Brandl et al, 1987) Its major function is to control cytosolic Ca®* concentration -
(Arredouani, 2004). Its Michaelis constant for calcium (K = 0.4 uM) makes this protein
ideal to efficiently respond to elevated [Ca2+]myo after Ca’* release from the SR (Lytton et
al,, .1992), and restore the elevated myoplasmic calcium concentration to resting levels,

around 0.1 pM.
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- Cytoplasm

SR lumen

Fi% 11 Structure and predicted topology of the SERCA
Ca*" indicates the high affinity transmembrane segments (M4, M5, M6, M8) which form a cavity for -
calcium translocation. ASP 351 is located on the long loop connecting the cytosolic hydrophilic and the
hydrophobic region in the bilayer and involved in the hydrolysis of ATP (Arredouani, 2004).

Thé SERCA1 pump co-purifies with sarcolipin (SLN), a 31 amino acid protein (Odermatt
et al., 1998). SLN decreases Ca>* affinity of SERCAL, but increases its maximal uptake
rate (Fig. 12). As Fig. 12 shows; when preseﬁt at low [Ca“]myo, SLN inhibits Ca?* uptake
but at high [CatzJ"]myo it has a stimulatory effect on uptake rates of the pump (Odermatt et
gl 1998).

As opposed to phospholamban (PLB), a cardiac muscle SERCA2 regu]ator which can
be phosphorylated during P-adrenergic stimulation which leads to an increase in
SERCAz activity (Slack et al., 1997), SLN does not appear to be modulated by
phosphory1ation (Odermatt et al., ‘1998). Another modulator, calmodulin kinase (Ca;MK)
can directly phosphorylate SERCA2 (Toyefuku et al., 1994), but has no effect on
SERCA1 since the latter isoform does not have the Serine 38, the phosphorylation site for

CaMK (Dode et al., 1996 ).
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Fig. 12 Effects of SLN on Ca”" uptake activity by SERCA1
SLN decreases apparent Ca” affinity, thereby lowering Ca”" uptake rates at low Ca>" concentrations, but, at
saturating Ca’* concentrations, ¥, is stimulated. (Odermatt et al., 1998).

The lack of phosphorylation by CaMK (Dode et gl., 1996 ); or through the CAlV[P-PKA
pathway (Oderma& et al., 1998) on SLN-SERCA1 somplex, distinguishes élearly the
response of skeletal mﬁscle from that of cardiac-muscle during ‘adrénergic sﬁmuiéti_on.
I-iowever, the phosphorylation of an unknown Ca®* channel inhibitor or an alternate,
unknown enhancing effect of adrenergic stimulation via the iﬁéréased [CaZJ']myo can not

be ruled out (see Discussion).

1.3 Effects of adrenergic stimulation on excitation-contraction coupling

The effects of different adrenergic agonists on EC coupling have been extensively studied

(for review: Tasken and Aandahl, 2004). It has been shown that adrenergic stimulatioq
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increases forcé potentiation (Gonzalez-Serratos et al., 1981; Arreola et al., 1987; Cairns
SP, 1993; Scuiptoreanu et al., 1993), peak tension, and sustained tension (Huerta, 19915
in frog skeletal muscle. When the muécle ‘is incubated in ISO, it develops a greater force
during contractions (Gonzalez-Serratos et al., 1981; Arreéla et al.,, 1987). Studies with
skinned skeletal muscle fibers revealed, that as opposed to cardiac cells,I adrenergic
stimulation has no effect on the contractile mechénism of skeletal muscle (Rubio et al.,
1975; Fabiato A, 1978). Adrenaline’s positive inotropic effects on frog skeletal mﬁscle as
proposed by Gonzales et al. (1981), may be caused by 1.) increased surface Ca* influx
(Schmid et al., 1985; Huerfa, 1991), 2.) decreased surface Ca?* efflux (Gonzalez-Serratos'
et al., 1981), 3;) faster recycling of Ca** within the cell (Gonzalez-Serratos et al., 1981),
4.) enhanced Caz’; release from the SR (Caimms SP, 1993; Ruehr et al., 2003), or 5..)
enhanced SERCAI pump (Gonzalez-Sérratos et al.,‘1981; Rudolf et al., 2006). Since
adrenaline does not enhance the contractile mechanism in skeletal muscle (Rubio et al.,
1975), these effects may eventually result in a greater Ca>* release from the SR upon
stimulation. The next five f)aragraphs briefly review the main research related to these

five effects.

1.3.1 Increased Ca* influx

In cﬁltu;red skeletal muscle using **Ca**, Schmid et; al. (1985) éhowed that isoproterenol
(ISO) increased . the nitredipine-sensitive L-type 45Ca2 * influx under depoléﬁzing
conditions (K" contractions). They also found that the effects of ISO on increased *Ca*
influx was additive ‘to those of depolarization in the absence of ISO (Schmid et al., 1985).

b

Indeed, L-type Ca®" channels can be phosphorylated by PKA (Sculptoreanu et al., 1993;
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Johnson et al., 1994) and phosphorylation increased Ca** transport across the sarcolemma
again in response to depolarization (Johnson et al., 1994). However, the significance of
these channels in the activation of skelgtal muscle has been questioned, since blocking of
these channels did not diminish the enhancement of contractile force of the intact EDL or
soleus muscle (Arreola et al., 1987; Cairns SP, 1993; Reading SA, 2003). It is also noted
fhat this thesis is concerned with possible ISO-induced Ca®* influx in resting ﬁBers (ie.

held at the holding potential).

1.3.2 Decreased surface Ca”* efflux

Curtis (1966) demonstrated Ca** efflux in resting intact fast-twitch fibers from frbg using
#Ca?". Thereby, he established the presence of both Ca’" influx and efflux in the resting
steady-state condition. | Gonzalez-Serratos et al. (1981) hypothesized that one of
adreﬁaline’s effects on skeletal muscle is to decrease Ca®* efflux across the
plasmalemﬁa. In perfused rat heart, Patten and Clark (1983) showed that adrenergic
stimulation increases [Ca2+]my0. They speculated that Ca** efﬂux was inhibited, and Ca®*
influx was probably enhanced by adrenergic mechanisms (Patten and Clark, 1983). In |
summary, there is no data for or againét the idea that adrenergic stimulation éan decrease

Ca?" efflux.

1.3.3 Faster Ca** recycling within the cell
Gonzalez-Serratos et al. (1981) also suggested that extra calcium release from the SR
which results in faster and stronger contractions may be the result of faster recycling of

Ca?* within the cell. Faster recycling of Ca* is -according to their suggestion- briefer

28



Caz; release and/or enhanced rate of pumping Ca®" back to the SR by the SERCA é.nd/br
faster recovery ffom'célcium inactivation. In intact skeletal muscle ﬁbefs, Rudolf, et al.
(2006) monitored the dynanligs of [Ca®*]sg in the tibialis anterior muscle of the living
mouse during éd:ener_gic simulation while stimulating the muscle through its ﬁotor
nerve. Their results did not show any difference ’in the kinetics of release/reuptake in the
presence or absence of isoproterenol; howéver they “demonstrated an increased efficacy of
the cycle in ISO for motor nerve stimulation (e.g. more Ca®* release and faster réuptake

of Ca®"in ISO during the same time period; Rudolf et al., 2006).

1.3.4 Enhanced Ca?* release from the SR |

Ruehr et al. (2003) showed that the caffeine-indﬁced Ca®" efflux of RyR1 -exiar_essed in

CHO (Chinese hamster ovary) cells- is enhanced by p-adrenergic stimulation via cAMP-

PKA phosphqrylation. They speculated that PKA phosphdrylation of RyR1 channels in

skeletal mﬁécle may play a role in muscle contractility. In their sfudy from Marks’

labofatory, Wehrens et al. (2005) exposed‘ their spécimens to cardiac and réspiratory

stress fo; 21 days before eiamining these long term effects. "‘Hyperphdsphorylation”, as

they termed this long term effect of .adrenergic stimulation; caused cardiac FKBP12.6 to
detach from RyR2 and these channels becqme leaky. They speculated that leakiness
causes the drop of resting SR [Ca®], with this, results in less Ca’* release upon
stimulation, and weaker c’ontfactions, causing heart failure in their specinien_s (Wehreng
et al., 2005; : Andre\;v M. Bellinger, 2008). They observed that skéletal \muscle
contractions in thesg animals are more fatigablé, and spéculated that this was caused by

hyperphosphorylation of skeletal RyR1 channels and lower [Ca®*]sg. On the oth'er.hand,

e
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Rudolf et al. (2006), using yellow caméleon (D1ER), -a genetically encoded ratiometric
fluorescent Ca®" indicator which is éxpre_ssed in the SR- measured a greater drop in
[Ca® sk in ISO than in control experiments during single twitches and higher frequency
stimulations. In contr;clst to the speculation above of a drop in the [Ca®*]sr, they also
estimated a small increase in [Ca®*]sr in ISO. However, their study can be criticized by
tﬁe fact that their dye has a very high affinity (Kypiggr) = 60 M, Palmer et al., 2004).
This fact probably prevented them from reliably monitoring the»lchanges in [Ca®sg at
phjsiological level (~0.6. mM at rest). Based on their results they suggested that
adrenérgic stimulation results in a greater Ca”* release from the SR which in turn causes a

greater force in muscle contraction.

1.3.5 Enhanced Ca®' ﬁptake into the SR

As described in section 1.2.5, t_he absence of PLB in fast twitch skeletal muscle makes
phosphorylation of SERCAla less likely (Brillantes et al., 1994; Marx et al., 1998;
Gaburjakova et al., 2001; Marx et al., 2001), In studies in vivo and intact preparations
- Rudolf et al., (2006) experienced that during thé same time period more Ca®" is taken up
by the SR in fibers stimulated by isoproterenol compared with controls. They suggest that
éAMi’/PKA may have an indirect effect on SERCA activity, mediated ny PKA activation
of glyqogen metabolism which increases the availabilify of ATP (Rudolf et al., 2006).

This effect méy explain a higher Ca** loading of the SR upon B-adrenergic stimulation.
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1.3.6 Other ways to enhanéé the force of twifch ‘tension by adrenaline
It is important to hote that besides increased [Ca?*Jsg there are other possibilities for‘
ISO to enhance the force of twitch tension. Adrenergic stimulation can.increase the force
of ~tWitch tensioﬁ by modifying SR Ca®" release feedba-ck mechanismé, without actually
increasing [Ca®*]sg. I will shortly discuss the four most common sites where 1SO could
influence these mebhanisms. | |

The first-discovered mechanism is calcium inactivation of Ca®* release, a negative
feedback mechénjsm which_ rapidly inactivates the SR Ca*" release channel. This
mechanism was first described by Baylor et al. (1983) and also showed by Schneider and
Simon (1988) in voltage clamped intact frog muscle fiber. Jong et al. (1995a) further
characterized this mechanism in frog cut fibers

Jong et al. (1995b) al.so in frog cut skeletal muscle found a positive feedbaék
mec_hahism of Ca®* release on the kineticé of Iy, the late component of intramembranous
charge mo?ement wﬁich is thought‘to be in close association with Ca2+ release from the
SR. They suggesfed that the acceleration of .the ON kinetics of Iy is produced By SR/‘Ca2+ -
"rele.ase énd tI;e accompanying increase in free [Ca’’] that is expected to occur at
myoplasmic sites near open RyR channels. They showed maximal effect when [Carlsr
" neared 300 uM, about a 1/10th of the physiological value.. |

: f’ape et al. (1996) found a strong negative feedback .mechanism of Ca®" release on Iy

that ﬁrsé slows then eséentially shuts down Iy. This mechanism becomes apparent when
 the rate of Ca?" release from the SR increases above a certain level.
Pape & Carrier ‘(1998) foﬁnd Ca-induced Ca®* release (CICR) evidenced by a

decrease in release permeabition when [Ca’']sg decreases from 300 uM to near zero.
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Results of Fenelon & Pape (2002) with depolarization to -60 mV indicated that activatioh
of neighboring Ca”" release channels are not involved so that Ca’* released ’from an SR
~Ca** release channel increasés Ca®" release through an “autoreguiatory process”. Pape,

Fenelon & Carrier (2002) found a‘ CICR mechaﬁism consistent with recruitment of

neighboring channels at more depolarized pofentials (they studied -45 mV) when [Caz‘;]SR

is near physiological levels. This mechanism enhances Ca** release by 7-fold or greater.

If 'adrener'gi.c stimulation decre;ased the effect of one or both negative feedback
mechanisms or enhanced one or both of the positive feedback processes the resuiting
greater Ca®* release from the SR would Gause & greater twitch tension. Since it appears
that the DHPRs and RyRs might be phosphorylated by adrénergic stimulation, it seems
likely that one or more of these feedback ‘mechanisms might be affected. These effects h
could be additive to the .increa,se of [Ca®*]sr showed in this studj They also highlight the
need for 'cautidn-when interpreting the effe§ts of ISO or other agents on the tensioﬁ
response. Namely, 'a change in Ca®" release associated with ISO stimulation -or some
other agent or condition- does not necessarily mean a change in [Ca*]sr as is‘ often

proposed. Also a change in [Ca®*]sg would be not necessarily mean a corresponding

change in SR Ca® release owing to the tight feed back control on Ca®* release.
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1.4 Effects of adrenergié stimulation on resting muscle

1.4.1 Adrenergic stimulation appears to enhance SERCA1 activity

The resting level of myoplasmic calcium in skeleté.l muscle is maintained by two pump
proteins. These are the SERCA1 pump, and the plasmalemmal calcium pump (PMCA1)
(Mi<‘:halak et al., 1984; Shannon et al., 2000). These pump proteins are the most likely
candidates for this job because they affinities are very close to the resting free calcium
concentration in the saréoplasm .(Km = 0.4 uM, for SERCAL1 (Lytton et al., 1992), and Ky,
= 0‘.2—1.0 uM for PMCA1 (Balnave and Allen, 1998)). The surfacé sodium-calcium
exchanger (Na/CaE) is also responsible for vreston’ng the resting levels of myoplasmic
Ca®*, but because of its low affinity for [Ca2+]myo (K = 3uM), its major funcﬁon is most
likely the removal of Ca?* from the myoplasm at higher than resting concentration, e. g.

during high frequency contractions (Balnave and Allen, 1998).

1.4.2 PMCA is phosphorylated by PKC‘

Zurini et al. (1984) showed that the Plasma-Membrane Calcium ATP-ase (PMCA)
possesses an autoinhibitory doﬁain. They demonstrated that PMCA pump can be
phosphorylated by PKC in the middle of its calmodulin- (CaM) binding domain. This
phosphorylation completely prevents CaM binding and lowers the affinity for Ca’* of the
the active site (K4 increased from 0.2 pM to one around 30 uM), kee;ﬁng the pump

essentially inhibited (James et al., 1995). Gonzales-Serratos et al. (1981) speculated that
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jnhibited Ca®" efflux will cause an increase in [Ca2+]my°? and this extra calcium will be
removed from the myopiasm by SERCALI and, as a reéult, [Ca2+]SR will increase.

Martin et al. (1990) using lighty microscopic’autoradiography on rat soléus and
gastrocnemius muscles demonstrated the presence of al adrenoreceptors. in slon and fast
twitch skeletal muscles. Activating al receptors with ISO increases [PKC] through the
IP3 — DAG pathway (Leeb-Lundberg et al., 1985). It is possible, they speculated that
‘ increased PKC level through adrenergic stimulation of al receptors (LeeB-LUndberg et
al., 1985) autophosphorylates the_PMCA pump causing its inhibition (James et al., 1995).
This supf)orts the possible mechanism of increasing fiber Ca® content by delaying Ca®*

efflux through the PMCA surface Ca* pump.

1.4.3 ISO increases myoplasmic pH

Owen (1986) showéd a 0.06 pH umt alkalinization in ISO with cultured smooth muscle
cells. She proposed that. al recepfor stimulation. increases the IP3 level (thereby
stimuléting surface Na-H*-exchanger (Na/HE)). Also, in frog cﬁt skeletal muscle fibers
using EGTA, Pirouzi measﬁ_red a 0.05 pH unit increase of mybplasﬁﬁc pH during 10-

minute ISO exposure (Pirouzi, 1999).
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1.5 Objectives of the study

'1.5.1 Goal
Our goal was to determine if adrenergic stimulation -as previously speculated- does -
indeed increase [Ca2+]SR. Also, we Wénted to answer the question as’ to whether such an
increase in calcium content can occur-in resting fibers (as suggested by the results of
Gonzalez-Serratos et al. 1981) or whether it réquires stimulation in order to activate

voltage-dependent Ca®* channels (as ‘suggested by the results of Arreola et al. 1987).

'1.5.2 Working hypothesis
Our working hypothesis was based on early studies with frog fast twitch skéletal muscle
that showed catecholamines’ positive inotr(;pic effect on twitch tension (Oota and Nagai,
1977‘; Gonzalez-Serratos et al., 1981; Arreola et ai., 1987). Researchers speculated, but
never directly measured, that these enhancing effects are due to enhanced SR Ca®* pump
an(i thereby the increased concentrationlof Ca®" within thé SR (Gonzalez-Serratos et al.,
1981), or simply the enhénced Ca2+‘inﬂux into the saréoplasm from the extracellular
space via a Ca?* channel other than L-type (Arreola et al., 1987).

We hypotheéized that adrenefgic stimulation _increaées re‘sting. [Ca**]sg by increasing
surface CaZ influx and 1n addition, it enhances SERCA. Also, we hypothesized that these

enhancing effects can occur at rest.
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1.5.3 Specific objectives

The objective of this thesis was to answer the following qﬁestions:

1.) Is [Ca®*]sg increased by iSO?
It was anticipated that the answer for this objective would resolve the
contradiction of possible explanations for the observed tension response . of
Gonzalez-Serratos et al. (1981) and Arreola et al. (1987). The former results were
connected with an increase in Ca®* content in the resting state (enhanced: tension
response with 1 action potential) whereas the latter indicated that the ‘e"nhanced

tension response required multiple action potentials.

2)1Is [Céz+]SR (in the absence of ISO) influenced by whether or not Ca*' is pfesent in the
external solution?
If yes, this would indicate the presence of a significant Ca®* influx at rest. (N.B.
that a net-zero surface Ca2+ flux caﬁ 6ccur wifh influx balanced by efflux.
Eliminating influx by removing external Ca** would reveal é. resting efflux, if
present). |
3.) With partial reduction of calcium load, is [Ca2+]SR inﬂuex;ced by véhether or not Ca®*
is present in the external solution?
Ifa store-oberated mechanism —like that rev.ealed by total depletion- is involved
in regulating [Ca2+]SR at physiological levels of [Ca**]sz, then a Ca®* influx
should be activated with péﬂial depletion. This would be indicated by a greater

value of [Ca2+]SR with external Ca?* present.
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4.) If an increase in [Cai+]sg by ISO is involved, is the rate of this increase influenced by
h&perpolarizing the fiber (from a holding potential of -90 ﬁV to -110 mV)?

In case if ISO increases [Ca®*]sw, are voltage-dependent Ca** channelé involved?
5) Determine whether ISO effects on [C52+]sk are reversible or not?

6.) Confirm whether ISO increases myoplasmic pH.
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2. MATERIALS AND METHODS

2.1 Isolation and preparation of single muscle fiber obtained from the frog.

1In this étudy, we used fast twitch skeletal muscle fibers (semitendinosus) from the hind
: leg of the American Bﬁllfrog (Rana catesbeiana). .Bull frogs were kept at room
terhperature in partially water filled large terrarium containers and were fed regularly.
~ Bull frogs were killed by decapitatioh and spinal cord destruction with protocols
approved by the Comite d’ethique de I’experimentation animale at the Universite de
Sherbrooke (protocol 126-08). Fast twitch semitendinosus and iliofibularis muscles Were
removed from the hind leg of the ﬁog and then blabed in isotonic, 245 mOsm Ringer’s
solution and kept at -2.2°C until furthe_f processing. Muscles were not used after 48 hpurs.

Semitendinosus or iliofibularis muscles wefe lightly stretched and pinned in an agar
filled Petri dish under Ringer’s solution. After securely pinning the muscl_es, .the Ringer’s
were changed to a high-potassium, calcium-free‘solutic_m (relaxing 's'olution-), _Which
caused a transient contraction ‘of the muscle followed by relaxation. Before isoléting

muscle fibers, the muscle was left for about 60 minutes until it completely relaxed.
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2.2 The double Vaseline gap chamber

With the aid of a dissécting stereo microscope, a cut section of a single fiber was
mecharﬁcally isolated and, after céreful examination to verify visual damage, it was
stretched to a sarcomere length of 3.5 — 4.0 pm and mounted on a double Vaseline;gép
.chamber (Fig. 13, 14) (Hille -an& Campbell, 1976; Pape et al., 1995; Pape et al., 2002). |
The cut ends of the .ﬁbe.r were fixed with delrin clips and the clips were held to the
bottom of the end pools with Vaseline, holding the fiber at its stretched Iength. Vaseline
* seals provided electrical isolation between the central pool gnd the two end pools. T_wb :
Lucite covers, applied partially over the central and end pbols, provided nominally

complete isolation of the central and end pool solutiéns (Irvihg et al., 1987). Soon after

moun.ting,"the membrane of the fiber m the end pools were permeabilized to small

molecules and ions by a 2 minute exposure to a deférgént (0.01% saponin) dissolved the
in internal solution similar to that used fér the cxpe‘rimen‘t (Pape et al., 1995).’ The end

pools were then rinsed thqfoughly with the same interﬁal solution not contaim;ng‘ saponin.

The central pool solution was changed to Riﬁger’s solution or 0Ca I.EGTA Ringer’s

solution (fdr cdntrol experiments). a | B

The chamber was then transferred to the experimental apbaratus where electrical

connections were made betweén the electrical apl;aratus and the solutions m the two end

pqois and in the central pool (Fig. 13, '14) with the use of agar bridges. One of the end

pools, denoted by EP1, was used to measure 'potential (Vl) and the other end pool

denoted by EP2, was used to inject current (125. The central pool (CP) was maintained at

earth potential by ‘a bath-clamp amplifier. The potential in end pool 1 was maintained at
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-90 mV (V1), by .passing a small holding current into end pool 2 and collecting it 1n the
central pool. Unless indicated, Vl.was alwéys held at -90 mV. V1 was controlled by the
command voltage across a 26 MQ resistor in series with the fiber. Once on the stage r>f
the experimental apparatus, the chamber’s temperature was maintained at 14 - 16°C by its
contact with a copper block cooled by cirdulating water from a temperature-regulated

water bath (Pape and Carrier, 1998).

. X - 300 ym e — 500 ym - 300 um X
EP, e EP,

- — e W % ewn

VS VS

Vi Vg Iz

Fig. 13 Double Vaseline gap chamber. The solution that bathes the fiber is separated into three
compartments by two ~300um long Vaseline seals (VS). EP1, the left-hand end pool used for measuring
voltage V1, and EP2 the right hand end pool used for passing current 12, as well as monitoring voltage V2.
CP denotes the 500 um long central pool, which was held at earth potential. S denotes the spot also referred
to as optical recording site. The dashed lines in both end pools represent the saponin permeabilized fiber
segments. The elctrophysiological device is described in section 2.3. ‘

(Figure after Irving et. al, 1987)
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Fig. 14 Photograph of the double Vaseline gap chamber used for the experiments.

The thin black line between the white clips indicates the position of the fiber. The plastic clips are for
holding the fiber in place. The clips are in the end pools (EP); the fiber reaches from one end pool into the
other across the central pool (CP) (Photo by the author).

2.3 Instruments for data acquisition

During ihe course of an ex;pcrimenf a maximum of eight signals were monitored: four or
six optical signals (0 — 5), and two electrical signals V1 in EP1, and 12, the current
injected to the fiber in EP2 to maintain the holding potential. 12 current is the injected
current that maintains a steady resting potential of the membrane (denoted ). I was

used to indicate the quality of the Vaseline seals and surface/T system membrane.
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2.3.1 Current clamp recording

Agar bridges, filled with the appropriate end-pool or central-pool solution, provided
electrical connectioné betwéen the three compartments and five small sidé pools (one for
.each electrode of V1, VO, 10, 12, V2) filled with 3 M KCI. These side pools were ﬁtted
with Ag/AgCl pellets. These pellets served as electrodes.

Before each experiment, the Ag/AgCl pellets still fitted in the side pools were bathed
in 3-6% sodium hypochlorite (NaOCi - blgach) for 15 minutes. This procedure
rechloridized the pellets and virtually eliminated the junction potential between the
Ag/AgCl pellets and the side pool.solution (3 M KCI). At the beginning of each
experiment, we measured the volté.ge between the side poolé that were connected to EP1
and CP, with a 3 M KCl agar bridge. In rare cases when the voltage was 1 mV or greater,
the 3 M KCI was removed from the side pools and the rechlorization procesé was
repeated. At the end Aof the experiment the measurement was repeated, so that electrode
drift could be assessed. The electrode dnft was génerally withip 1 mV.

Monit_ored through the left-hand end pool (EP1), fibers: were held at their resting
potential of -90. IIZ.lV (V1, Fig. 13, 14). Currents were collected by the bath clamp in the
central pooi. The electrical apparatué has been. described in section 2.3. Briefly, signals
were filtered by a four-pole Bessel filter with a switch—éelectable amplifier before and
after the filter. The signals then were multiplexed and sampled by an A/D converter in an
ITC16-MAC computer interface device which was connected to a MAC computer.

Since there was no action potential stimulation during these experiments, the major

goal of électrical recording was to maintain the fiber at the resting potential.
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2.3.2 Zeiss Axiovert 100 Inverted microscope setup

Optical measurements were performed using a Zeiss Axiovert 100 inverted microscope
(Carl Zeiss Iﬁc., Oberkochen, Germany). As Fig 15 shows, the chamber with the cut fiber
was placed on the stage of the inverted microscope. When the shutter (S) was opened, the
fiber was trans-illuminated by white light from a tungsten-halogen bulb (400 — IIQOnm,
TH). The light beam was focused on an area of the fiber (see spot S in Fig. 13, and MF)
in Fig. 15) by a 20X water immersion condenser (CON) ijective (ICS Acroplan
Infinity-corrected objective NA 0.4; Carl Zeiss, Inc., Thornwood, NY), and the emerging
light was collected by a 32X infinity-corrected (OBJ) objective (NA 0.4; Carl Zeiss Inc.),
and passed through two dichroic mirrors and two beam splitters. The first dichroic mirror
(505 DRLP) reflects light below 505 nm and transmits longer wavelengths. The reflected |
shorter wavelengths were sent through a 485(22), 470(30), or 480(30) nm band ﬁlter,
focused by a .lens (L1) on a photodiode (PD1). (Band filters pass light through within a
range of wavelengths. For example, the 480(30) filter passes light from 465 to 495 mri).
Ihe transmitted light then passed through the second dichroic mirro:r (505 DRLPXR)
which reflects light above 650 nm and transmits the lower wavelengths. The re.ﬂected
beam passed throﬁgh a 675(40) or a 690(30) band filter, and then a lens (L2), .which
focused the light on a photodiode (PD2). Since neither of the dyes used in our
experiments absorb light at these wavelengths, this channel was used for monitoring the -
intrinsic change of the fiber during the experiment. The remaining light that is transmitted
through the second dichroic mirror was then split by a 40/60 beam splitter and was sent
_through a 530(30) and a 555(50) or 560(30) band ﬁlt¢rs- respectively, and picked up by

two photodiodes (PD3, PD4 respectively).
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Each photodiode was connected to an operational ampliﬁer circuit, which had a 10
MQ f;:edback resistor. Thé V2 and 12 .signals plassed through separate voltage followers
(VF-4, World Prccision Instruments, Sarasota, FL), and together with the photodiode
signals, paSsed‘through separate instrumentation ampliﬁer/ﬁlter channels. Each' of the
signals was filtered by a four-pole Bessel filter (824L8L-4; Frequency Devices Inc.,
Haverhill, MA) With its cutoff frequency set to 1 kHz. Sepa;ate_ switch-selectable
ar‘npliﬁeré were placed before (gain éf 1, 10, or 100) and aﬁér (gain of 1, 2, 5, or 10) the:
filter in each‘channel.,Tllie sigqals were multiplexed and safnpled by a nominal 16-bit
AD converter in an ITC16-MAC cbrﬂputer interface device (Instrutech Corp., Great
Neck,_N?{), which was connected to ’a'Pc.)wer Macintosh 7100 chhputer. DJ/A ports of the
interface were also used to control the shutter and the voltﬁge command. Stimulation and
sampling protocols wﬁtten in C were downloaded into the ITC-16 MAC ;interfacé, which

then controlled the data acquisition during the experiment.

2.3.2.1 Calibration of the’s'efup
This section describes how the effectivé extinction coefficients (_e) were determined on
our éetup. ‘

The interferencg filters used in the experiments were calibrated for their extinction
éoeﬁicieﬁts with TMX and CaTMX solutions in the above described Zeiss Axiovert 100
setup. The solutions we used for the calibratibn_'protocoi were “Blank” with 150 mM
KCl, 2 mM MgClz, iO PIPES, pH 7.0; “0” solution with 2 mM TMX added to “Blank”;

and “1” with 10 mM CaCl; added to the 2 mM “TMX” solution. -



PD1 PD2

PD3

Fig. 15 Schematic diagram of Zeiss Axiovert 100 optical apparatus

The apparatus simultaneously measures: four wavelengths (PD1 — PD4). SM, spherical mirror; TH 100W
tungsten halogen lamp powered by a regulated constant-current power supply; L, collecting lens; HF, heat
filter; PM, plane mirror; S, computer controlled shutter; FD, field diaphragm; CON, water immersion
condenser objective; MF, fiber in the experimental chamber with glass coverslip bottom; OBJ, objective,
L1 — L4 lenses focusing light onto the photodiodes PD1 — PD4; F1 — F4, bandwidth filters; 40/60 beam
splitter; SOSDRLP, dichroic mirror reflecting wavelengths from 449 nm - 515 nm, transmitting light with
wavelengths below and above the transmitting range; 505 DRLXPR; dichroic mirror transmitting light
between 530 and 670 nm, reflecting light with wavelengths below and above the transmitting range (see
more details in text). Position of filters: PD1 480(30) nm, PD2 675(40) or 690(30) nm, PD3: 530(30) nm,
PD4: 555(50) or 560(30) nm. :

45



Light intensities at each wavelength (I(\)) were recorded in “Blank”, “0”, and “1”

solutions. From these data we calculated the absorbance (A(M) of the interference filters

in TMX and CaTMX as follows: -

Beer’s law is given by

A=£ff*c

@.1)

L 22)

2.3)

where A: absorbance, g: extinction coefﬁcients, I: path length of the light across the fluid,

c: concentration of the dye. Combining the Beer’s equation for two filters, A and 520

gives:

Ao(ﬂ) - gim(/l)*f*c

CA(520)  £(520)*%£xc

24

46



Since the path length (/) and dye concentration (c) are the same, they cancel, and by

rearranging:

A,(1)* £(520)

A(520) 3)

2 (A)TW. =

which gives the extinction coefficient in TMX of the filter of (A) wavelength.
520 nm is the is.osbestic wavelength of TMX sdlutioﬁ. At the isosbestic wavelength the
absorbance of the calcium-free and calcium-bonded forms of TMX are th;: same (see Fig.
16, where the two spectra ihtersect). The extinction coefficient at this wav;length is
15,800 M on" (Mayli et al,, 1987).

In cases when. Ca®' is added to the solution, concentrations in eqn. 2.4 won’t cancel

since different TMX species in different concentrations are present: free TMX ([TMX]);

~and TMX with Ca** bound to it ([CaTMX]). This corresponding equation is:

A(A) _ o (A)* £¥[CaTMX] | £1y (A)* £ +[TMX]

CAGS20) (520 *€*[TMX],  £(520)*£*[TMX], (2:6)

The extinction coefficient at wavelength A in CaTMX calculated by the following steps:

2.7

from eqh 2.6, and
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Ay (’1) _ gTA‘ﬂ( (’1) » (2.8)

. Ro = -
A(520) &(520)
_from eqn (2.4), and
CaTMX ‘
g =lcalx], 2.9
(TMX],
- then substituting eqns. 2.7, 2.8, 2.9 into eqn. 2.6, and reanangiﬁg: -
Ecame(A) ' ‘
R =R, *(1- f)+—CoIMX = & 2.10
S RU- IS e
and by rearranging,
: —R.(1- ) *e&(52
_ Ecamx(l)=(R’ R, (- f))*&(320) @11)

f

The concentrations of tofal TMX and TMX with calcium ([TMX]r and [CaTMX],
respec_tively) are ne:eded for obtaining their ratio (f) in order to solve eqn. 2.11. The
concentrations of these TMX species were determined by fitting (using the least squares
fit method) the absorbance spectrum of CaTMX solution done on spectrophotomefer.

Fig. 16 shows a TMX-CaTMX spectrum which was used for the fitting process. The
isosbestic wavelength is at 520 nm, where the two spectra intersect. Absorbance values

are normalized to the absorbance at the isosbestic wavelength (520 nm). The spectrum
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was plotted by using absorbance data measured in every 5 nm in the range of 400 — 700

nm on the spectrophotometer.

absorbance
-
1

T L] T Al T " |
400 450 500 550 600 - 650 700
wavelength (nm}

Fig. 16 TMX absorbance spectra.

CaTMX: TMX with calcium, TMX calcium free TMX. Absorbance values are corrected for oCa and
normalized to the isosbestic absorbance, which is at 520 nm, where the two spectra intersect.. Exp: 9 mars
2001. ' . '

For the calibration on the setup, the 520(10) filter was assumed (and veﬁﬁed) to be
isosbestic. Its extinction coefficient wés assumed to be 15,800 M'em?, the value
determined from ‘spectrophotometer. measurements for the isosbestic wavelength of 520 '
nm (Mayiie et.al,, 1987a). Absorbances with the 520(10) filter thereby served as

references for the other filters (see eqn’s 2.7 and 2.8 fo give‘Rl and Ry, respectively).
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The first column in Table 2.1 shows the bandwidth ﬁlters calibrated on the setup‘. The -
second and th1rd columns show the calculated effectlve extinction coefﬁc1ents, specific to

the setup

Filters (A) €TMX €CaTMX

nm M* cm” M’ cm™

(4] @ 3.
480(30) 7931 126711
485(22) 8071 27439
520(10) 15800 15800
530(30) 15419 10437
§55(50) 11683 3324
560(10) 12495 2955
570(30) 10110 2406

675(40) 0 0

Table 2.1 Extinction coefficients of the different interference filters used in the experiments

Data from filter calibration experiments: 319071, 319073. Column 1 shows the wavelengths monitored
during the calibration, columns 2, 3 indicate the extinction coefficients calculated with eqns 2 1-2.11
[Ca)]r=6.7 mM, [TMX]1=2.21 mM, [CaTMX]—l 47, fCa=0.6674, [Ca>"1=5.22 mM,

Calculations shown in APPENDIX — C show how information about the,‘conce‘ntrations
of Ca-bound and Ca-free TMX ([CaTMX] and [TMX], respectively) is derived from the
measurement-derived ATMX signals during an experiment using the least-squares method

‘ and the value for the extinction coefficients determined above.
2.4 Method for estimating [Ca’*]sg with TMX

| 2.4.1 TMX is a reliable calcium indicator in the SR
This section explains the advantages of using TMX as calcium indicator in the SR of

resting muscle. 1.) TMX has a finite but slow rate of penneabilityl through membranes so
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that it is sequestered in the SR. .2.) The Kq4 value of TMX of 2.6 mM-is significantly
greater than [Ca®]sg (~1 mM) s0 that saturation is avoided thus TMX is responsive to
changes in [Ca2+]SR. On the other hand, K4 of TMX is not so great, that [CaTMX] is
redﬁced to an exteﬁt that it becomes difficult to measure. 3.) TMX shows little if any
binding to fixed sites in the sarcoplasm (Maylie et al., 1987), also results of Pape et al.
(2007) indicate a lack of binding of TMX to fixed site's in the SR. It is noted that almost
all dyes do display a large degree of binding to ﬁxe& sites 4.) Essentially no CaTMX is
present in the myoplasm so that all of the CaTMX signal would be from the SR. The
virtually zero [CaTMX]nyo is due to the Kq of TMX and the low [Ca**]myo: SCamyo, the
fraction of Ca**-bound TMX in the sarcoplasm = [Caz‘f]myo'/ ([Ca% |myo + Kq). If [Ca* Lanyo
is 10* mM which results the fCapy, to be 4 x 105, which is negligible. Moreover, no Ca*
was present in the internal solution or added to the end pools so that there should be
éssentially no CaTMX in the sarcoplasm. |

TMX, however, does bhave one disadvantage namely that it freely crosses SR
membrane so information about the éonc_entration éf TMX in the SR ([TMX]sg) is not

readily available. One approach to deal with this problem is described in section 2.4.4.

2.4.2 Calculating Ap(A), the dye-related absorbance at different wavelerigths |
As described in Pape et. al. (2007), intrinsic absorbances were subtracted from raw
absorbance (Anaw) measurements to yield the dye-related absorbances (Ap).

To calculate Ap at a given wavelength (A), first A.,,, was calculated:

I A) '
A, (A)= logm%-(—j@ | 212)
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where 1 is the intensity of the light passing tiirough a rectaingular area (spot), fncused on
. the center of the fiber, and Igpot off IS vthe intensity of light when the fiber is movéd out.of,
the field. | |

I;pét_off measurements were performed at the beginning and at the end of the.
.experiment and the value of Ispolt_off for each run were deterrnined by linear interpolation. :
There was generally little éhange in light intensity in Lo o between the beginning and
the end of the experiment, so that the error due to the changing light intensity from the

lamp was generally small compared to the errors discussed below.

The spot-on corrected absorbance (Asoc) was calculated with the following formula:

ASOC (2’) = Araw (’1)_ Aspot_on (’1) . | : " l ) (2'13)
where
L g ,
A, . (A)=log,, 2L 2 | (2.14)
spot _ ( ) 10 Ino_dye(i) ) . ‘ ) .

 Aspot_on(A) is the value of the intrinsic absorbance of the fiber. Ino aye is the _light intensity .
measured just before adding dye to the end pools.

Finally, the dye-related absorbance is calculated by
Ap(M) = Asoc(h) - Asoc(Mong) | 2.15)

where Asoc(Mong) 15 the spot-on corrected absorbance at long wavelength where the dye

does not have detectable absorbance (675(40) nm in the majority of the experiments). (It
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is important to note that the Lo ofr Values in eqns 2.12 and 2.14 are for different times, so
they do not necessérily cancel when eqns 2.12 and 2.14 are substituted into eqn‘2.15).
The method used to obtain AD (eqn. 2.15), assumés, that any changes in . intrinsic
absorbance are independent of wavelength. This was verified as shown by Fig. 20 in

Results.

2.4.3 Determining fCa during an experiment
In this study, we monitored the absolute values of absorbances of thé dye TMX at

different wavelengths in order to determine the fraction of TMX complexed with Ca**, |

given by fCa:

_ [CaTMX]

a —m—_]—, (2.16)

The following calculation shows how fCa in the following equations was determined
during an experiment from the measured absorbances at wavelength A and at the

isosbestic wavelength of 520 .

A(A)= £ ()% 1% [TMX ]+ fCa(A)* 1 ¥ [CaTMx], @17
A(520) = £(520)* 1 *[TMx], . | - (218)
The ratio R is calculated by:
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; __M_smx(’l) _ €carmx
R=16520)" &(s20) o fcq)+e(520)fc . @19)

and by rearranging,

é(szo)_% ~enn(A)

ec;mx €y ('1)

fCa = (2.20)

24.4 TMX gives an estimation of total resting SR calcium [Catlsr
The first step towards deténnining'[CéT]sg was to calculate the fraction of total TMX in a
fiber that is cdmplexed with Ca?" , denoted by fCa as described in the previous section
(eqn’s 2.17 —2.20). o |

As the follov;'ing steps show, fCa gives information about [C32+]3R and [Car]sg. These -
steps are illustrated by the foylll‘owing‘ scheme: - |
| fCa = fCage — [Ca* ki — [Carls
The ﬁfét step used the relationship between j‘Ca of &e whole fiber given by eqn. 2.16,
and the &acﬁon of total TMX in the SR complexed with Ca?" (denoted fCasg),
determined by 'Lamboley and Pé.pe (2008).“ In their study, éut_ muscle fibers were
equilibrated with TMX and relaxing solution internally and relaxing solution externally.
- After the dye diffusion period (~ 60 minutes), opticé.l measurements were pefformed to
.determine fCa (Fig. 17, abscissa). 0.01% (v/v) saponin then was added to the central pool
to permeabilize the sarqolemma but leave the SR membrane intact. TMX quickly

: diffused out of the myoplasm across the permeabilized sarcolemma into the central pool,
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decreasing it’s concentration to virtually zero. Optical measurements were then
perfqrn;ed to determine fCagr (left-side ordinate in Fig. 17), plotted as filled circles; The
right-side ordinate indicates the free Ca®" in the SR ([Ca®']sr) obtained by eqn.z.zl using
fCagr. This gives the relationship between fCa and fCagr. Once fCagp is determined, the

following function was used for calculating [Ca®*]sg:

Ca,, *K
[Ca®]g = S0 2 Ra 2.21)
1- fCag ) ’

The curve in Fig 17 is the least squares best fit of eqn B6 in Appendix B to the SCagr vs.

SCa data. This best fit curve can be used to estimate [Ca®*sg from fCa for the whole fiber.

3.0
0.5 - E
0.45 ‘:2 0
0.4 ’ g
£ 0.35 L =
2 £
0.3 L
] (1.0 B
+
§ 0.25 - . < (0.8 %
L o
@ 0.2 0.6
3 |
9 0,15 4 . 0.2
0.1
Lo.2
0.05 -
0 T LD 0
0 0.1 - 0.2 0.3

whole fiber f£Ca

- Fig. 17[Ca™|s obtained with TMX by calculating fCa from the whole fiber, vs. that from the SR only
The abscissa shows fCa values measured in the whole fiber. The left-side ordinate shows values from the
same fiber after permeabilizing the sarcolemma with saponin. Data points are the results of individual
experiments. The curve is the best fit to the measured.values. The right-side ordmate shows the
corresponding [Caz*]SR values (modified after Lamboley and Pape, 2008).
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Using the value of [Ca®"]sg obtained with eqn. 2.21, fcsq the fraction of calcium-binding

sites occupied by Ca®* on calsequestrin from Pape et al., 2007, defined as follows:

Foso I [ca* ] (2.22)

b
Ca 2 ]SRn + kd,CSQn

where the‘value of Hill coefﬁcient n = 2.9, kqcsp, the dissociation coefficient of CSQ for
Ca?* is 1 mM. = |

The next step was to determiﬁe the total calcium content of SR ([Car)sr). Using the
values of [Ca**]sz and Jesq (obtained wifh eqn. 2.21 and 2".23, respectively) and
substituting them into eqn. 2.23 below taken from Pape et al. (2007), we can calculate the

total calcium content in the SR.

[Car )y, =|Ca* b + fusp -0 +[CaTMK]ge. 2.23)

where Qr is the concentration of Ca**-binding sites on calsequestrin referred to SR
volume. For more details and explanation of the relationship between fCa, [Ca®"|sg and

[Cart]sr see Fig. 23 in section 3.4 in Results.
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2.5 Solutions used

2.5.1 Relaxing solution -
Relaxing solution was used in Petri dish for isolating single fibers, and for mounting the
cut fiber into the chamber. . |

Composition of Relaxing solution (in mM):

Solution K-glutamate PIPES EGTA MgS04&7H,0
Relaxing 120 5 0.1 ' 1.0

The pH.of the solution was adjusted to 7.0 with KOH, and the osmolality to 245 mOsm.

2.5.2 Internal Solutions

For the majority of the experiments we used two different internal solutions. In one we
used potassium-glutamate internal solution with no calcium added (0.1 EGTA, OCa). In
expérimeﬁts where we lowered the calcium content of the fiber, the internal solutiéns
included 20 mM EGTA (20 EGTA, 0Ca):

Composition of internal solutions (in mM):

Solution K-glutamate EGTA MgSOx7H,0 MOPS NaATPx3H;0 K,-CPx2H,0 K-PEP Ca(OH),
K-internal 45 20 68 5 55 20 5 1.76
0Ca20EGTA 48 20 68 -5 55 20 5 -

0 Ca 0.1 EGTA 7% 01 6.7 ) 5 50 20 5 -

(K-PEP: Potasium Phopho-enol Pyruvate)
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The pH was édjusted to 7.0 with KOH and the osmolality to 490 mOsm. The purpose of
double osmolality was to be able to add different dyes (TMX or phenol red) to the same
batch of solution. Just before the experiment, 2 mM of TMX‘ was added and the
osmolality was adjusted to 245 rﬁOsrﬁ .with water. For the experiments, Where the
myoplasnﬁc pH was _monitored during ISO, 1 mM phenol red was added and the
osmolality was adjusted to 245 mOsm with wafer. For osmolality measuremehts‘Fiske

© osmometer (Fiske Instruments Inc.) was used.

2.5.3 External Solutions
The external solution in the center pool was Ringer’s. Depending on the type of the |

experiment, we used either 0 Ca Ringer’s (0 Ca Ringer’s), or normal Ringer’s (NR).

Composition of the external solutions (in mM):

I

Soluion  NaCl KCl NaHPO;  NaH,POxH20 CaCl MgCl EGTA-Na

NR 120 25 215 08 = 17 - -

0 CaRinger’s 1055 2.5 215 0.85 - 10 1.0

The pH of the external solutions was adjusted to 7.0 with NaOH, and the osmolality to

245 mOsm.

. The external solution in the center pool (1.5 ml in volume) was circulated with a speed of

3.2 ml/min using a peristaltic pump (Cole Parmer Masterflex L/S; Cole Parmer |
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Instrument Co., Barrington, IL,‘USA), exchanging the entire volume approximately 2
times per minufe The temperature of ‘the circulating fluid was maintained at .14 - 16°C,
by sending it through a hollow coil of stainless steel tubing, which was bathed in a
temperature-regulated water bath directly 'connected to the temperature regulating system

for the chamber. This approach prevents changes in fluid flux and ternperature.

2.5.4 External soiution change to ISO -~ .
After about 60 minutes, -the time necessary for [TMX]r to approach a leveled value at
the optical recording s1te (see F ig. 21 in Results)- the external solution in the center pool
was exchanged to one containing 10 uM isoproterenol (ISO). Five minutes before the -
solution change, a ‘small amount- of 100 mM ISO stock solution was made from
isoproterenol-hydrochloride powder (Sigma), and then it was further dilnted with external
solution to the concentration of 10 uM. During the solution change the pump was
swi’rched to exchange mode. There was approximatelf 20 ml external solution pumped
through the central pool untﬂ the pﬁmp was set back to recycling mode. The time of the
exchange period was 6.5 — 7 mm |

- The following expenment shown in Fig. 18, was performed to evaluate the time from
| the addition of the dye to the equilibration in the central pool dunng solutlon change Due
to the dead space caused by the length (160 cm) of tubmg from the stopcock to the
‘chamber (stainiess steel coil and Intramedic Polyethylene Tubing, PE 205, by Becton,
| Dickinson and Company, Parsippany, NJ), it took 60 seconds after sw1tchmg the pump to

exchange mode (the begmnmg of the honzontal bar) for the external solution with ISO to
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reach the fiber. The dye concentration reached its half maximum in approximately 80

~ seconds, and the near maximum, equilibrated value was measured in 2 minutes.

DYE
12 -
I R
10 1 4 . e oo
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47 48 49 . 50
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. Fig. 18 Time needed for ISO to reach the fiber in the center pool
Calibration of the peristaltic pump. Ringer’s solution was used for blank; Ringer’s with 2 mM TMX added
was the solution denoted as DYE. The pump was switched to exchange position at the beginning of the
horizontal bar. DYE reached the fiber in 60 s, reached its half maximum concentration in the central pool in
62 s, and approached its maximum concentration in 107s Exp: 407081. '

2.6 Method for estimating myoplasmic pH with phenol red

_ The value of pH was determined by the absorbance of phenol red at the optical recording
site. Fig. 22 shows the spectrum of phenol red (PR) and its protonated form (HPR). The

isosbestic wavelength for.phenol red is 480 nm. On the setup, this was monitored with a -

480(30) interference filter.

60



The same dichroic mirror and filter se‘tup‘ of Zeiss Axiovert 100 was used as in the
above mentioned _experirﬁents with TMX (see_ chapter 2.3.1, Fig. 15), except 'that tﬁe
555(50) nm filter was reﬁléqed With the 560(10) ﬁl',cer. The reason for this repl‘ac‘en'lent is
that phenol réd is mo‘re“ser’lsitive to pH at this Wavelength, and by using a narrower band
ﬁlfer 'we could monitor a narrow range close to the peak absorbaﬁce of unprotonated.
phenol red. The 675(40) nm intérfer_éncc‘ filter was used to monitor the intrinsic changes |
6f the f’ibe‘r. since phenol red dbes not absorb light at this wavelength (Fig. 19).

For determining dye relgted absorbances for phenol red, we used the same equations as-

for determining dye related TMX absorbances (eqns (2.14 - 2.15)).

absorbancéa )

400 450 500 550 600 650
wavaelangth (nm)

Fig. 19 Phenol red spectrums, protonated (HPR, pH = 6), and unprotonated (PR, pH = 9.5).

The isosbestic wavelength for phenol red is 480 nm, where the two waveforms intersect. This wavelength
was used for monitoring phenol red concentration. The peak absorbance of PR spectrum is ~ 560 nm. Exp:
Jan. 11, 2005, [HPR] = 13 pM, [PR] = 12.9 pM, in 120 mM KCl and 1 mM MOPS.

The concentration of phenol red at the optical site was estimated with Beer’s law (eqn.

2.3) from the value of dye related absorbance of 480(30) (Apaso), and the éxfinction
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coefficient for phehol red at 480 was taken to be 11,000 M'cm! (Lisman and Strong,
1979). The fractional amount of phenol red in the uﬁprotonated form, f, was estimated

from

f=—" S | (2.24)
rmax - rmm . o

where r = Apsso) / Apuso)- The values Of Ty, and 1y, were determined with cuvettes
- mounted on the setup, their values were 3.21 and 0.0541, respectively (Pape and Carrier,
~ 1998).

The value of pH was calculated then from the expreésion,

pH#pK+kgT47 - (2.25)

where the value of pK is 7.7 (Lisman and Strong, 1979).

2.7 Statistical analyses

Student’s two-tailed t test and was used to determine the statistical significance of the
difference between two sets of results. The difference was considered to be significant if

P <0.05.
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3. RESULTS

3.1 Intrinsic wavelength dependence

Fig. 20, panel A shows experiments carried out to evaluate whether there is wévelength
dependence in the change in intrinsié absorbaﬁces during the course of experimeﬁts. In
this study, the fiber Was prepared, mouhteci, and clamped the same way as it was during a
regular experiment, except there was no dye added. Upper traceé (ARraw) show the raw
absorbances at different wavelengths vs. time after saponin. Raw absorbances were
determined by using eqn. 2.12. Lower traces (Ap) show nominal dye-related absorbances
from \the same expen'mént. These were determined by eqn. 2.15. During the course of this
expe‘riment from 61 — 151 minutes, absorbance changes in the shorter wavelengths weré
Ap(480) = -0.0080, Ap(520) = -0.0115, Ap(570) = -0.0062. Table 3.1 summarizes the
changes in raw 'absorbances of the different wavelengths between 60 and 150 minutes.
Column (a) gives the ﬁber. reference; columns (1 — 4) indicate the changes in ébsorbancg:
during the above given time period at the wavelengths indicated. The mean values are not
signiﬁcé.ntly different from zero and not significantly djfferent from one another. These
data indicate that during the course of an experiment, there is no significant change in
absorbance at the monitored wavelehgths which would be causéd by the chaﬁge in
intrinsic propefties of the fiber. |

Fig. 20, panel B shows an experiment which evaluates whether the additién of 10 uM
ISO causesr any syétematic offset in intrinsic absorbaﬂces (again, as monitored by dye-

related absorbance with no dye present). The conditions in this study were the same
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Fig. 20 Raw and intrinsic-corrected absorbances (Ap) in time without adding Dye, with ISO (B) and
without ISO (A)

Panel A, B: Upper traces (Apaw(M): absorbances in .four wavelengths as calculated by eqn. 2.14. Lower
traces (Ap(A)): intrinsic corrected absorbances of the same wavelengths (Ap) as calculated by eqn. 2.15.
External solution Ringer’s, internal solution 0 Ca K-internal.

Panel A: Exp: N14062

Panel B: the horizontal bar indicates the presence of 10 uM ISO in the external solution. Exp: N15062
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described above,. except that 10 pM ISO was added to the external solution 52 minutes
| aﬁe;‘ saponin treatment, indicated by the horizohtal bar. Upper tracés (ARraw) show the raw |
absbrbanceé at different wayelengths vs. time after s‘a;;onin. Raw and dye related
absorbances were determined és described in the previous section. Dye | related
absorbances ;before addjng ISO, and at 30 minutes in ISO- w§re Ap(450) = 0.0882 and
0.0896, Ap(530) = 0.0538 and 0.0565, Ap(570) = 0.0577 and 0.0593, respectively. These
data do not show a significant ISO related difference in dye related absorbances. Since
there is no dye present in these experiments, the non-zero Ap values in both panels are
due to errors in the intrinsic correction. As will be seen later, the§¢ errérs are small, -

| though not negligible- compared to the TMX-related absorbance values of interest.

A Exp AAGAB0  AAG520  AASTO  AAguw690

‘ (a) (1) 2 3) B C )
N14062  -00080  -0.0115  -00062 00240
N01062 00046 00051 00053  0.0011
110071 00071 0.0039  -0.0087  -0.0048
109073 -0.0348 . 00213 00213
103071 0.0059 , 00061  -0.0114
Mean 00079  -0.0034  -00050  0.0060
SEM 00065 00039 00045  0.0063

B - e AAGAS0 AAGS30  AADSTO  AAgaw690
N15062 00014 00027 00016  0.0063

Table 3.1 Changes in raw absorbance by ISO (B) and without ISO (A) at different wavelengths
during the course of experiments

Column (a) gives the fiber reference, columns (1 -3) glve the change of dye-related absorbances at the
indicated wavelengths and column 4 gives the changes in raw absorbance at 690 nm, between 60 and 160
- minutes. The means are not significantly different from zero and from one another.
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3.2 Diffusion of TMX in the fiber from the end pools to the optical measuring sit_e

The most accurate measuremel;ts :\with TMX can be achieved when its concentration is
equilibrated in the fiber’s myoplasm at the optical measming site. After equilibration, any
chénges in [TMX]r, [CaTMX] and’ [TMX] should be due to ‘another controlled variable —
in ouf case- the effect of ISO. The purpose of this experiﬁient wés to determine the time |

necessary for the dye to reach this steady concentration.

(mM)

{Dye]

L 1 T T

0. 20 40 60 80 - 100 120 140
: Time {(min)

Fig. 21 Dye diffusion curve of TMX in the fiber :

Dye was added to the end pools 28 minutes after saponin treatment at t = 0. The curve shows a least square

_fit of eqn. 6 and 8 in Maylie et. al., 1987a, derived from free diffusion plus linear reversible binding
(Maylie et al., 1987a; Maylie et al., 1987b). Total TMX concentration: 1.22 mM, Dpp = 0.871 * 10 ems,

Exp: 331061. : ‘ ‘ ‘

After adding the internal solution containing TMX to the end pools, TMX began to
diffuse in the fiber towards the optical recording site in the center of the central pool. Fig.

21 shows an example of the time course of dye concentration at the opticél recording site
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vs. time from fhe addition 4of the dye: t = 0. The continuous curve is the leaét squares fit
éf eqn. 6 and 8 in Maylie et al., (1987a), derived from free diffusion plus linear reversible
binding and/or ‘sequestration from Maylie et é,l., (1987b). As indicated by the close fit of
the curve to the data poinis, the dyé diffusion within the fiber 1s well described by‘the |
one-dimensional diffusion equation uséd by Maylie et al. (1987a, eqn. 4 and 5). The path
length the dye has to travél within the fiber to the opfical recording site is aﬁpfoximately '
550 pm (300 pm under the seai and 250 pm to the center of the central i)ool). The
| équilibration pfbcéss between the éptical site and the eﬁd pbols takes about 60 minutes

~ (Fig21). .

The mulﬁple effects deécﬁbed with Fig. 22 and 23 are covered in detail in separate
sections below. Th‘e'se sections include the incréase in fCa by ISO (seétion 3.3), the
“evaluation of the involvement of store-operated mechanisms in partially depleted fibers-

(section 3.4) and the effects of ISO on [Ca>*Jsg and [Car]sg (section 3.5).

3.3 There is an ISO-dependent Ca** inﬂﬁx in the steady resting fiber

To address the problem of whether calcium enters the cell in ISO at rest, tho sets of
conditions were prepared: one with NR and another with 0 Ca .Rin.g’er’s as external
solution. In both cases, the internal solution contained 0.:1 mM EGTA. Fig. 22, panel A
and B show individual experiments with these cpnditiohs. The horizontal bar indicat.es’

the time f)eriod when 10 pM ISO was present in the external solution. The pdints clearly
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show an increase in fCa while in ISO when external calcium was present (Fig 22, panel
A), and there is no apparent change in fCa in the absence of external Ca®" (panel B). The
thin lines in all panels in Fig. 22 are line fits to fCa data points in the last 15 minutes
before adding ISO and from 15 to 30 minutes in ISO. The slopes of these line fits indicate
the rate of change of fCa (dfCa/dt). The significance of these slopes will be discussed
later in this chapter. After the removal of iS_O, fCa quickly drops and then recovers to
about the same rate of rise it had before refhoving ISO. Analysis and possible explanation
of this “dip” in fCa and subsequent recovery will be shown in section 3.8.

Table 3.2 summarizes the results from all of the experiments like that in Fig. 22.
Blocks A and B show the two pairs obf different experimental conditions used: with or
without external calcium, _ respectively. )In thése experimenis the internal solution
contained 0.1 mM EGTA -resulting in normal resting [Ca?*]sg (corresponds with Fig. 22,
panel A and B). Colﬁmns 2 and 3 give the mean values of fCa measured S5 minutes before
adding ISO ahd between 28 -30 minutes in ISO, respectively. Column 4 gives the value
of the percent increase from before ISO to 28 — 30 _min in ISO (% increase from column 2
to 3). The mean value of percent iﬁcrease is 121% (SEM = 37%, n = 6) in fibers that
contained external calcium (Block A). Panel B in Fig. 22 shows results from an
expén'xhent where no external calcium was present. There was no apparent change in ISO
in this case. Similarly, the n@an value of percent increase in Tablé 3.2 Block B, column 4
indicates no signiﬁbant increase in fCa with ‘,n.o Ca’" in the external solution. »These
results indicate that ISO causes a net influx of Ca2+. into the fiber acrossb the outer

surface/T-system membranes.
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A 0.1 mM EGTA, NR
0.50 ~

° P ® °
—t—3
b 1SO
1 R
0.00 Y . v . . \
60 . 80 100 120

Time after dye (min)

B. 0.1 mMEGTA,0Ca
0.50 ~

0.25 4

fCa

. '__'__'__! 0000040—'-0—5"0

o i ) ISO

0004 — . . , T —
60 80 100 120

Time after dye (min)

Fig. 22 panel A, B Effects of ISO on fCa in fibers with normal [Ca*")sx with NR (A) and 0 Ca Ringer’s
(B) external solutions. The internal solution contained 0.1 mM EGTA and 0 Ca.

The horizontal bar marks the period, when 10 uM ISO was added to the external solution. The thin lines
are the least square fits to data points of the last 15 minutes before and in ISO.

A. The external solution is NR, fCa before adding I1SO: 0.1600, before removing ISO: 0.2780, Exp:
006061. B. The external solution is 0 Ca Ringer’s, fCa before adding ISO: 0.1390, before removing ISO:
0.1380, fractional increase: -0.0072, Exp: 423071.

69



C. 20 mM EGTA, NR _

0.50 -
0.25
4]
Q
1ISO
]
- P I M" LA
p oo o ®
0.00 h ) - _ ' |
% g - 100 120
Time after dye (min)
D. 20 mM EGTA, 0 Ca
0.50 .
o 0.254
9 b

\ .—4—-—'..0.0...—0—‘—'—"000.0.9...

0Ca ISO 0Ca
0,00 T —p——r T - |
® " 100 ° 120 140
Time (min)

Fig. 22 panel C, D Effects of ISO on fCa in fibers with depleted [Ca**]sx with NR (C) and 0 Ca Ringer’s
(D) external solutions '
The internal solution contained 20 mM EGTA and. 0 Ca to decrease Ca content to the minimum. The
horizontal bar marks the period when the fiber was exposed to ISO. C. the external solution is NR; during
the period of ISO fCa increased more then three fold, fCa, last before adding and last before removing ISO:
1 0.0230 and 0.0830, respectively, the fractional increase is 2.6087, Exp: 226073. D. the external solution is
0 Ca Ringer’s; fCa, last before adding and last before removing ISO: 0.0590 and 0.0793, respectively, the
fractional increase is 0.3446, Exp: D11062.
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A S Last Before EndISO  %increase dfCapeddt dfCaisoldt .

0.1 mM EGTA/NR " fCaper fCagng % min”! min"_
Exp (1) (2) 3 4) (5) (6)
o1 0061 0.0240 0.0960 300.00 0.0001 0.0016
006061 0.1600 0.2780 73.75 0.0004 0.0048
912061 0.0174 0.0387 122.51 0.0001 0.0011
627061 0.1685 0.3584 112,71 0.0012 0.0064
909051 0.0810 0.1340 65.43 -0.0002 0.0040
913051 0.1050 0.1610 53.33 -0.0012 0.0044
mean ~ 0.0926 0.1777 121.29* 0.0001 0.0037*
SEM 0.0264 0.0486 37.42 0.0003 0.0008
B : . Last Before EndISO %increase dfCapeddt . dfCajso/dt
0.1 mM EGTA/ 0 Ca Ring. fCasger fCagng % min”! min”
Exp (1) (2 3 @ ®) (6)
720062 _ 0.0420 0.0520 23.8.1 -0.0014 0.0000
011061 0.1310 0.1910 45.80 0.0005 0.0026
404071 0.1090 0.1260 15.60 -0.0002 0.0010
406071 0.0480 0.0633 31.94 " 0.0003 0.0006
423071 0.1390 0.1380 -0.72 0.0015 0.0003
mean 0.0938 0.1141 23.29 v 0.0002 0.0009
SEM 0.0205 0.0256 ' 7.80 0.0005 0.0005
C Last Before EndISO  %increase dfCagsfdt dfCaiso/dt
20 mM EGTA/ NR fCager fCagna . % min"* min”!
Exp (1) 9] 3 4 5 - (6)
226073 0.0230 0.0830 260.87 -0.0005 0.0018
307071 0.0160 0.1490 831.25 0.0006 ‘0.0042
213071 0.0650 0.1130 73.85 0.0003 0.0047
D19071 0.0130 0.0320 146.15 -0.0002 0.0017
mean 0.0293 0.0943 - 328.03* © 0.0001 0.0031*
SEM 0.0121 0.0248 172.10 - 0.0003 0.0008
D ‘ ‘Last Before  EndISO  %increase dfCageddt dfCaiso/dt
20 mM EGTA/ 0 Ca Ring. fCager fCagny % min* min”
Exp(1) (2 (3) @ (5) (6)
226071 0.0140 0.0210 " 50.00 0.0000 0.0001
D11062 0.0590 0.0793 34.46 0.0002 . 0.0007
D05062 0.0040 0.0080 125.00 0.0007 0.0006
mean-: 0.0257 0.0364 69.82 . 0.0003 0.0005
SEM 0.0120 0.0154 19.76 0.0001 0.0001 '

Table 3.2 Summary of experiments with normal [Ca*")sr (Blocks A and B) and depleted [Ca*"|sr
(Blocks C and D) with and without external Ca** (A, C and B, D, respectively).

Column 1 shows individual experiments, columns 2 and 3 show values of fCa measured 5 minutes before
adding ISO and between 28 — 30 minutes in ISO, respectively. Column 4 shows the % increase from
columns 3 to 4. Columns 5 and 6 show the slope of the line fit on fCa data points 15 minute before and the
last 15 minutes in ISO, respectively. (* significantly different, P < 0.05)
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Columns 5 and 6 give dfCa/dt, the rate of change of fCa in the last 15 miﬁutgs before .
adding 'ISO and betweenb 15-30 niinutes in ISO, fespeqtively. The values were obtained
by fitting a liné on the data points Of fCa in the time periods indicated above, and shown
on individual experiments in Fig. 22, panels A;D. Thes_eb values will be discussed later.

For easy comparison,- the mean values of fCa from Table 3.2, column 2 and 3 é.re
illustrated in Fig. 23, in front row (5 min before ISO) and in back row .(30 rmn in ISO),
respectively. The sagittal rowé A-D correspond with experiments shown in Table 3.2,
rows of means A-D; yellow hue. indicates fibers with normal [Ca*]sr (A, B), blue hue
depicts fibers with depleted (C, D) [Ca2+]SR; In thlS section only rows A and B will be
discussed. The main thing to note is that there is a significant ihcrease in ]Ca after ~30
min in ISO when Ca®" was present (row A). This is ab(;ut a 2-fold increase (121%, Table
3.1, Block A, column 5). These results indicate an ISO-dependent Ca?" influx in the
steady restiﬁg ﬁbef. This is one of the main experimental findings in this study.

The similar values of means of fCa in‘Table _3.1, Blocks A and B,‘column 2 also -
indicate that, in the absence of ISO, there is no net Ca?* influx across the sarcolemma and
no net Ca* leak from the SR at rest. This similarity is well represented by Fig. 23 sagittal

rows A and B in the first row.
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" 30 min in ISO.
5 min before ISO

0.1EGTA

NR 20EGTA

NR 20EGTA

0Ca

Fig. 23 Means of fCa values in fibers with close to physiological [Ca’"]sz (sagittal rows A, B, yellow hue)
and in depleted fibers (sagittal rows C, D, blue hue) The front and second rows represent data taken 5
minute before adding ISO and 28 — 30 min in ISO.

3.4 Store-operated mechanisms are not involved in regulating fiber Ca’** content at

about 30% of its physiological [Ca*']sg level

This section. evaluates the involvement of store-operated mechanisms in partially
depleted fibers depicted in‘ Fig 22 and 23, panels C, D and sagittal rows C, D,
respectively. Also, Table 3.2,.Blocks C and D summarize data obtained from individual
experiments.

To lower SR calcium content below physiological levels we added 20 mM EGTA to
the calcium free internal solution. The presence of 20 mM EGTA in the internal solution

decreased fCa values to about 30% of values measured in fibers with 0.1 mM EGTA
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(Fig. 23, front row C and D vs. A and B; see alsb in Table 3.2, Blocks C and D, column 2
vs. A and B, column 2), | |

The fact that the means of fCa values ‘are similar in both fibers with and without
external Ca2+ (fCa = 0.0293, 0.0257; SEM = 0.6121, 0.0120; n = 4, 3, respectively; see
Table 3.2, Blocks C, D, column 2) indicates that this level of partial depletion does not
result in the involvement of store—operated mechanisms. If store- operated mechanisms
were stimulated, as one might expect, fCa values should be hjghér in_ﬁbers with external
Ca®* present compared to those without external CaZ*. |

Data obtained by the analysis of the rate of change of fCa before the addition of ISO

(Table 3.2, Blocks C and D, column 5) also indicate the absence of net Ca2+ influx in .

partially depleted fibers (dfCa/dt = 0.0001, 0.0003; SEM = ‘0.0003, 0.0001; n =4, 3 with
and without external calcium, respectively — dfCa/dt values are not significantly different
from zero). If Ca’" influx were present, it would be indicated by slopes that are

significantly different from zero (see Table 3.2 Blocks A, B, column 6).

3.5 Effects of ISO on [Ca*']sg and [Cat]sg

Thé effects.of ISO on [Ca2+]SR and on [Car]sg determined from the mean values of fCa
data from Table 3.2, columns 2 and 3 above. The relationship between fCa and [Ca®*]sg
and detailed explahation is shown in Materials an(i Methods, in section 2.4.4. The
relatibnship between fCa and [Carlsr is determined by eqns 2.20 - 2.23 shown in

Materials and Methods (Pape et al., 2007). Fig. 24 depicts this relationship using data
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from experiments from this study. The abscissa shows values of fCa, monitored during
the experiments. The ordinate shows the corrgsponding [Car]sr values. The line is the
best fit to the values represented by data pointé. The means of these values are tabulated
in Table 3.3, columns 5 ahd 6. In thié Table, column 1 gives experiments with the two
different pairs of experimental conditions described in the previous section. Briefly: the
first two rows A, B have 0.1 EGTA in the internal solution, the first row (A) has NR, the
secdnd (B) has 0 Ca Ringer’s in the external solution. The last two rows (C, D) contain
20 mM EGTA m the internal solution, the third roW (C) has NR, and the fourth (b) has 0
Ca Ringer’s as ex_térnal solution. Coiumns 2 and 3 are the means of [Ca®*]sg valuesv
before adding ISO and the last value at 28 -30 min in ISO, respectively. These values
were calcul#ted by using the method of Pape et al. (2007), ahd described in the Materials

and Methods section (see section 2.4.4). Columns 5 and 6 are the corresponding total

35

[Ca ], (mM)

10

0 * - T T T . T T T L
000 005 010 015 020 025 030 035 040
whole fiber fCa

Fig. 24 Relationship between fCa and [CaT]SR. :
The lowest values are obtained from fibers depleted from Ca** with 20 mM EGTA in the internal solution.
The highest values obtained from fibers -with 0.1 mM EGTA in the internal solution- at ~30 minutes in

ISO. '
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[Ca™]se

[Ca®]sr . % increase of [Carlse [Carlsr AlCarlsn % increase
LastBefore  end ISO [Ca®)sr Last Before end ISO of [Carlsr
mM mM % mM mM mM %
_ M 2 (3 @ O (6) ) (8
A 0.1 mMEGTA/NR . 0-6694 1.2936 112.29 6.2265 22.0095 15.78 253.48
(n=6) : .
B 0.1 mMEGTAIOCa Ring. 0.6178 0.7695 24.55 6.4171 10.2609 3.84 59.90
.(n=5) : :
C 20mMEGTA/ NR 0.1787 0.6211  247.52 0.3490 6.4192 6.07 1739.39
(n=4) ' '
D 20 mM EGTA/ 0 Ca Ring. 0.1562 0.2245 43.76 0.3480 0.7396 0.39 11252
(n=3) .

Table 3.3 Means of [Ca’*]sg and [Cay]sg values and their percent increase in ISO

Each row indicates a specific type of experiment: rows A and B are experiments with 0.1 EGTA in the
internal solution; experiment in the first row was done with calcium present (NR) in the external solution;
experiments in the second row was: for control, with Ca removed from the external solution (0 Ca
Ringer’s). Row C and D indicate the same type of experiments indicated in the first two rows, except the -
internal solution contained 20 mM EGTA for decreasmg SR calcium.

Columns (2, 3, 4 and 5, 6,) are the means of [Ca’]sz and [Car]sg before adding ISO, the last pomt in ISO,
and the percent increase, respectlvely ]

.

calcium concentrations in the SR, calculatéd from the means of [Ca’*]sr in column 3
(Last Before) ’and column 4 (End ISO); For calculating the [Ca®"lsr valués, eqns. B1 -B6
were used (see‘ Appendix _ B). Column 4 shows the péréent increase of (mea.ns of
[Ca2+]SR. For calculations to obtain [Carlsr, we'uséd eqn 2.23 in Materials and Methods.
One thing to note is that the % increase of [Ca2+]SR was ’more‘the\m two times that of
[CaT]SR (253.5% vs. 112. 3%) The explanatlon for this increase lies in the nature of the

CSQ bmdmg curve (Fig. 25)
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eoseed 20mM EGTA

Fig. 25 Ca-calsequestrin binding curve. ,

The upper dotted horizontal bar marks the range of [Ca’*]sg in normal (containing 0.1 mM EGTA in the
" internal solution, condition A and B), the lower dotted line in depleted (with 20 mM EGTA, conditions C

and D) fibers in this study (normal [Ca®*]sy fibers: 0.6094 mM — 1.2936 mM, depleted: 0.1562 mM —

0.6211 mM; before ISO and at ~30 min. in ISO, respectively). Modified after Fig. 5 in Pape et al. 2007.

Fig. 25 dépicts the CSQ binding curve, the fraétion of CSQ bound with Ca?* vs.
[Ca®*)sr, rﬁodiﬁed from Pape et al., 2007. The upper dotted line indicates the range of
[Ca®*]sr in experiments represented by row A in Table 3.3, CSQ binding curve is the
steepest in this range, indicatiﬁg' a greater buffering power for Ca?*, which increases the

concentration of Ca2+;bour_1d CSQ ([Ca-CSQY]), for smaller increase in [Ca®*]sg in the SR.
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The greater buffering power of CSQ in the physiolo'gical [Ca®|sr range seen in Fig.
25 also expiaines why A[Car]sr is greater ih ISO in the physiological range of [Ca®*]sr
than in depleted fibers (15.78 mM and 6.07 mM 1n Table 3.3 A, column 7, and C, column

7,/respectively).

3.6 The rate of change of fCa while in ISO .

Thin lines in Fig. 22 above (described with the figure) show dﬂ?é/dt,in those individual
experiments. The means of these values in all experiments are shown in Table 3.2,
columns 5 and 6 The fits were calculated by the best fleést squaresk fit method. A steeper
slope indicates a greater Ca** influx into the SR alnd thereby into the fiber. Fig. 26 below
summarizes the individual experiments and gives the meahs_of the slopes of line fits in
both experimental conditions with and without extefnal calcium in both normal and
reduced [Ca®*]sg fibers (see values in Table 3.2, columﬁs 5 and 6). The solid lines
| represent the rate of change of fCa with Ca?* present and the dashed lines show values
with no external calctum. The lines in ISO reprc;,sent the means of slopes reached in the
last 15 minutés while in iSO, they do not intend to represent t£1e pattern of the increase of

SCa (which will be considered later). Since the lines in ISO are shifted, this figure is only

for illustrating the slopes.
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0.2 - ISO

A.0.1EGTANR
0.15 -

B.0.1 EGTAOCa
C.20EGTANR

0.1 -

fCa

0.05 -

D.20EGTA, 0Ca

Time in ISO (min)

Flg 26 Means of change of fCa values before and in ISO in fibers with 0.1 mM (upper traces) and 20 mM
(lower traces) EGTA in the internal solution,

te, indicates the time of addition of ISO. The slopes were determmed by the best least squares fit to the last
15 minutes of fCa values before adding ISO (t.15) — t«)), and the last 15 minutes in ISO (tqsy ~ ts0)). Solid
line: NR external solution; dashed line: 0 Ca external solution.

Data is given in Table 3.1, columns 6 and 7.

The x axis indicates the time the fiber was éxposed to ISO. The “0” on the time scale
is the time of ISO addition. Négative values on the x axis indicate the time until the
addition of ISO. In ISO, the rate of change of fCa increases sigﬁiﬁcantly in experirheqts
which contained Ca®" in the external solution (Table 3.2, A, C, éolumh 6). In fibers,
where external Ca* was removed there was 1o significant change in slope while in ISO.

The increased slope in 1SO in fibers with NR implies an increased Ca®* influx. The
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interesting result with this figure is that the slope was similar in ISO with NR in both
fibers §vith physiological and reduced [Ca®*]gg.

In summary, these results indicate that if stimﬁlated with B-adrenergic agonists, Ca?
enters the cell from the extracellular space and [Ca®']sg increases. This Ca®* influx is

most likely via ion channels that can open at resting potential.

3.7 The increase of fCa in ISO reaches its sfeady rate after a delay

This section evaluates the changes of fCa during the period of ISO exposure. After the
addition of ISO to the NR external solution, there was a delay before the rate of increa-seA
of fCa reached its final steady slof;e.

The data after addition of ISO in Fig. 27 A is well described by an .exponential énd
sloping line function (0.1 mM EGTA internal solution). However, the functional form of
the data was not always this clear (Fig. 22 A), so that the following approach was adaipted
to estimate the delay. The first step was .to fit a line to the fCa data points of the last 15
minutes beforei adding ISO. In Fig. 27, pa.nel A the arrow indicates the extrapolation of
this line to the ﬁme when ISO reached the fiber (Time = 0, ~65 - 70 min after dye). This

_point gave the value of fCaOL fCa0 is the prédicted value of fCa at the time I}SO was
added. The second step was to extrapolate the line fit to fCa values during the last 15
_minutes in ISO back to Time 0, when ISO was added (same as the time of fCa0). In Fig. -

27, the dbtted line shows this extrapolation back to the time of addition of ISO. The
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Fig. 27 A. fCa increases in the presence of 10 pM ISO in the extemal solution when Ca is present.
Addition of ISO to the external solution that contains ca* (NR), will show an exponential delay with tau =
6.52 min. until it reaches its steady slope. fCay = 0.0660, my = 0.0007, m,, = 0.0095, shift = 0.0079, tau =
6.52 min; Exp: 913061 (internal solution: 0.1 EGTA).

B. Addition of Ca®* to the prebathed fiber in ISO causes an instant increase in JCa. The empty horlzontal
bar on the top indicates that 10 puM ISO was constantly present in the external solution. The addition of
external calcium begins at the begmmng of the filled horizontal line marked as “NR”, at Time = 0 min.
Exp: 331081



vertical dotted-dashed line' marks the difference between this latter extrapolated value and
| fCa0. This difference is referred to as the “shift”.

The time constant associated with the delay (f) given by the foliowing equation:

shift , I
__shit | 3.1
m,—m, @D

where m,, is the slbpe of the fit when t >§ 1, my is the slope of the line fit before adding"
ISO. The derivation of eqn 3.1 is given in IApperidix D. |
In the experiment shpwn in Fig. 27, panel A the shift, j"CaO, m., and my values were
0.0776, 0;105, 0.0012 zhin'l‘, and 0.0050 min™, .respectively. These values substituted into
éqn 3.1 gave the value of © of 6.5 min. Table 3.4 sumrharizes the results for the time
. constant of the delay in experiments w1th lNR external soliltibn,with and01 mM or 20 |
mM EGTA iﬁ the internal solution. Columns (a)‘ in both parts of the tablé give the fiber
reference. Columns l give the shift, the difference in the extrapolated value (from the ﬁt |
of a sloping line) and predicted value (from line fit to dafa Before adding ISO) of fCa at
theltime, ISQ was addéd. Columns 2 give the extrapolafed values of fCa ai the time of
addition of ISO (/Cao)..Columns 3 give tau, the tﬁne co'nstantv of the delay of increase of
fCa in ISO, calculated by eqn. 3.1. |
In smﬁmary, there is a delay With the averagé time constant of ~7 minutes from the
time of addition of ISO _untill the de;,velopmentv of a steady rise‘oija, and thié délay is not
affected by lowered ,[Ca2+]§R. This delay corresponds with Gonzalez-Serratos et al,
(1981) observation that inotropic effe'ct takes 8 minutgs to reach its maximum level (see‘ ‘

Discussion).
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A. 0.1 EGTA internal, NR external

fCa(t0) - fCaexra Tau

shift ‘fCa(t0) ISO 1=shift/slope

(a) (U) (2) ) '
min
010061 0.0299 0.0410 6.5670
006061 0.1236 0.1550 6.5913
913061 . 0.0079 0.0660 6.5176
912061 0.0031 ' 0.0116 7.4692
627061 0.1559 . 01927 . 5.7749
909051 0.0234 . 0.0660 10.7250
913051 " 0.0776 : 0.1050. 6.2241
mean 0.0618 0.1000 * 7.0076
SEM 0.0222 0.0207 0.630

B. 20 EGTA internal, NR external

fCa(t0) - fCaexra Tau
shift fCa(t0) ISO t=shift/slope
(a) ()] (2) (3)

. . : min
226073 0.0023 0.0110 } 4.7454
307071 0.0085 0.0130 1.0676
213071 0.0295 0.0500 4.3089
D19071 -0.0085 -0.0170 15.4236
mean 0.0079 0.0228 . 6.3864

SEM 0.0080 0.0092 3.1221

Table 3.4 Values of delay of increase of fCa in ISO with NR external solution in normal and depleted
fibers .
In both parts column (a) is the fiber reference, column (1) gives the difference in the extrapolated value
(from exp. + slope fit) and predicted value (from line fit to data before adding ISO) of fCa at the time, ISO
was added; column (2) gives fCa values at the time ISO was added, predicted from the line fit on valued
before adding ISO, and finally, column (3) gives the tau of the delay in ISO.

3.7.1 Prebathing the fiber in ISO eliminates the delay in fCa increase

Another approach to investigate ISO’s effect is to expose the fiber to 0 Ca external
solution with 10 pM ISO, then add Ca®*, and monitor the change of fCa. We

hypothesized, that if the delayed increase of fCa in ISO was caused by the time necessary
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for the onset of enhancing mechanisms, this delay could be eliminated if ISO was already
present in the éxternal solution in advance of the addition of Céz+.
As we showed earlier, there is no Ca®* influx ai}d increase of fCa when the external
solution is Ca* ﬁee. Fig. 27, panel B‘ shows a typical expen’m‘cﬁt.where Ca®>" was added\
“to the external solution that has already containea ISO ‘(empty‘ bar). Ca®* was added
twenty minutes éﬁef the addition of ISO. The minimum of 20 nﬁnutgs was c}i'osen by
using the mean of tau of delay\ from table 3.4, part A, column 3 of ~7 min. After 20
minutes the .eﬁ‘ect‘ of ISG is expec;ted to reach 95% of its maximum. The upper solid
horizontal bar xﬁarks\ the time period when Ca®* was present in the external solution.‘ The .
results indicate a rapid rise iﬁ JfCa. This relationship suggests that after ISO had prepar_ed
the pathways for calcium —éither by ﬁhoéphorylation or channel expression- without the
presence of the Ca®" itself; the moment Ca?* was added, it entered the fiber across the

plasma membrane and was pumped into the SR.

38 Removing ISO results in a sudden, tfa_nsient decrease in fCa

This Séction addresses the change of values of fCa after remox}ihg ISO from the external
solution. .

Fig. 28 shows fCa values vs. time in a typical experiment when ISO was removed
from the central pool. The horizontal bar marks the period of ISO presence in the external
éolution, and time zero‘ on the time scale marks the time ISO was washed oﬁt. Filled and

empty circles mark fCa values in ISO or after ISO, respectively. When ISO was washed
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out of the solution, fCa drops suddenly, then after this transient decrease, it reaches a

‘'steady positive slope similar to that measured in the last 15 minutes in ISO.

0.15 -
0.1 1 :
Lo %
© ) °
9 o * k 0900
0.05 -
ISO
D '
0 i T T T - T 1

-20 -10 0 10 20 30
i Time from exp + line fit after ISO (min)

Fig. 28 fCa transiently “dips” after removing ISO, then recovers its slope

The horizontal bar marks the period until ISO was present in the NR external solution. At the end of the
bar, ISO was removed. fCa values decreased exponentially, then reached a steady slope, which is very
similar to that in ISO (filled circles). The line marks the function least-square fitted to the data points (see
text and eqn 3.3; empty circles). Slopes in ISO and after removing ISO: 0.0016 min™ and 0.0023 min™; fCa
at the beginning of fit: 0.0989; tau of “dip”: 1.47 min; Exp: 010061. ‘

Each expeﬁment, with NR as external solution, showed this pattern of “dip” after the
removal of ISO. In cases when calcium was removed from the external solUtion; the
phenomenon of “dip” ﬁever occurred (see Fig. 22, panel B, and D). |

To evaluate thlS finding, we first fit a function to fCa data points after the removal of

ISO. The function was an exponential plus a line given by:

'

Srr — fCay =mt—-C[l—‘e_7t], 3.2)
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where C is a constant, gives the magnitude of the decrease, m is the steady slope of the fit

at ¢ = o, and # is time after the removal of ISO (see Appendix A for detailed information).

: fCal.ow. C cl/
fCa( t-ref) After ) (fCaytcon~
Miso Matter, . \ fCapen) Tufter
(1) (2) (3) IRONAN (5) (6) (7) (8)

min™ min”! R ‘ min -
010061 0.0016 0.0023 0.0989 0.0650 -0.0462 -0.6169 1.47
006061 0.0048 0.0067 0.2810 0.2390 -0.0550 -0.4543 0.64
912061 0.0011 0.0019 0.0405 0.0389 -0.0044 -0.1896 1.86
627061 0.0064 0.0035 0.4027 0.3718 -0.0711 -0.3038 0.18

909051  0.0040 0.0055  0.1452 0.1360 -0.0215  -0.3345 0.95
913051  0.0044 0.0045 0.1657 0.1520  -0.0261 -0.4305 0.38

mean 0.0037 0.0041 ‘ 0.1890 0.1671 -0.0374  -0.3882 0.9133
SEM -~ 0.0008 0.0008 0.0538 0.0500 * 0.0100 0.0600 0.2648
i P>0.05 ‘

Table 3.5 Values of fCa change in ISO and aftef removing ISO :

Values obtained by an exponential and line fit to fCa data in ISO and after removal of ISO (eqn. 3.3).
Column (1) gives the fiber reference. For easy comparison column (2) is shown from Table 3.2, part A, are
the constants obtained by the fit on fCa data explained in the caption of the original table. Columns (3) and
(8) are constants obtained by fitting an exponential and line to fCa data after removing ISO. Column (4) is
the extrapolated fCa value at the time of the start of exponential decrease, column (5) is the lowest fCa
value after removing ISO, just before fCa begun to rise again to reach a constant slope. Column (6) is the
constant for the exponential fit, column (7) is the ratio of column 6 and the absolute fCa gain in ISO. Note,
that the slopes in ISO and after the removal of ISO are not significantly different. Also note, that in column
5, the lowest value of fCa is in average 12% less, than the last value in ISO, which means a 39% loss off
the gained fCa while in ISO (column 7). ' ’ ' '
The function was least-squares best fitted to the points after ISO. Table 3.5 gives values
of the fits. Column (1) gives the fiber reference, column 2 gives the final slope of fCa in
ISO taken from Fig. 26, and explained there; column 3 gives the slope of the fit after
removing ISO (value of m in eqn. 3.2). The mean values of the two slopes are very
similar, 0.0037 min” and 0.0041 min, respectively and not significantly different from
each other. Column 4 shows the extrapolated values of fCa after the removal of ISO, at
~ the moment fCa began to decrease. This value was calculated by the intersection of line
before removing ISO in column 2 and the exponentional fit-described by egn 3.2. Column

5 shows thé lowest values of fCa at the trough of the “dip”. Column 6 is the magnitude of
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the expongntial decrease of fCa after the removal 6f ISO. This value gives the absolute
decrease in fCa. (N.B. that C is more negativ_é than the values Qf SCarow Ater — fCayrer), the
minimum value, since the latter is superimposed on constant rate of increase in fCa.)
Column 7 gives the ratio of the abSolﬁte decrease in fCa fo the value of gained fCé in
ISO. From this column, the mean decrease in fCa aésociated with the dip was 39% of the
gain of fCa associated with ISO. Column 8 shbws the time constant of the exponential
‘decrease obtaiﬁed by fitting an exponential and a sloping line to fCa ciata after rembving
ISO. The mean value of 0.9133 min indicates a \;ery rapid drop of fCa in a short tirﬁe.
- This rapid decrease reaches its minimum value about two minutes after removing ISO
‘then it is revérses and reaches a steédy increase, Myfier (Tabie 3.5, column 5 and _3,
respectively). ﬂ

In summary, the observed “dip” and subsequent recovery'indicate af least two effects
of ISO, one irreversible and the other rapidly reversed. The main effect of increasved Ca®
influx is irreversible at least in the short term of tens of minutes. This is shown by the
similarity of slopes of fCa in and after ISO (0.0037 and 0.0041 min”, respectively) in
columnsv2 ‘andt 3 in table 3.5. It is important to note tﬁat the “dip” involves a significant
net efflux of Ca* across thé SR membrane follo@ing the removél of ISO. The latter

effect indicétes the reversal of some effects of ISO on probably the SERCA pump (see

detailed argument in Discussion).
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3.9 Hyperpolarization increases Ca”" influx from the interstitium

To partially test whether \L-type Ca’* channels or some other voltage dependent Ca®'
channel is involved in the Ca®* influx during adrenergic stimulation, fibers were
hyperpolarized for a five-minute period from the resting ;90 mV to -110 mV. Fig. 29
panei A shows the plot of jCz; vs. time in such an experiment with no Ca** in the external
solution. During the five minute hyperpolarization period, marked by the horizontal bar
and the two vertical lines, fCa values did not change. Restoring the resting potential had
no effect either. This result however, was expected, sir_xcé it was shown in Fig. 22 panel B
and D that external calcium is necessary for the increase of fCa in ISO. In the case with
ISO and ’Ca2+ in the external solution, the five-minute hyperpolarization resulted a large
increase in fCa. This increase appeared to be exponential with an average time cohstant '
oft=16 mm ('fable 3.6, 'colmrin 4). After restoring the potential, the rate of increase
gradually decreased until it reached a steady positivé slope. This slope was not
. sigm'ﬁcantly different from that before hyperpolarization. These data suggest that .
increased Ca’* influx during adrenergic stimulation is further \er‘lhanced by

hyperpolarization.
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Fig. 29 Effect of hyperpolarization in ISO in absence and presence of external Ca®>*

The horizontal bars and the two vertical lines mark the 5-minute time period of hyperpolarization. In case
when calcium was removed from the external solution (panel A) fCa did not change during
hyperpolarization. Adding calcium (pdnel B) caused a steady slope of increase of fCa in ISO (mean: 0.0026
min-1,SEM = 0.008, n = 4). During the 5-minute hyperpolarization fCa increased with an exponentional
delay (mean: t© = 1.60 min, SEM = 0.27, n = 4), reaching a slope (slope). By restoring resting potential,
increase in fCa decreased gradually until reaching a close to similar slope (slope after) than that before
hyperpolarization (slope before) dfCa/dt is the time derivative of fCa traces. Panel A: Exp: 310081, panel
B: Exp: 303083. ‘ :
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—--90mV —- - 410 MV = 90 mV -

Slope Bef Slope Tau Slope Aft
(1) (2) (3) (4) (5)

. min” min™ min min”’
227081 0.0008 0.0043 1.8956 0.0019
227081b . 0.0035 0.0075 0.8041 0.0040
222081 0.0043 0.0156 1.6960 ~ 0.0032
303083 0.0019 0.0172 1.9960 0.0030
mean 0.0026 0.0112 1.5980 0.0030
SEM 0.0008 0.0031 0.2718 | 0.0004

* * .

Table 3.6 Effect of hyperpolarization on fCa increase in ISO

The mean steady slope of fCa increase during hyperpolarization is significantly greater then before or after
at -90 mV (columns 3 and 2, 5, respectively). Tau (4) was obtained by fCa values determined by fitting a
line and extrapolated back to the time of the beginning of hyperpolarization, and the actual fCa values
measured at tat time, and using eqns. 3.7 - 3.9. ‘ '

*P<0.05

The solid line in Fig. 29 panel B shows the time derivative of fCa values. An important
thing to note is that there was no decrease in dfCa/dt at the start of the hyperpolarization
which would have been indicative of the involvemeﬁt of a voltage-dependent Ca?
channel. On the other hand, when the holding potential was restored to -90 mV, dfCa/dt
changed directioﬁ, began to decrease W1th a close to similar rate as that of its increase
during hyperpolaﬁzation. Thin lines are the line fits to the data points 15 _mingtes before
~ (slope before), the last three data points dﬁririg hyperpolarization (slope) and bétwsaen 10
—.20 minutes after restoring ﬂle holding potential to--90 mV (slope after).

Table 3.6 shows the means of slopes of lines fitted on fCa values (see the slopes also
in Fig. 29) in a 15-minute period before, last 3 data points duﬁng, and between 10 — 20
min. after hyperpolarization, when it réabhed the steady slope (columns 2,3 and 5,
respectively), also the average of time constants (column 4). The time constant was’

calculated by using eqn 3.1.
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Since fCa values do not show a step change, either at the beginning or after the end of
hyperpolarization, the fesults argue against the involvement of hyperpolarization-
activated channels or some type of inward rectifier channel. Another possibility would be
that hyperpolarizaﬁon increases the driving force for Ca®", which in turn wc;uld increase
Ca®" through channels that are already open. Such an effect, however, should also be
instantaneous. Further_more, suéh an effect would only increase driving force by 10%,
which could not explain the two-fold increase in dfCa/dt.

A possible explanation could be that hyperpolarization causes the recruitment of more

channels for Ca®" influx.

~ 3.10 Isoproterenol increases sarcdplasmic pH

Besides increasing the calcium content of the SR, adfenergic vstimulétion of aresting fiber
influences the pH of thie sarcoplasm as well. Fig. 30 illustrates the effect of ISO on‘ the
pH of the sarcoplasm during a 40-minute exposure. (N B. earlier work indicated that the
pK for phenol red is 0.1 — 0.4 pH units lower than the valﬁe used here of 7.7 based on in
vitro measurements. The actual pH is greater by 0.1 - 0.4. pH units then indicated m Fig.
30). The preparation contained 0 Ca internal solution with 0.1 mM EGTA, thé external
solutiqn was NR. Shortly after the addition of ISO inyoplasmic pH increased, then after 6
minutes it decreased to a steady level, which is, on.avera'ge, 0.05 pH units higher then

that b.efore ISO.
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After removing ISO, there was a gradual decrease in pH, until it reached a steady
lgvel about 10 minutes later. Similar results, also with ISO and with cut fibers but 1.8‘
- mM Ca?* and 20 mM EGTA in the internal solution, were obtained (unpublished).

O\tven (1986) demonstrated m vascular smooth muScle that adrenergic stimulation
enhances the surface Na/H exchanger via a—adrenerglc receptor pathway She showed
that ISO though pnmanly a B-adrenerglc receptor, stimulates a-receptors. She found an
increase in myoplasmic pH of 0.06 units, when using 10 pM ISO as agonist. This value is

very close to our result in the frog skeletal muscle.
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Fig. 30 Effect of ISO on myoplasmic pH ‘

The horizontal bar and the vertical lines mark the period when 10 uM ISO was present in the extemal
solution. Sarcoplasmic pH increased in ISO with 0.05 pH unit, and recovered to similar values after
removing the drug. Internal solution contained 0 Ca and 0.1 mM EGTA, the external solution was NR. Last
value of pH before ISO: 6.43, average value in ISO: 6.48, value 5 minutes after removing ISO: 6.39. Exp

312071.
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Although the literature to date lacks studies demonstrating the a-adrenergic receptor —
IP; cascade enhancing effect on the Na/H exchanger in fast twitch skeletal muscle, it

seems likely that ISO influences myoplasmic pH'Via this pathway.
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4. DISCUSSION

4.1 Adrenergic stimulation increases [CazﬂSR at rest

One of the fnajor findings of this study is that in cut fibers at rest, adrenergic stimulation
incl:reases fCa, indiéative of an incr¢ase in the saréoplasmic free calciu'm'conc;entration )
([Ca2+]SR) and thereby total SR and ﬁber calcium content. With normal Ringer:s external
solution, 730min adrenergic stimulation with 10 uM I.SO increased fCa, [Ca2+]sg, and
[CéT]SR (average increase in ng, [Ca2+]SR, [Car]sr were 121%, 112%, 253%,
'respect.ively). In the control experiments neither the values of fCa ﬁor those of [Cé,2+]sg
and [Cé,T]SR showed any _signiﬁcaqt increase (Table 3.2, roWs A, B, columns 2, 3 and
Tablé 3.3, rows A, B, cplumns 2,3 a.nd 5; 6). Sincé .the increase in fCa required external
.calcium (Fig. 23 sagittal rows A and B), the ;esults also indicate that ISO stimulates Cz_12+
influx across the surface/T system membrane.

These findings provide at least a partial explanation for the observations of many
researchers that adrenérgig stimulation in;:reases twitch tension in frog and/or rﬁénunaliaﬁ
_ skeletal musclg (afnong others: Gonzalez-Serratos et al. 1981, Arreola et al. 1987).

Our findings, descﬁbed' above, support the results of Gonzalez-Serratos and | co-
Workers who measured an increased twitch tension for the first twitch after incubating the
fiber in adrenaline without previous stimulations? They also support Rudolf et al. (2006)
suggestion that stimulation with ISO results in a small increase in [Ca**]sr. However, we

are the ﬁrSt_ to show that calcium content in the SR, thereby [Car]sr increases at rest for
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adrenergic stimulation. This fact most likely leads to a greater and stronger contraction

for the first stimulation measured by Gonzalez-Serratos et al. (1981).

4.2 Hyperpolarization increases Ca’* influx in 1ISO

Cur major ﬁnding explainéd in the previous section poiﬁts out that ISO stimulates Ca?®*
influx across the surface/T system fnembra.ne | at resf. To evaluate whether L-type
channels or some other voltage-gated Ca®* cilannels Qvere responsible, ﬁfaers were
hyperpoiarized to -110 mV. Hyperpolarization to ;1 10 mV should immediately increase
the driving force for Ca’" by about 10%. Ca®* influx rriediatgd by increased driving force
would shovs} a step ghange in the slope of fCa that Was established before
hyperpolarizatidn (Table 36 column 2 and Fig. 29, panel -B). This slope, however
remains apparently steady for about 90 — 120s after the beginning of hyperpolarization.
On the bther hand, thfs steady slope at the beginning also indicates that voltage gated
- channels were not _activafed ‘By ISO before hyperpolarization. If they were, we would
have expectéd a sudden decrease of the slope'of fCa valﬁes, indicative of closigig of these
channds_. The increase in fate of fCa hdwever, was coming 6n with a delay of .'t = 1.6 min .
(Table 3.6, column 4), until it reached its maximum final slope which is about 4-fold
greater than the oﬁe established before hyperpolarization. This magnitude of increase is
too great to be caused only by the increased driving force‘for Ca®" at -110 mV (Table 3.6.

columns 2 and 3).
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Another possibility for the ini:reaéed rate of Ca2l)r entry would be the
hyperpolarization-activated cyclic nucleotide-gated channels (HCN). However, the lack »
of step change in the rate of fCa at the beginning of hyperpolarization period argues
| against their role in this process.

- One interesting possibie candidéte is the transient receptor potential channel _
Canonical (TRPC), a Ca®* channel withqut a clearly demonstrated function at this time.
These channels have recently been linked to store-operated calcium entry mechanisms,

| but it has been suggested, that they can be activated by other unknown mechanisnis
(Yuan et al., 2007). In any case, the main finding in this section is that ISO stimulates
‘some, as yet unknown, voitage-insensitive Ca?" channel that significantly increases the

SR calcium content.

4.3 Store —operated channels are not activated at physiologically depleted [Ca®*]sg

This section considers the implications qf the effects of external Cazfr on fCa \ialues in
fibers with depleted [Ca®*]sg before adding ISO.

..In the experiments in this study, in which 20 mM EGTA was added to the internal
solution, thé average (if initial fCa values were ~30% of those where 0.1 EGTA was
present (Fig. 23 front row columns C, D vs. A, B). The average level of fCa with 20 mM
EGTA in the internal solution is the same in thei piesence and absence of external
calcium. .If surface Ca®* flux were significant, the values of jCé in fibers with NR would

be expected to be greater then those measured in fibers with no external Ca®* present. The
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fact that essentially the same stéady level of low fCa was measured in preparations wi_th‘
Ca®" absent or present in the external solution indicate that store-operated Ca’* entry
(SOCE) is not activatgd at ~30% of nonna] resting [Ca*Jsg.

Stbre-operated calcium entry was demonstrated among others by Yuan et al. (2007)
in transfected HEK cells, by Roos et al (2005), in Jurkaf cells, and by Stiber et al.
(2008), in myotubes and 'adult' mouse skeletal muscle cells. In the above mentioned
studies, the authors depleted the SR of Ca2+, using thapsigargin (TG), an inhibitor of the
| SERCA pump. In skeletal muscle, ‘in response to stére depletion, the Ca?" sensor STIMI
-clusters into punctae #t SR/T tubule membrane, activates ORAII and«TRPC channels
which in turn open for..SOC-med.iate.d Ca** .inﬂux (Shih and Muallem, 2008). In thése
preparations, SOCE was éc;tiyated with ﬁear total depletion, so théﬁ it is uﬁknown ét what
level of depletion gets SOCE activated. |

Our Study is tﬁe first to indicate that stofe operated mechanisms _ére not recruited
When the calcium content changés from thé physiological level as low as 30% of the
‘physi‘olo‘gical level. AS‘ince SOCE is not activated in this range, the ciuestion remains as to

how the phy'siolo gical SR calcium content is determined.
4.4 Lowered [Ca®'Jsg does not increase the rate of store filling in ISO

This section considers the implications of the effects of IS‘O‘ on fCa values in fibers with

normal and depleted [Ca2+]SR.
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Eiperiments, carried out with normal [Ca**]sg (0.1 mM EGTA in the internal
solution), showed increased rate of fCa increase in ISO when calcium was available. We
made the same observation with depleted (20 mM EGTA internal) fibers. The absolute
rates of increase of fCa surprisingly, were very similar in both cases'(Fig. 26A, C).

It is important to note, however, that the similar rate of change of fCa in these two
different preparations results in a’ different rate of change 1n [Car]sr. The difference is
due to tne non-linearity of the binding curve of Ca-Calsequestrin (CaCSQ) in this range.
As Fig. 25 illustrates, the Ca-Calsequestrin binding curve is sigmoidal; its Hili coefficient
is around 3, and its K4 = 1 mM (Pape et al., 2007). The figure plo'ts the binding curve of
Ca-Calsequestrin the fraction of CSQ bound to Ca?* (fCaCSQ , ordinete) Vs. [Ca2+]SR
(abscissa). The range of [Ca®"]sg at ~30 min. in ISO in our study is. from 0.2245 mM (in
depleted fibers Table 3.3, row D, column 3) to 1.2936 mM (in normal [Ca +]SR fibers,
row A). The total length of both dotted lines in Eig 25 illustrates this entire range of -
[Ca®*]sr. CSQ buffering power is greater in the normal [Ca2+]sn range, -as indicated by
the steeper slope of the binding curve under the upper dotted line- then in the [Ca®*)sk
range of depleted fibers, indicated by the somewhat less’steep curve at the lower dotted
line. This results in a greater increase in [Car]sr for the expense of the increase in
[Ca2_+]snf Indeed, the average increaée in [Car]sr in ISO was 15.78 mM in fibers with '
normal [Ca®*]sg t/s. 6.07 mM in depleted fibers (Table 3.3, rows A, C, column 7).These
values give an average d[CaT]SR/dt of 0.5260 mM/min vs. 0.2023 mM/min in nonnal
[Ca.lzf']sn and depleted fibers, respectively. These data indicate that the Ca?* influx is

about 2.5 times greater in fibers with normal [Ca®*Jsg.
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- This result is consistent with our previous finding, that store-operated mechanisms are
not stimulated by ISO at this level 'of depletion of the SR (e.g. ~30% of normal). If ISO
somehow activated the SOC-mediated Ca** entry, we‘would have expected a greater Ca”*
influx in the partially depleted fibers. This is because if SOCE was involved, one might

expect the double activation to be additive i.e. ISO + store depletion.:

4.5 Delay in reaching the steady rate of increase of fCa in ISO

A delay in the increase of fCa with an average time constant of 7.0 minutes (Fig.A 27
panel A and table 3.4 part A) was seen, when iSO was added to the extérnal so'lutidn. The
time constant of the delay is consistent with the 8-miﬁute delay in maximum for.ce’
developmént shown by Gonzalez-Serratos et al. (1981): Intérestingly, prebathing the fiber
in ISO before adding Ca** eliminatéd the delay and caused an immediate rapid increase
of fCa. These results together highlight that ISO does have a latent period until its effects
on Ca?" influx take Aplace.. it seems reasonable to hypothesize that ISO stimulates the
expression of some type of channel that conducts Ca®* at -90 mV.

The presence réf delay in both the maximum force developmént and the reaching of
steady rate of fCa pretty much rules out the possibility that increased Ca®* influx is due
to activation of L-type channel via cAMP — PKA phosphorylation by the fact that’ this
process is very rapid, takes place within a few milliseconds.

The other possibility that adrehergic stimulation may result in gene transcription and

expression of a calcium-conducting cation channel in the plasmalemma seems more
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likely. Microa,rray'studies on skeletal muscle mRNA profile during epinephrine infusion
showed that cAMP—dependent transcription of genes responsible for carbohydrate, lipid
and protein metabolism were up-regulatéd Aby adrenergic stimulation (Arner, 2004;
Viguerie et al., '2004). These include the enhanced synthesis of' enzyrﬁes for glycogen
_ mobilization, glucose metabolism, protein anabolism and inhibitory effects on proteolysis
(Viguérie et al., 2004). Examining the time constant of real time gene expression in live
Escherichia coli cells, Yu et al. measured a time constant of T = 7.0 + 2.5 minutes (Yu et
al., 2006). The similarity of time constants shown by our results and the finding of le1 et
al., suggesté the possibility that adrenergic étimulation may indeed initiate gene
éxpression.

Another possibility could be that IS'O promotes the incorporation of some type of
-cation channel-containing vesicles into the plasmamembrane. An important biological
phenomenon involving vesicle-membrane fusion is the incorporation of glucose
transporters into the p»lasma membrane of muscle and fat cells or the fusion of ACh filled
vesicles with the presynaptic ﬁembrme. Intracellular GLUT-4 traffics to the plasma
merhbrane with a half-time of ~230 min, and insulin reduéeé the half-time to ~9 min
(Karylowski et al., 2004). Thié half-time is very élose to our time constant of 7;0 min. |
‘The fusion of ACh vesicles occurs on submilliseconds timescales (200 ps) after the onset
of Ca** inﬂux (Llinas et al., 1981). SNARE-driven fusion of lipid bilayers that did not
| require Ca®" was measured from 10 nﬂﬂutes half time (Weber T et al., 1998) down to a
time constant of 25 ms (Liu et al., 2005). This wide range ‘of time scale of vesicle
incérporation would allow us to fit our delay towards the longer end of the range;

however the absence of data would make this assumption highly speculative.
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4.6 Sudden transient decrease in fCa after removal of ISO suggests change in

 transport of Ca?* from the SR.

Another main finding of this study was the observation of rapid, transient decrease in SR
calcium content while ISO was removed from the external solution. After this transient
“dip”, SR calcium content began increasing z;lgain with the same rate as it did during ISO
(Fig. 28). These observations suggesf two different effects of ISO on the fiber: one is
reversible (“dip”) and the other (recovery of the rate in increase) is irreversible at least on
the short term. ThlS section considers the transient decrease in fCa (“dip”) after removing
ISO. | |

The initial rate of decline of fCa after 1SO removal can be described with a single
exponential with a time constant of T = 0.91min (Table 3.5, column 8). From the known
time constant we can easily calculate d[Car]sr/dt, the rate of total calcium lost_in the first
minute. The calculation gives the value of 2.27 mM/min (which converts to a rate of
0.038 uM/ms). This rate closely éorresponds to the release rate of calcium from the SR
by a-RyR for a depolarization to -70 mV observed previously by Pape et al., 1995 (Pape
etal., 1995) in frog cut muscle fibers. Although much less than the maximum rate of Ca®*
:release (of ~150 pM/ms) under the same conditions, it still coﬁesponds toa signiﬁcaﬂt
rate of release. It is very important to note that any explanation for this loss of SR
calcium has to involve a net efflux acrdss the SR membrane following the removal of
ISO. Because of this, it is possibl-e.to rule out a few possible explanatipns for the rapidly

reversed component. We can approach this phenomenon from different aspects:
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a.) If the reindval of ISO reversed thé influx pathway across the surface/T -system
membrane, it would tend to stop the accﬁmﬁlation of Caz;r in the SR but it would pot
cause the loss of Ca®" already accumulated. Also, the observation of continuing rise of
SR calcium content after the “dip” argues against the assumption that the removal of ISO
closes the previously established Ca®* influx pathways.

b.) Another possible explanation to consider is the hypothesis that ISO enhanées Ca**
leak from the SR (Reiken et al., 2003). In this‘ case, any Ca’" leak in ISO would have to
be masked by the enhanced SERCA, hence the observed increase of SR calcium content
during ISO. In this casé, removal of ISO would reverse the leak which would cause a
transient increase in SR calcium content not a décrease. The presénce of the “dip” argues
’.against the hypothe_sis‘ that ISO enhances a Ca®* leak from the SR.

¢.) On the other hand, if ISO directly enhances SERCA by means of invblvement ofa |
stﬁnulatory co-factor and/or phosphorylation of the pump itself, the reversal of this effect
by removing ISO would expose the leak. ’It would do so, since prior to the removal of
ISOI there is a balance established with any Ca®* leaked from the SR being pumped back
into the SR. The rcve;sal of the direct e_nhancenieﬁt on SERCA would then reveal the SR
Ca’" leak thereby causing the “dip”. In order to account for the results, this Ca?" leak
would also have to be reversed within several minutes following the removal of ISO.
Althbugﬁ this explanation can not be ruled out, it is not very likeiy, since the “dip”
indicafes a véry fast release, and is well describéd bya single exponential procl:ess.

d.) Another pos'sibility is to evaluate the “dip” ‘from the point of view of SERCA.’
Normally, the méjor job of SERCA is to remove Ca®* from the sarcoplasm into the SR

lumen. It has been shown however, that SERCA cah work in reverse mode (Shannon et
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al., 2000). In their study, they showed that SERCA behaves as a reversible
thermodynamAic.enzymatic reaction where the forward rate depends on {Ca*" ]y, and the
reverse rate on [Ca**]gg . The steady state of this system occurs when the energy required
to establish the [Ca2+.] gradient is balanced by the free energy, available from ATP. With
the removal of ISO from the external solution, this balance shifts toward the ;eversél
direction of the pump: [Ca2+]SR, and likely [ADP]myo and [Pi] are elevated, meantime thé
adrenergic enhancément of glycolytic ATP production terminates, and Wifh this [ATP]myo
stalls or decreases (Shannon et al. (2000). This process, however by itself would not
explain the quick rele_ase of Ca®* from the SR. In order for this possibility to explain the
tapid reversal following .ISO removal, it would also require the reversal of a direct
stimulation on the pump by ISO (like thé ones pointed out in section c. above). This
direct enhancement is necessary because the removal of ISO would not cause an
immediate change in the conditions for the reversal of the pump (e.g. [Ca®*]sr and
[ATP)myo)-

Both explanations in section ¢, and d. above requiré m fact the hypothesis of the
presence of a direct enhancing effect of ISO on the SR Ca®" pump; a signal pathvx}ay
which is independent from the indirect enhancements due to increased [ATP]myo dnd
[Ca2+]myo. The observed phenomenon of “dip” therefore can be considered as evidence in
support of fhe idea that ISO directly enhances the SR Ca?* pump despite of the lack of

apparent phosphorylation sites for PKA (Odermatt et al., 1998).
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4.7 Ca*" influx doesn’t change after the rer_novﬂ of ISO

Fig. 28 shows that after the idwest point of the “dip’; fCa values begin to rise; until they
reach a steady level. The slope of line fit of the steady leQel after the removal of ISO is
not significantly different from fhe one estéblisheli in ISO (Table 3.5, colﬁmns 2, 3). This
finding indicates that removal of ISO does not change the Ca* influx present before
removing ISO. It seems reasonable to conclude that the sirhilar rate of Ca®* influx is due
to expressed Ca’* éhannels in response to ISO stimulation‘ or some type of very slow up-

regulation of Ca** éhannels, already present when I_SO was added.

4.8 Ca® leak _frorﬁ the SR in ISO is unlikely

| As discussed above, the.“‘c‘iip_” argues against the enhancement of a Ca’" leak by ISO.
" This section gives another reason to question this hypothesis.‘

When we exposed ‘t‘he fiber con;aining ’20 mM EGTA and 0 Ca®" in the internal
' solut.ion‘ to ISO there was no significant change in the rate of change of fCa values in ISO '
(Fig. 22 panel D, and Fig. 26, D). If there Was a leak, we would exiaect to see a fransient
decrease in fCa._ .This would be exﬁected, siﬂce the 20 mM EGTA would buffer the
leaked Ca*, and would compete with SERCA. This process would delay the pumping |
, back of leaked Ca®" in to the SR. This observation provides direct evidence égainst any

Ca®* leak from the SR occurring during ISO exposure; also it argues against‘ the
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hypothesis made by Marks and co-workers (Réiken et al, 2003) that adrenergic

stimulation causes the RyR channel to be leaky.

4.9 Enhancement of g-adrenergic pathway can explain myoplasmic pH change in

ISO

Fig. 30 illustrates the change of myoplasmic pH during ISO; After an initial transient
increase pH values gradually decreésed to a steady value of 0.05 pH umt above the initial
vélﬁe, and remained at this 'elevated level until ISO wﬁs washed out. After washing out
ISO, myoplasrﬁic pH feéovéred to the value before adding ISO.

‘Regulation of myoplasmic pH dgpendé on continuous activity of ‘membrane transport .
systems that médiate an outflux of H' or influx of bicarbonate, so that proton generation
is counterbalanced by prdtqn efflux (JUEL, 1998). The transporters involved in muscle
* pH regulation at rest are the Na'/H" exchange system (Moore, 1981; Owen, 1986), as
well as the Na'-dependent (NBCe), and Na+-indepéndent (CI/HCO3X) CT - bicarbonate
trahsport systems (Wané et al, 2000; J. M. Kristensen, 2004). Proton-linked
monocarboxylaté transi)_orters (MCT) are also present in skeletal muscle. These proteins
are responsible for efflux of glyéolytically derived lactic acid. In faét twitch skeletal
muscle, MTC3 appears to be the major isoform (Wilson et al., 1998). ‘. |

Lactate/H" transporters (MCT) appear to be the major‘ égid extruding system

associated with intense exercise (JUEL, 1998), while the Na'/H" exchanger and the -
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Na+/HCO_3" co-transporter (NBC) seem to be active at resting myoplasmic pH levels in
skeletal muscle (JUEL, 1998; J. M. Kristensen, 2004). o

Siilee our experiments revealed a myoplasmic pH rise during adrenergic stimulation,
the major question) is, whether these proteins responsible for pH; can be. effected by
isoproterenol?

‘Owen | (1986) proposed that isoproterendl interacts with o-adrenergic receptor to
cé,use_ IP; to rise, which in turn, activates Na/H exchange. This effect could be blocked by
the a-antagonist phentolamine, but not by the B-antagonist propranolol. ‘In her studies,
she found that 10 uM ISO increased basal pH; by 0.06 pH unit (Owen, 1986) which is
very cloée to the pH increase of 0.05 in ISO, revealeci in our experiment. Our results are
very snmlar to earlier, unpubhshed results with 20 mM EGTA in the mternal solution
Wlth frog cut fibers from our laboratory (PII‘OUZI 1999) HlS results indicated a 0. 05 pH,‘
increase, reached after a 4- mmute incubation in 10 pM ISO. After removing ISO from
the external solution, myoplasmlc pH also recovered completely ‘suggestmg that
iseproterenol is the most likely causew\ of pH rise.

There is another protein which is responsible for the acid-base homeostasis of skeletal
tnusc]e_ at fest, the Na'/HCO;™ co-transporter (NBCe). Kristensen et al.; 2004 J. M.
Kﬁstenéen, 2604) re\?ealed; that approximately half of the pH recovery is mec\liated‘by |

‘ bicarbonate-dependenttransport, by NBCs They localized two isoforms of the protein in
sarcolemmal membranes and sﬁggested that they are present in some internal membranes,
ptobably the T'-tubules'. The 1ocation and function of NBCs would make them another
ideal candidate besides the Na/H exchanger for increasing myoplasmlc rH 1f they could ,

be enhanced by adrenergic stlmulatlon Indeed, Hayash1 2001 (Hayashi, 2001) reported
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that. NBCs, found in kidney B-intercalated cells are controlled by isoproterenol vié Bi-
recebtor—cAMP-PKA pathways, but this function has not been veri‘ﬁed in skeletal muscle.

Since bicarbonate’ is not present in our'ﬁbers; our r_eéults suggest that the increase in
: myoplasmic pH caused by isoproterenol is likely dué <to"e;1hanced N'a/H effect stimulated

via PLC-IP; pathway.
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5. CONCLUSION & PERSPECTIVES

- The data presented in this thesis show new findings on the effects of isoproterenol on
[Caz+]sn and [Car]sr é.t rest using TMX, a membrane permeable low affinity Ca*'-
indicator. We monitored the fraction of Ca**-bound TMX (fCa), a direct indicator of free

calcium content in the SR ([Ca*']sg). o | )

1. We established that adrenergic stimulation increases Ca’" influx across the sarcolemma
in resting fiber. This increased Ca®* influx is non-reversible within the time period of tens

of minutes after removing adrenergic stimulation.

2. The isoproterenol effe;:t oceurs with a delay with an exponential time constant of T =
7.0 min until the rate of Ca®" influx reaches a steady level. On the othef hénd, ’Ca2+ influx
in fibers with ISO in the external solution instantan;ously increasec} upon the addition of
 external Ca®*. Furthermore, after removing‘I‘SO, following a transient “dip” the rate of
_ Ca® inﬂﬁx récovered, and remained constant at the same rate that ’was established in
ISO. These observations suggest that adrenergic stimulation prdmotes the_ expression of

some type of channel that conducts Ca*" at rest and these channels remain active after the

removal of adrenergic stimulation. -

' 3. We showed that the rate of increase of fCa established in ISO increases after some

delay following hyperpdlarization. Because of the delay, the increase can not be
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expiained simply by the increased‘ driving force for Ca2+' or byl inward rectification of a
Ca®" conducting channel 6r by hyperpolarization activated channels. These deta suggest
therefore that ISO sﬁmﬁlates some, as yet unknown voltage-insensitive Ca®* channel that
significantly increases the SR calcium content, Putative candidate may be related to the

TRP super family of canonic channels which would be activated at rest.

4. We demonstrated that Ca®' influx across the sarcolemma hence [C&2+]SR is not
enhanced in fibers with lowered [Ce?+]myo to 30% of its normal level. This fmding argues

against the participation of store-operated mechanisms at this level of depletion.

5. The steady level of fCa in ISO in fibers containing no Ca®* in the external selution and
20 mM EGTA in the interal solution argues against the hypothesis of Marks énd
colleagues that adrenergic stimulefion caﬁses Ca® leak from the SR. The pheﬁomenon of
the “dip”, the transient decrease in [Ca2+]s1z' aﬂ,er the removal of ISO, also argues againsf
the hypothesis that ISO enhanced a Ca?*-leak from the SR duﬁng adrenergic stimulation.

6. The occurrence of the “dip”, -which is eeuivalent with a Ca?* release from the SR for a
depolarization to -70 mV- its rﬁagrlitﬁde of Ca2+‘lrelease, its single exponential time
course, and its transient nature suggest that ISQ directly enhances the SR Ca®* pﬁmp and
' the removai of ISC brings this enhancement to an end. This enhancement may occur by a
' direct_enhancement ofa co-stﬁﬂulatory factor end/or phosphorylation of the pump itself if
possible. After the removal of ISO, with no further adrenergic stimulation the pump -

quickly turns into “reverse mode” due to the high [Ca®*]sg.
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7. Our results show an increase in pH by ISO. This pH increase supports the possibility of
the involvement of o-adrenergic pathways and its downstream events. Although
~ isoproterenol is primarily a B-adrenergié agonist, its a-adrenergic influence —though in

much less extent than that of B — has been previously shown.

In summary, ISO increases Ca®" influx across the surface/T-system membrane- which in
turn increases SR calcium content ([Car]sg) and with this, [Ca*]sr. Increased [Ca®']sr
leads to a greater Ca®* release from the SR which causes a greater tension during muscle

contraction.

Our results may give physiological importance to the fact that athletes, directly before
their face, reiax in a ' motionless position. It is possible that this concentrati;)n before thé
race not only prepares them mentally but physically as well thfough the effects of -
elevated adrenaline levels on their muscl—eé shown in this study. |

On the other hand, bedridden patients might benefit from adrenergic stimulation’
administered directly before their regular physical therapy exercise; The enhancing
effects of adrenaline on following muscle contractions could help better main_téin —or

slower the rate of atrophy- of muscles.
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" 6. APPENDIX - A

The purpose of this appendix is to deséribe the approaéh used té qalculate the best fit,
using the least sum of squares differences method for the “dip”, the transient decrease of
fCa values after the removal of ISO. TTﬁs phenomenon is illustrated in Fig 27. After
removing ISO, fCa values decreased ‘quickly, r¢aching their lowest value, then recovered,
reaching a steady, ‘positive_ slope. The shépe of ‘this transient decrease could be best

described by an exponential function with a sloping line (yrr) described by eqn. 3.14:
_ | .
Yrr =C(l-.-e_’J+mt : : - (A))

where C is the magnitude of exponential, m is the sloping line, reached attz = oo, and

t=t—tpgr, | | | @A)
where ¢’ is time after the addition of DYE, and #ggr is the time when de begun to drop,

so ¢t = ( at the beginning of the ﬁt.‘

The value of fCa at ¢ = 0 was set to 0, and denoted as y:

y=fCa-fCaftwse), @y
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The least sum of squares fit between the ,funcﬁon in eqn. A-1 and y values:
‘ N ) . . C
§SQ =3 (¥~ Yer) - (A4
i=1 .

where y; are values of fCa of time (#;) below, in egn. A-5, aﬁcf the removal of ISO.

By substituting the function of yzrinto eqn. A-4:

SSQ:iiiyi—(C(l—e;:J+mtiH | o : (A-5)

We obtain the best fit, if the partial derivative of SSQ in respéct to m and C are 0 By )

solving eqn. A-5, first in respect to m:

o - - | |
8_SS_Q=_2 [%—(C[l—e’ ]+mt,.ﬂ*t,-=0,' - (A-6)
om i1 ' _ .

. rearranging,

Syt —CY ,+CY te” —mY .’ =0, | (A-T)
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and solving for m:

mz*_CZti—CZtiez’ =Y i, - A
> -

~ Solving the partial derivative of SSQ in respect to C:

350l (i A TP
o 22[);,. _(C[l e J+mt,}](l e ) 0 (A-9)

rearranging:

-2

- -4 = = 2
Zy,.—CN+CZeT —mZti—Zyie 4 +C2e’ —CZe 4 +_mZtie

4

7

(A-10)

-t

Substituting in eqn. A-8, and combining C Z e’ terms:

/] /]

-4 -2

z
Yy -Yyer +2CY e ~CYe _CN+

Szt E -
+ Zf?. [Zt,.ev —Zt,}=0, (A-11)
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and ﬁnally solving for C:

Zt?(z‘yie:} _ZYiJ—ZYit{Ztie::—i _ztiJ
C= . .
ztf(zze?" Yo -NHzt,. —Ztie?)

(A-12)

The function of the fit, ygr (A-l)v with the solutions for variables m (A-8) and C (A-12)
were entered in an excel worksheet. The best fit between values of yi and yp; were
obtained by getting the least sum of squares differences between the two sets of values by

changing the user-adjustable parameter, 1:

880, = 2.0 = Vem) | (A13)
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APPENDIX - B

The aim of this appendix is to describe the approach of calculafing‘ [Ca® s ffom th¢
- measured fCa values. | | |

Since calcium bound TMX is foulnd’ explicitly in “the SR, and taking the distribﬁtion of
TMX forms in the fiber into account, the fdll'g)wing formula describes fCa:

VelCaTMX ],
Vee(CaTMX | +[TMX 5 )+ 7, [TMX

fCa = (B1)

oo

. where V is volume and the subscripts sg and myo Tefer to sarcoplasm and myoplasm,
respectively. This value, hoWever, underestimates SR free calcium, because it contains

the myoplasmic component of TMX ([TMX]xyo). To caiculate the fraction of calcium

bound TMX in the SR (fCagg) we have to omit TMX, presenf in the myoplasm:

VglCatmx ],

SfCag, =

. B2)
Vg ([Ca T™MX ]SR + [T MX ]SR )
Combining' eqns (B1) and (B2) and expressing the r‘eciprocal‘ of fCa yields:
' V. o \TMX
1.1 Vltmx],, )

= + .
fCa fCag, VglCaTMx]g =~
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The second part of the right side of eqn (B3) can be broken down into two parts knowing

that

[raax]s, = plrrax],,, - ®4)
where p is a constant that explains the differencé in [TMXJ}myo and [TMX]SR based on the
pH gradient across the SR niembrane. Substituting the ratios of TMX forms present in the

SR in (B3) with their fractional ratios and dividing with p yields:

meo " [Tm]mya — meo *l—fC'aSR; : (BS)
Vsr [CGTM ]SR PV SfCag ’

and substituting eqn (B5) into the second expression of the right side of eqn (B3) gives

- the final solution:

L __ 1t . Vo 1~ fCag,
fCa  fCag, pVy  fCag

(B6)

The volume ratio (meO/V sr) is a constant, as well as p, therefore eqn (B6) describes thg:
function of fCasg vs. fCa. Following these calculations with the monitored fCa values,

[Ca®*]sk can be calculated with eqn 2.21: |
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SfCag, *K,

T~ e (B7)

' [Ca2+]SR =

It fs important to note, however, that in case the turnover rate of the SERCA ché.nges, it
should change the constant‘p (which is obtained from the pH gradient across the SR
membrane eqn. 3.5), which in turn will change slightly the relationship between fCa and

 fCasg and therefore the value of [Ca*']sr.

117



APPENDIX - C

This section describés how information ‘about the concenu'aﬁc;ns of Ca-‘bound and Ca-
free TMX ([CaTMX] and [TMX], respectively) and'felated information is derived from
the measurement-derived Armx sigxlalsl Since there are two,dye species, TMX,an‘d
CaTMX, their conc_entrgtions can be i.iet.ermined from the dye-related absorbances at two
wavelengths. This section describes how [TMX]A and [CaTMX] can be obtained utilizing
‘t-he ‘i'nformation from two (.)r more wavelengths using the least-squarés méthod. The
rﬁeasmemént-dérived absorbance at waveléngth_ An is denoted A’dye(kn) where n can vary
from 1 to the number of wavélengths, N. The leést-squarcé best fit absorbancé at
wévelength An is given by
A4, =63, ) 146, (4,) (caTax ) @

where / is the optical path length and ermx(An) and €carmx(An) ére the extinction
coefﬁcjents at wave‘length An. This is simply the'sum- of the absorbances from each ‘of the
dye species using Beer’s Law and the best-ﬁf values of .[TMX]'vand [CaTMX]. The sum

of squares (SSQs) is given by

N

SSQs =3 (4 (4,) - 4, (2, ) | (C2)

n=1
Substituting equation (C1) into (C2), taking the partial derivatives of SSQs with respect to
[TMX] and [CaTMX] and solving for [TMX] and [CaTMX] from the two partial

derivatives gives that
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[Tm]_lzemmx zAdyeeTMX ZSTngC‘aTMX ZAdye CaTMX (C3)

ngx ch:,mx (ZSTMX€CaTM\’)2

and

[C(JTM] lzeTmz ZAMECaTMX ZeTMXECaTm Z énySCaTm (C4)

! Z‘ETMX ch:zmr (ZgTWECaTMX )2

(N.B. for brevity, the wavelength index, n, for the summations and the function

dependencies on A, are omitted.) -
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APPENDIX - D

This section describes the steps used for calculaﬁng the tim‘e‘co’nstant of the delay -
: depiéted in Fig. 27 A. |

. The function that‘ describes the change of fCa in ISO, is based on an exponential function
and the rate of changes of jCa before ISO and at‘. inﬁnite time, where the rate of change

becomes steady:

= (D1)

' dfca _[dfCa-l _ dfcal )(l—ﬁ}u dfCa
dr

od |, dt |, dt

0

where ¢ is the time of addition of ISO,

and i;_‘—z ié the slope of fCa before‘ISO, denoted my,
0 ) . .
dfCa . : '
and g is the steady slope of fCa, reached where t >> 1, denoted m,.

After substituting mg and mein to eqn El, it simplifies:

d};'a =(m, —mo{l—e’ J+m0. ‘ B D2)
Integration gives: .

. | =) '

fCa(t)= fCa(0)~-(m,, —m, ﬁ{l -e’ J +m_t (D3)

where fCa(0) is the value of fCa at the time of addition of ISO
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Define the function of fCagr, the line fit on fCa values when they reached a steady slope

as follows:
fCapr =mt+ fl Canr 0, . , (D4)

where “}‘Cam(O)” is the value of the fit at the addition of ISO, depicted in Fig. 27 A.

In the case, when ¢ >> 0, fagr = fCa, so eqn E3 and E4 gives:
m_t+ fCa,. (0) = fCa(0)+m_t~(m_—my)r, o (DS)

and finally by rearrariging, we can express the time constant:

m, —m,
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