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ABSTRACT

The effects of calcium-free Ringer's solution and organic calcium channel blockers on
twitch and tetanic responses were investigated in frogs skeletal muscle fibres. In the presence
of calcium-free solutions containing low concentrations of EDTA, the area of th. :etanic tension
X time plot was greatly depressed, but twitch responses either increased or did not change in a
10 min recording period. At high concentrations of EDTA, both twitch and tetanic responses
were abolished.

Similarly, the organic calcium channel blockers nitrendipine and verapamil both greatly
depressed the area of the tetanic tension X time plot. Nitrendipine, at all concentrations used,
either potentiated or did not change the maximum amplitudes of twitch responses. On the other
hand, at very high concentrations, verapamil, in addition to its effect on tetanic areas, also
depressed twitches.

Intraceilularly recorded repetitive action potentials were unchanged in the presence of
nitrendipine at all concentrations. The amplitudes of late after potentials were either not changed
or slightly increased with the application of nitrendipine. The effect of verapamil on repetitive
action potentials was of a complex nature. At relatively low concentrations, which caused a
significant depression of areas, verapamil did not affect the repetitively occurring action
potentials. At high concentrations of verapamil, use-dependent blockade of sodium-action
potentials was observed. The time courses and the use-dependent blockade of action potentials
wis 2 2180 consistent with the mechanical recordings. An exception'to this consistency was that
at relatively low concentrations of verapamil, although the reversal of usé-dependent blockade
of action potentials by lower stimulation frequencies was observed, tetanic contractions were not
maintained.

Although it has been well established that transverse tubules of skeletal muscle fibres



contain high concentrations of voltage sensitive calcium channels, their functional significance
was not known. During our studies, we found that pharmacological manipulations (reducing
extracellular calcium jons and using the organic calcium channel blockers, nitrendipine and
verapamil) that are known to suppress the activity of these calcium channels, also greatly
depressed the maintained tension development during tetanic contractions.  Since in
physiologically functioning intact muscle fibres, repetitively occurring action potential trains,
rather than single action potentials, are generated for the development of maintained tetanic type
contractions, we have suggested that the functional role of voltage sensitive slow calcium channels
is to permit the entrance of extracellular calcium ions that are required for the maintained tension
development during tetanic contractions.

Since it was our hypothesis that the late after potentials that occur during tetanic
stimulations in T-tubules can cause the opening of voltage sensitive slow calcium channels during
tetanic contractions, we further studied the role of voltage sensitive slow calcium channels in T-
tubule membrane preparations. It was found that by depolarizing the T-tubule vesicles to the
range of late after potentials that occur during tetanic responses, there was a large calcium flux
response. These “Ca?* flux responses were blocked by the inorganic calcium channel blockers,
Co**, Ni?* and L#>*. The organic calcium channel antagonists, nifedipine arxi verapamil also
blocked “Ca® flux fasponses but nitrendipine had no effect on these responses.

The calcium channel agonist Bay K8644 increased the “Ca** flux responses occurring
in the range of late after potentials in T-tubule vesicles. Stereospecific enantiomers of (+)-SDZ
202-791 had opposite effects on these flux responses. Although ( - )-SDZ 202-791 blocked
SCa?* fluxes, (+)-SDZ 202-791 had an agonist effect on flux responses, indicating the
stereospecificity of the effects of different enantiomers on $Ca2* fluxes in T-tubule vesicles.

These results gave further support to our previous suggestion that the voltage sensitive

slow calcium channels can play important roles during the late phase of tetanic contractions.
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1. INTRODUCTION

‘Ja calcium, das ist alles’

Otto Loewi, 1959

Calcium (Ca)

Atomic weight 40.08

Atomic number 20

Melting point 842°C - 848°C
Boiling point 1487°C

Valency 2



1.1  General Comment

Calcium (Latin calx: Lime), following its discovery by Humphry Davy in 1808, took its
place as one of the most abundant alkali earth metal ions among the group Il elements in the
periodic table. Not until the late 1800s was its importance first mentioned in biological systems.
Thanks to the tap water of London, supplied by the New River Water Company, Sidney Ringer
was the first person to show that calcium was required for contraction of the frog heart (1883).
In later studies, it was observed that, in Ca**-free solutions, electrical activity still persisted
(Locke and Rosenheim, 1907, Mines, 1913) and that the strength of contraction was proportional
to the calcium concentration in the bathing medium (Bay et al., 1933).

The first direct evidence for the involvement of Ca** in skeletal muscle contraction came
from Heilbrunn and Wiercinski (1947). They demonstrated that Ca®* was the only
physiologically occurring cation which would cause contraction when injected in low
concentrations into bits of skeletal muscle fibres. These observations were subsequently
confirmed by experiments in which Ca** was introduced into frog muscle fibres by
electrophoresis (Niedergerke, 1955). The importance of Ca®* as the coupling link between
depolarization and contraction in skeletal muscle was first demonstrated by Frank (1958) and
supported by later studies (Bianchi and Shanes, 19%9; Curtis, 1966; Bianchi and Bolton, 1967).
This link between depolarization anu contractio«: has also been known as excitation-contraction
(e-c) coupling. E-c coupling was originalls proposed by Sandow (1952) to describe the series
of events that, starting with the propegate! action potential of its surfice membrane, leads to the
twitch contraction of a muscle fibre. “i*::3e events are defined as a series of successive steps that
are depicted schematically in Figure 1. It is well established (Huxley and Taylor, 1958) that an
excitatory stimulus, i.e. an action potential, at the surface membrane of muscle fibces is

conducted toward the interior along the transverse tubular system. It is also accepted (Bianchi



FIGURE 1: Schematic representation of the different steps involved in e-c cospling. Excitatory

stimuli at the surface membrane (1) are conducted into the interior of the fibres along the
transverse tubular system (2) and will cause the release of calcium from the sarcoplasmic
reticulum (4). The released calcium will activate the contractile machinery and is subsequently
taken up by the sarcoplasmic reticulum (S). Exactly how depolarization of the tubular membrane.

cquses the release of calcium from the sarcoplasmic reticulum is not known (step 3).



4
and Shanes, 1959; Winegrad, 1970) that an action potential will cause a translocation of calcium

from the sarcoplasmic reticulum to the myofilaments, resulting in muscle activation. In the past
few years, major advances in understanding the molecular basis for e-c coupling have taken place
with the identification, isolation and sequencing of two of the key proteins: a dihydropyridine
(DHP) receptor which senses the T-tubule membrane potential and a ryanodine receptor which
contains the calcium release channel in the sarcoplasmic reticulum, however, the mechanism of
the coupling process between the T-tubule membrane potential and the release of calcium from
the sarcoplasmic reticulum has yet to be elucidated (Figure 1, Step 3).

Regardless of the exact nature of this mechanism, the electrical events in transverse

tubules are closely related to the mechanical responses of the muscle, and Ca** has a central place

in this link.

1.2 Action Potential and its Role in Muscle Contraction

In vertebrate skeletal muscle fibres, the physiological event that leads to contractile
activation is the action potential which consists of a spike followed by an early negative after-
potential (Fig. 2). The upstroke of the action potential which has a maximum rate of rise to
+400 to +700 V/sec is caused by a regencrative increase of Na* conductance while
repolarization results from an inactivation of the Na* conductance and a delayed increase of the
K* conductance. Thus the overshoot potential (see Fig. 2) and maximum rate of rise of the
action potential depend linearly on the logarithm of [Na*],, and the action potential is blocked
by tetrodotoxin which specifically blocks the membrane Na* channels (Narahashi et al., 1964;
Ferroni and Blanchi, 1965). Later, voltage-clamp studies of frog twitch fibres also demonstrated
a transient inward Na* current following depolarizing steps; this inward current is also abolished

by tetrodotoxin or by the removal of extracellular sodium and could be inactivated by a
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FIGURE 2: Action potential and isometric tension of a single skeletal muscle fibre of the frog.
t = 18°C. O.P., Overshoot potential; R.P., resting potential (-90.3 mV in this fibre). A
simuitaneous record of action potential and teasion from an isolated fibre was first published by
Hodgkin and Horowicz (1957) and the figure was modified from their representation.



6
conditioning depolarization (Adrian et al., 1970a; Ildefonse and Roy, 1972). As in axons, the

initial sodium current is followed by a delayed outward K* current, which is greatly reduced by
extracellular tetraethylammonium ions (Stanfield, 1970). This delayed K* channel has lower ion
selectivity (30:1, K*:Na*) as compared with that of the K* channel (100:1, K*:Na*) which
determines the resting potential (Adrian et al., 1970a,b). The increase in the delayed K* current
during depolarization brings the potential back to the equilibrium potential for these channels (-70
to -80 mV). The subsequent slow return to the resting potential brings about the early after-
potential which is typical of skeletal muscle fibres (see Fig. 2). The early after-potential of frog
skeletal fibres is about 20 mV in amplitude immediately after the spike component and gradually
decays to the resting potential with a half-time of 10-20 msec (20°C) (Frank, 1957). This
gradual decay depends on the time constant of the total fibre membrane (Frank, 1957).

In simultaneous recording of the action potential and contraction, it was clearly shown
that the action potential preceded the beginning of the mechanical response by 1 or 2 ms
(Hodgkin and Horowicz, 1957; Buchtal and Sten-Knudsen, 1959). This time interval is
considered to represent the period durinf; which e-c coupling occurs (Sandow, 1947). A.V. Hill
(1948) proposed that diffusion of an activator substance released from the surface membrane
during an action potential was too slow (2.5 sec for a small molecule freely diffusing across a
fibre radius of S50 uM) to account for the relatively short time interval of 1-2 ms during e
coupling.

By the mid 50’s, although it was clear that an action potential occurred at the surface
membrane and that it is followed, after a few milliseconds, by contraction of the myofibrils. The
problem of the mechanism by which this change of surface membrane potential spreads into the
muscle fibre remained unsolved. Definitive answers came from the combined use of different

experimental techniques.



1.3  Inward Spread of Activation

The experiments of Huxley and Taylor (1955) suggested that excitation spreads along
some structures within the Z line from the cell surface to the innermost myofibrils. These
investigators produced highly localized depolarizations by applying current pulses, small enough
s0 as not to trigger an action potential, through extracellular micropipettes located near the
surface of isolated frog muscle fibres. They found that when the pipette tip was opposite the Z
line, local contractions of the adjacent two half-sarcomeres occurred. The extent of contraction
spread into the fibre depended on the strength of current. In addition, there were sensitive spots
located around the perimeter of the fibre at the Z line level. In 1959 Huxley presented the
electron micrographic evidence showing that the tubular structures at the level of the Z line were
continuous from the surface to the centre of the muscle fibre. In the same year Andersson-
Cedergren demonstrated similar findings and called this element the transverse (T) system.

Finally, Peachey in 1965 clearly confirmed the continuity of the T-system (Fig. 3).

1.3.1 Ultrastructure of the T-System in Skeletal Muscle Fibres

The electron microscopic studies of Porter and Palade (1957) described a distinct structure
composed of a central element and two lateral sacs. Because it was formed by three units it was
named the triad. A few years later Andersson-Cedergren (1959) demonstrated that the triads
were composed of morphologically distinct structures; transverse tubules (T-tubules) flanked by
two lateral sacs that were part of the sarcoplasmic reticulum. T-tubules consist of tubular
extensions of the surface membrane which enter at the level of the Z line in frog muscle fibres.
The flattened tubules are 30-80 nm in diameter and form a continuous network (see Fig. 3).
They penetrate into the fibre along a line vertical to the fibre axis into the spaces between

myofibrils, thereby surrounding or totally enwrapping each fibril and finally ending in a blind
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FIGURE 3: A three-dimensional reconstruction of the internal membrane system (transverse
tubular system and sarcoplasmic reticulum) in association with the individual myofibrils of a
muscle fibre and combined electron microscopic representation of triadic junction. On the left,
parts of five intracellular myofibrils are shown. A, A band; I, I band. [Modified from Peachey,
1965]. On the right, electron micrographs of fish muscle showing SR and T-tubules cut in cross
section and longitudinally. Electron-dense feet can be seen at regular intervals (arrows).

{Modified from Franzini-Armstrong ar. Nunzi, 1983).
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sac. The tubules of the T-system communicate with the extracellular medium as demonstrated
by showing that relatively large extracellular “marker molecules” such as the protein ferritin (11
nm in diameter), could penetrate into the lumen of the T-tubules where they could be localized

by electron microscope techniques (H.E. Huxley, 1964).

1.3.2  Electrophysiological Properties of the T-Tubule System

Although most of the ultrastructural characteristics of the T-tubule system were revealed
in electron microscopy studies, the question of whether the T-tubule membrane, like the surface
membrane, is selectively permeable to ions was uncertain. In an attempt to solve this problem,
Hodgkin and Horowicz (1960a,b) reasoned that if a sudden change in external concentration of
a particular ion affected the outside membrane, it would nroduce an almost immediate change in
membrane potential. Since the concentration of an ion in the T-tubule space requires time to
equilibrate with the external solution after a sudden change to a solution containing a different
concentration of the same ion, there should be a slowsr change in membrane potential during the
washout period if the tubule membrane is permeable to the ion. In other words, if the tortuous
T-tubule pathways that cause a restricted diffusion of extracellular ions, would not have existed,
with the similar surface area of muscle membrane, the potential change of muscle fibre would
follow the membrane time constant (= 20 ms). This quick, expected repolarization, after
changing high K* solutions to low K" solutions, is not observed in skeletal muscle fibres since
the time required for the diffusion of high concentration of K* remaining in T-tubules after high
K* solution-treatment, to the changed fow K* solution outlasts the time constant of the
membrane. In their studies on isolated frog muscle fibres, they clearly showed that when [K'],
was increased at a constant {K*}, x {CI'], product, depolarization was reached in 1-2 seconds, and

thereafter remained constant, However, during a fast washout period that took a fraction of a
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second, repolarization followed a much slower time course than would be expected from the time
constant of the muscle. Depolarization responses to a decrease and increase of [CI'), had very
similar time courses. These results supported the idea that the T-tubule membrane is permeable
to K" ions and not permeable to CI' ions, whereas the surface membrane is permeable to both.
Furthermore, the larger the [K*],, the slower the response to a sudden return to low K*
concentration. It was aiso found that if fibres of different diameters were exposed to the
experimental solution, the larger the diameter, the slower the time course of the repolarization.
When the volume occupied by K* ions was estimated from the repolarization responses, it
corresponded to 0.2%-0.5% of the fibre volume. Later, Peachey (1965) calculated from electron
micrographs that the T-tubule volume is approximately 0.3% of the fibre volume. Confirming
these results, Nakajima et al., 1973, showed that this slow repolarization phase disappeared after
the T-tubules were disconnected from the sarcolemma by a glycerol treatment. In many
subsequent studies, Hodgkin and Horowicz’s original approach to calculate the concentration of
K* ions in T-tubules was extensively used to calculate the concentration of K* ions accumulated
in T-tubules during repetitive activities of muscle fibres (Freygang et al., 1964a,b; Kirch et al.,
1977). Accumulation of K* ions in the T-tubules during tetanic stimulations was first indicated
by the work of Freygang et al. (1964a). They studied the long lasting depolarization called late
after-potentials (LAPs) which occur after muscle fibres are stimulated tetanically. Freygang et
al. (1964a,b) suggested that the LAP is caused by an accumulation in the T-tubules of K* ions
which leave the fibre during each successive action potential. In subsequent studies, it was
demonstrated that after the detubulation of muscle fibres by the glycerol treatment, the LAP was
completely abolished (Gage and Eisenberg, 1969b). This finding confirmed the earlier studies
suggesting the T-tubules as the site for the accumulation of K* ions during tetanic stimulations.

Due to the diffusion delays caused by the long, tortuous and narrow tubular system, the K* ions
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take some time to be reduced to the normal extracellular K~ concentration. Thus the observed
slow return of the LAP (t, = 350 msec) (Freygang et al., 1964a) to resting potentiat can be
explained by the slow diffusion of K~ out of the T-tubules to the exterior of the muscle fibre
(Nakajima et al., 1969, 1973). This was also confirmed by the experiments of Kirsch et al.,
(1977). They showed that the slow decline of the LAP and K* repolarization (Nakajima et al.,
1973) occurred at similar rates and confirmed that both phenomena could be explained by the
accumulation of K* in T-tubules.

In addition to late after potentials, the membrane capacitance of muscle fibres has also
been explained in terms of properties of the T-tubular system. In early studies on the linear
electrical properties of frog skeletal muscle fibres it was found that the value of specific
membrane capacitance (about 6 uF/cm’) was considerablv larger than expected for a layer of
plasma membrane, whi.a in nerves has a capacitance of only 1 uF/cm®. It is now clear that this
difference is largely due to an underestimate of the total membrane area in a unit iength of muscle
fibre. Electron microscope studies show that in a typical frog fibre the surface area of the
transverse tubular membranes is roughly 5-7 times as large as the area of the sarcolemma, which
is generally used for the calculation of specific capacitance (Peachey, 1965). This increased
specific capacitance has important consequences on the electrical properties of muscle fibres.
Since the time constant is the product of total membrane capacitance and the input resistance of
muscle fibre, any increase in membrane capacitance will also cause an increase in the time
constant of the membrane. As discussed above, the membrane time constant is the major
determinant of the time course of the early after-potential, typical of the muscle action potential
(Frank, 1957). Disconnecting the tubular system by glycerol-shock treatment to reduce the
tubular component of total fibre capacitance greatly reduces the early after-potentials (Gage and
Eisenberg, 1969a,b).
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1.3.3 Inward Conductance of Electrical Activity in T-System

As was described previously, during their pioneering experiments, Huxley and Taylor
(1958) came to the conclusion that the signal for muscle contraction is mediated by the inward
spread of depolarization via the T-tubule system. This conclusion has been further strengthened
by the use of the glycerol-shock technique (Howell and Jenden, 1967). In fibres treated this way,
the action potential still occurs at the surface membrane but there is little or no mechanical
activity indicating the essential role for e-c coupling of continuity between the sarcolemma and
the T-tubule system (Gage and Eisenberg, 1967; Eisenberg and Eisenberg, 1968; Howell, 1969).

In conclusion, these early studies have attracted the attention of many workers in this field
to the T-tubular system as the structure that is responsible for the inward conduction of the
muscle excitation. For many years the question had remained unsettled as to whether the inward
spread of this excitation along the T-tubules is an active, regenerative process or whether it
occurs in a passive, electrotonic fashion. The first evidence on the presence of active propagation
in the T-system came from studies showing the temperature dependence of the radial spread of
activation in single muscle fibres (Gonzales-Serratos, 1966). Constantin (1970) confirmed this
by showing that a surface membrane depolarization just above the contraction threshold could
cause shortening of the entire cross-section of a muscle fibre. He also showed that the radial
spread of contraction could be diminished by reducing the extracellular sodium concentration or
by adding tetrodotoxin (TTX) to the bath medium. This can be explained by the fact that
depolarization of the muscle fibre can produce an increase in sodium conductance in the
transverse tubular membrane, resulting in an inward sodium current, which contributes to the
spread of a depolarization or action potential along the T-system. Gonzales-Serratos (1971)
performed subsequent studies which supported their preliminary accounts of a regenerative

process along the transverse tubules. Gelatin setting and longitudinal compression of a muscle
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fibre made microscopic observation of straightening of individual myofibrils possible. High-
speed cinemicrography recorded the time course of shortening of the myofibrils, from which
measurements of velocity of inward activation were made. This was estimated to be
approximately 7 cm/sec at 20°C, with a Qo of 2.13. The Q,, value is similar to that for the
conduction velocity of a muscle action potential (Eccles et al., 1941), and thus Gonzales-Serratos
(1971) deduced that such a Q,, would be compatible only with an active process Nakajima and
Gilai (1980a,b) stained the internal membrane system of the muscle fibre with the potential-
sensitive dye, merocyanine, thus microscopically visualizing the location, size and time cours<
of the potential change in the T-tubule. The rate of inward spread was found to be around 6.5
cm s* (25°C) in Xenopus muscle fibres, and doubled with a temperature increase of 10°C. Such
a high temperature dependence would not be expected if the conductance mechanism were
passive. Again, this suggests that the transverse tubular system is excitable, and necessary for
full activation of the twitch response. Therefore, the experimental evidence presented thus far
confirms the concept that the inward transmission of excitation into the T-system of skeletal
muscle fibres occurs through an active process rather than by passive electrotonic spread.
Various studies have attempted to calculate the shape of the action potentials on the surface
membrane and in the T-tubules from voltage clamp data in terms of the parameters of the
Hodgkin and Huxley model of squid axon excitability (Adrian et al., 1970a,b; Ad;ian and
Peachey, 1973). The results obtained in these studies have suggested that there is a transmission
delay within the T-system, so that depolarization of surface membrane occurs before
depolarization of the most axially located T-tubule membranes. This propagation lag (about 1
ms) between the surface action potential and T-system membrane potential changes has also been
confirmed in optical studies using potential sensitive dyes (Nakajima and Gilai, 1980a,b; Vergara

and Delay, 1986). Calculated action potentials in T-systems also have a slightly broadened action
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potential duration (Adriaa et al., 1970a). This slight action potential broadening that might gain

some importance during repetitive action potentials was also shown in the optical studies made
to observe potential changes in the T-system (Heinz and Vergara, 1982; Vergara and Delay,
1986).

The action potential, after a latency of only a few milliseconds (! or 2), is followed by
a brief contraction of the frog's toe muscle fibre whiun lasts about 100-150 ms. Such a phasic
contraction of response is known as a twitch. To evaluate the role of the action potential in e-c
coupling it would be necessary to determine the quantitative relation between membrane potential
and tension output under a variety of physiological conditions, but this cannot be directly
established for the twitch in terms of the potentials produced by the action potential itself since
these continuously and rapidly change. Hodgkin and Horowicz (1960a,b) approached this
problem by studying depolarization-induced contractures set up in single fibres of skeletal muscle.
These investigators changed the membrane potential by altering the {K*], at a constant [K*], X
[Cl], product. The relationship between the membrane potential measured by a microelectrode
inserted into muscle fibre and the logarithm of the potassium concentration in solution was linear
as predicted from the Nernst equation. Force development, on the other hand, was a more
complex function of the potential. Their results indicated the following: a) the threshold for
force activation is normaily reached near -50 mV; b) the extent of force development is related
to the membrane potential by a steep sigmoid curve (activation curve); and c) force development
appears to be maximal, i.e. saturated at a membrane potential around -20 mV. Studies with
voltage-clamped short muscle fibres of the frog also confirmed these results (Caputo and
Fernandez de Bolanos, 1979). These results also clearly demonstrated that a stimulus causing
an "all-or-none" type of action potential exceeding +30 mV will always activate the contractile

machinery fully and it will, therefore, result in an "all-or-none” type twitch response.



15

In addition to the supra threshold effect f sv~mbrane dej-larization, maintained
subthreshold potential changes across the plasma mw: hrane (. ds¢ cause some functional
changes such as an increased C. consumption and heat production ("Solandt effect™ Solandt,
1936), an increased resistance to stretch and an increase in the mechanisz! résponse to slightly
higher K* concentrations (Vos and Frank, 1972a,b). In these small inaisitainca depolarizations
produced by subthreshold high K- concentrations, slow but continued Ca** influxes cccur and
produce an increased [Ca?*]; (Biangui and Shanes, 1939; Weiss and Bianchi, 1965; Blatter and
Blinks, 1991).

So far, although the inward transmission of a regenerative action potential into the T-
system is well established, the fundamental question of how the tubular action potential is linked

to release of internal Ca** has not yet been resolved.

1.4  Movements of Calcium Ions in the Activation of Contraction
1.4.1 The Functional Ultrastructure of the Sarcoplasmic Reticulum (SR)

The sarcoplasmic reticulum which makes up less than 10% of the total volume of the
twitch muscle fibres in frog, is an internal membrane system that surrounds the myofibrils,
consisting of flattened sacs that extend from Z-line to Z-line which is also the length of a
sarcomere functional unit of the muscle fibre (Peachey, 1965). The configuration of the SR
varies along the length of the sarcomere, appearing as terminal cisternae in the region of the I-
band and as longitudinal tubules and a fenestrated collar in the A-band region (Figure 3).

The SR of skeletal muscle consists of two morphologically and functionally distinct
regions: the terminal cisternae which form the triadic junction with the T-tubules, and the
longitudinal elements of SR, which are slender tubules that connect medially with two terminal

cisternae, forming a continuous SR compartment. Membrane preparations of SR obtained from
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muscle homogenates have been subfractionated by density-gradient centrifugation into fractions
originating from T-tubule, terminal cisternae (heavy microsome), and longitudinal tubule (light
microsome) (Meissner, 1975; Lau et al., 1977). The isolated T-tubui.. are characterized by a
high cholesterol content, the presence of Ca**-ATPase, Na-K ATPase, 8-adrenergic receptors,
isoproterenol stimulated adenylate cyclase activity and dihydropyridine-class Ca** channel ligand
binding sites (Caswell et al., 1979, Hidalgo et al., 1986; Jaimovich et al., 1986; Dunn, 1989).
The longitudinal tubules are highly enriched in Ca** pump membrane, which constitutes 90% of
total protein. This protein is responsible for translocating Ca** (K. . : 0.1 - | uM) from the
myoplasm to the lumen of the SR by hydrolysing ATP; two Ca** ions are translocated per
hydrolyzed ATP (Martonosi, 1984). Fractions originating from terminal cisternae, besides the
Ca**-ATPase activity, contain three different proteins; ryanodine receptors (or Ca’" release
channels),inositol trisphosphate (IP,) receptors and calsequestrin (see Fleischer and Inui, 1989;
Tsien and Tsien, 1990). Calsequestrin is a hydrophilic protein, which binds large amounts of
Ca®* (40 mol Ca**:1 mol) with low affinity (K, = 0.8 mM). It is presumed that it plays a Ca**
storing role by complexing with the Ca** in the terminal cisternae (Carafoli; 1987). Indeed, in
electron-probe studies, it was clearly shown that the terminal cisternae of SR contain as much as
50 mM Ca** and function as the main Ca®* store in the muscle fibre (Somylo, 1977). The
release of the Ca®* stored in the terminal cisternae has been shown in a number of studies.

Winegrad, in his pioneering studies of autoradiographic calcium location (1965, 1970),
qualitatively showed slke loss of stored, radioactively labelled calcium from the terminal cisternae
upon stimulation. A.V. Somlyo et al., (1981) determined the quantitative release by electron-
probe analysis, and showed that the calcium content of the terminal cisternae decreased from 50
mM in resting muscle to 30 mM in fibres frozen during tetanic stimulation.

In agreement with previous studies, binding sites for ryanodine and IP, in heavy SR
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fractions (Inui, et al., 1987; Hymel, et al., 1988) have shown to correspond to Ca*" release
channels gated by Ca** itself and IP,. The release of Ca** from terminal cisternae of the SR by
either Ca** or IP, has been shown using both skinned muscle fibres (Fabiato, 1985; Lea et al.,
1986) and heavy SR vesicles (Inui, 1987; Hymel et al., 1988).

In conclusion, it appears that the main function of the SR is to regulate the availability
of intracellular Ca®* to the myofilaments for muscle contraction and relaxation. Different parts
of the SR seem to have specific functions in the process of Ca** homeostasis. In terms of
morphological and molecular structure, the terminal cisternae seem to be specifically oriented for
the storage and release of Ca®" to sarcoplasm. On the other hand, the longitudinal tubular part

of the SR is more likely to be involved with the sequestration of Ca** into the SR.

1.4.2 Calcium-Force Relation During Twitch and Tetanic Contractions

Quantitative studies of whether the elevated intracellular Ca** concentrations produced
by the release from SR is actually capable of inducing a contraction of contractile machinery have
been carried out using chemically or mechanically skinned muscle fibres (Natori, 1954; Julian,
1971; Stephenson and Williams, 1981). In experiments with frog twitch muscle fibres, it was
shown that the Ca®* threshold concentration was approximately 1 uM and maximal isometric
force was achieved at 10 uM (Hellam and Podolsky, 1969).

The most direct evidence for an increase in myoplastic [Ca?*] during contractile activation
was obtained with optical methods, based either on absorption changes resulting from the binding
of Ca?* to various indicators such as sisetallochromic dyes or the light emitted by a Ca* sensitive
photoprotein such as aequorin (Ashley and Ridgway, 1970; Allen and Blinks, 1978; Miledi etal.,
1982). As a result of these studies it was found that the calcium ion concentrations of about 0.1

uM in resting muscle fibres may increase, in twitch responses, o 8 uM when determined by the
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arsenazo method or 10 M when determined by the aequorin method (Blinks et al.. 1978; Miledi

et al., 1982) in twitch responses. All Ca*" transients, however, have the following in common:
the peak of the transient coincides with the steepest part of the tension rise, and the maximum
force is developed during the declining phase of Ca** transient. An important conclusion that
can be derived from the combination of experiments on skinned fibres and the measurements of’
calcium transients, is that the free Ca** concentration (10 uM) established during a twitch is so
high that it fully activates the actinomyosin system. Following an action potential, the contractile
machinery ought to be maximally activated by this high Ca®* concentration, thus giving rise to
an all-or-none twitch concentration. An important consequence of this response is that since the
concentration of calcium ions is always supramaximal in an all-or-none twitch response, force
cannot normally be graded in a twitch muscle fibre by a cellular control mechanism. In the intact
muscle, force can be graded with more "centralized” control mechanisms by motor units, each
unit comprising one motor neuron and the group of muscle fibres that it innervates (Liddel and
Sherrington, 1925).

In intact muscle within the body, the gradual force development depends on either the
recruitment of new motor units and/or the increase of the frequency of stimulation by motor
neurons (Burke, 1981). In terms of a single muscle fibre, modulation of the force o tput of the
fibre by changing the frequency with which a motor neuron fires is important (Kernell, 1965a,b).
During repetitive stimulation of muscle fibres, due to mechanical summation, the force developed
by each fibre is greater than its twitch force.

Using aequorin light signals, intracellular Ca** concentrations during repetitive
stimulations have been measured in different studies (Blinks et al., 1978; Allen and Blinks,
1979). In studies with aequorin light signals during isometric tetanus of frog tibialis anterior,

Allen and Blinks (1979) showed that, at intervals of 160 ms, twitches are unfused and tension
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fluctuates between high and resting values, indicating a corresponding fluctuation of free calcium
(Blinks et al., 1978). When the frequency of stimulation is increased the [Ca**}; is mairitained
at a high level since the Ca®* released from the SR cannot be entirely pumped back in the short
intervals between stimuli. As each stimulus released more Ca*", the concentration of Ca** in the
cytosol rises and eventually reaches a much higher value than during a twitch, giving rise to fused

tetanus.

1.4.3 Calcium Sensing Proteins During Muscle Contraction

In biochemical studies, binding of Ca** to various intracellular proteins has been known
for many years (Ebashi and Endo, 1968; Endo, 1977; Kretsinger, 1980). The EF-hand domain,
first described in the crystal structure of parvalbumin, has been identified as a calcium binding
domain in approximately 20 separate types of intracellular calcium binding proteins, including
troponin-C, calmodulin, parvalbumin and the myosin light chains (Claudia et al., 1991). Each
motif contains two oc-helices oriented at approximately 90° and linked by a central loop with
orecisely spaced negatively charged amino acids binding Ca®* to protein. In general, two distinct
r.'es for these intracellular calcium proteins have been ascribed. Some are sensors of the
intracellular calcium levels and include calmodulin and troponin-C. These interact with other
proteins in a calcium-dependent fashion and allow muscle contraction and enzyme regulation
(Parmacek and Leiden, 1991). A second group, which includes parvalbumin and intestinal Ca*-
binding protein, is probably responsible for the maintenance of a buffered intracellular calcium
concentration (Gillis et al., 1982). In skeletal muscle fibres, troponin-C has been shown to be
the most important calcium sensing protein involved with the contraction.

Soon after the discovery of troponin as the Ca** binding site of the thin acting filaments

by Ebashi, i was found that’ troponin comprises three protein subunits, troponin C (TnC),
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troponin I (Tnl), and troponin T (TnT) (Ebashi, 1974). TnC is the calcium sensing protein and

has four Ca*- binding sites (Sites I - [V from the N-terminal of the polypeptide chain in
sequence). Sites I and II have low affinity for Ca**, and sites III and IV have high affinity for
Ca** (Herzberg and James, 1985). The high affinity binding sites are also able to bind Mg**
competitively (Potter and Gergely; 1975). Evidence to date suggests that the low affinity, Ca**-
specific sites are directly involved in the regulation of muscle contraction (Johnson et al., 1979),
while the high affinity, Ca**-Mg** sites may stabilize the troponin complex structure (Zot and
Potter, 1987). Tnl, another subunit of iroponin binds to actin and inhibits actomyosin-ATPase
activity. This inhibitory action of Tnl is relieved by TnC when the latter is occupied by Ca?*,
whereas, by itself, Tnl is always inhib. ry. TnT, on the other hand, c..:nects the other two
subunits to tropomyosin which is an oc-helical, rod-shaped molecule composed of two
polypeptide chains in a coiled-coil configuration (Ebashi et al., 1969).

According to recent models of muscle contraction, Ca®* binding to low affinity, Ca*
specific binding sites on TnC produces conformational changes that are propagated throughout
other thin filament proteins including TnT, Tnl, trcromyosin and actin. As a result of these,

inhibition of actomyosin ATPase by Tnl and tropomyosin is relieved when Ca** binds to TnC.

1.5  Excitation-Contraction Coupling in Skeletal Muscle
1.5.1 Functional Ultrastructure of the Triadic Junction

As earlier described, the information flow between T-tubule and SR occurs within the
triad which may be regarded as an “intracellular synapse”. A few years later, in electron
micrographs Andersson-Cedergren (1959) demonstrated that the triads were composed of
morphologically distinct structures; T-tubules bordered by two lateral sacs which were part of the

SR and are called junctional'SR. In frog skeletal muscle, there is approximately a 15 nm gap
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between the T-tubular membrane and the junctional part of the SR (Franzini-Armstrong, 1970).
Later, more detailed electron microscopy studies showed that the electron-dense particles or
“foot"-like structures which form a regular tetragonal lattice of about 800 "feet” per ym’
junctional membrane protrude from the junctional part of SR through the gap (Franzini-
Armstrong and Peachey, 1981).

From a number of studies it is known that the Ca** release channels are concentrated in
heavy SR vesicles which are thought to be derived from the junctional SR (see Martonosi, 1984).
Ca®* efflux from SR vesicles is activated by caffeine, low concentration of ryanodine, Ca** and
adenine nucleotides, and is inhibited by Mg?*, ruthenium red, dantrolene and high concentration
of ryanodine (see Palade et al., 1989). The release channels from the heavy SR vesicles have
been incorporated into planar lipid bilayers (Smith et al., 1986) and shown to make a channel
formation with a unit conductance of 100 pS with its respective pharmacological properties.
Ryanodine, a plant alkaloid, binds to the Ca®* release channels in the terminal cisternae (Fleischer
et al., 1985). The ryanodine receptor, which has a molecular weight of 350-450 kDa, has been
purified (Lai et al., 1988) and identified as the Ca** release channel by different groups who have
incorporated the purified receptor into lipid bilayers (Imagawa et al., 1987; Lai et al., 1988).
Electron microscopy of the purified ryanodine receptor showed particles with the characteristic
size and tetrameric shape of the feet structures in the terminal cisternae, indicating that the
receptor for the Ca?* release channel and the foot are the same molecular structures (Saito et al.,
1988). Recently, the ryanodine receptor has been cloned and its primary structure determined
from cDNA sequencing (Takeshima ¢ al., 1989).

In high resolution electron microscopy studies of T-tubules, small particles organized as
tetrameric arrays consistently facing the underlying feet are apparent (Block et al., 1988).

Although, based on the bindiag ratio of DHP receptors to ryanodine receptors (1:2), these
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tetrameric particles are proposed to be composed of four DHP receptors facing every one of two
feet structures in an array, the conclusive ultrastructure of T-tubules is yet to be established
(Ashley et al., 1991). So far. no direct link has been found from electron microscopic studies
though, nor has direct binding between the two isolated recepinrs been detected (Brandt et al.,
1990).

Recently, although exciting developments have been made on the further understanding
of the molecular structure of the triadic junction, the functional role of these opposing tetrameric
structures of DHP and ryanodine receptors has yet to be known (Rios and Pizzaro, 1991).
According to some of the proposals made in various studies it can be argued whether these
tetrameric structures of DHP and ryanodine receptors represent a protected release site for a
chemical trigger such as Ca’>* (Miyamoto and Racker, 1982) or are a direct contact site for so-
called voltage sensors (Rios and Pizzarro, 1991) or are linked to each other by means of a third

protein (Brandt et al., 1990; Kim et al., 1990).

1.5.2 Release of Calcium by SR Depolarization

Mathias, Levis and Eisenberg (1980) proposed a model of e-c coupling in which the SR
membrane is electrically coupled to the T-tubule membrane, so that the action potential is
propagated across the triadic junction to the SR membrane. This model implied that a change
in the SR membrane potential would open voltage-dependent Ca** charnels in the SR membrane.
Further evidence for this mode! came from studies showing that both "native” and reconstituted
SR Ca** channels possess strong voltage dependence (Smith et al., 1988; Stein and Palade,
1988). When Ca?* release channels of SR are incorporated into lipid bilayers they showed a
macroscopic I-V relation consistent with a voltage-dependent gating (Smith et al., 1985). The

macroscopic conductance of Ca?* release channels is significantly increased at positive potentials
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(sarcoplasmic side of the SR is positive with respect to luminal side). This is not due to an
increase in channel conductance, but to an increase in the channel open time. Similar behaviour
has also been seen with native Ca*" release channels in frog muscle SR vesicles (‘sarcoballs’)
(Stein and Palade, 1988). Based on these findings, assuming that the T-tubule and the terminal
cisternae are two electrically coupled structures, this model suggests that an action potential
propagated down the T-tubule - .xes the SR potential more positive (sarcoplasmic side) and turns
on the Ca?* release channels on the SR (Mathias et al., 1980).

There have been a number of objections to these models. Firstly, the effective membrane
capacity of frog skeletal muscle fibres is approximately 8 uF/cm? (Fatt and Katz, 1951) and this
is just a value that would be expected from the surface area of the t-system (Peachey, 1965). If
the SR membrane had been electrically coupled with the T-tubular membrane, the value of the
effective membrane capacity of skeletal muscle fibres would have to be considerably larger than
8 uF/cm?,

In addition, assuming that the release channel protein and the T-tubule membrane are in
contact (or with a gap much narrower than the Debye length), even in the most favorable
conditions in which a very low dielectric constant is assumed for the release channel protein, a
substantial fraction of the potential decreases within the protein opposed to the membrane (Jordan
et al., 1989). Even if part of the T-tubule membrane potential declined within the foot protein,
this potential change would occur far from the SR membrane, and the bilayer experiments on the
SR channels only demonstrate a sensitivity to voltage changes across the SR itself (see Rios and
Pizzaro, 1991).

In conclusion, a depolarization of the SR or the voltage sensitivity of the Ca®* release
channel is unlikely to play a role in the e-c coupling transmission mechanism (see also Ruegg,

1988).
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1.5.3 Charge Movement in the T-Tubular Membrane

During the initial studies of Hodgkin and Horowicz (1960a,b), the relation between
membrane potential and tension was determined (see section 1.3.3). Schneider and Chandler
(1973) proposed that in skeletal muscle, contractile activity is controlled by voltage-dependent
intramembranous charge movements. This charge movement was recorded as an outward current
upon depolarization where all known ionic cutrents are blocked and linear capacitance current
is substracted. It is thought that the charge movement is delimited since the same amount of
charge moves back upon depolarization. Two separate components of charge movement have
been identified in skeletal muscle fibres: fast component (§) and a delayed component (y). The
origins of these components are yet to be resolved (Caille et al., 1985; Rios and Pizzaro, 1991,
Dulhunty, 1992).

Following their initial studies, Chandler et al., (1976) proposed a physical "plunger®
model for e-c coupling. In this model, a charged molecule in the T-tubule membrane is
mechanically linked to a plug in the SR channel by a rod like, longy)lunger. When the plunger
moves under the changing electric field. it operates the plug. In pharmacological studies, it has
been shown that various Ca** channel antagonists, nifedipine PN200-110 and D-600, can inhibit
charge movements as well as contractions under certain conditions (Hui et al., 1983, 1984,
Lamb, 1986; Lamb and Walsh; 1987). Following these studies, Rios and Brum (1987) found that
the block of charge movements by the Ca>* channel antagonist, nifedepine is also accompanied
by simultaneous reduction of Ca**-release flux, and proposed that the block affects the movement
of the "voltage sensors” involved in Ca** release. The block was large only at the depolarized
holding potentials. This was explained with a state-dependent binding scheme in which these
Ca®* channel ligands bind only to the inactivated states (Bean, 1984). On the basis of these

observations, since the intramémbrane charge movement has most often been associated with ion
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channel gating (Hille, 1992), Rios and Brum (1987) proposed that the high affinity receptors for

Ca®" channel ligands in T-tubules, which may function as Ca** channel, can be considered as a
candidate for the origin of charge movements and therefore called voltage sensors on 2
hypothetical basis.

On the other hand, the charge movements of the proposed DHP receptors are not specific
for skeletal muscle. Recently there have been a number of studies identifying the charge
movement for cardiac Ca?* channels (Canneli et al., 1987), and linking to the e-c coupling in
cardiac muscle fibres in which the importance of extracellular Ca?* (Rich et al., 1988) and the
mechanism of Ca?* induced Ca?* release is well established (Fabiato, 1983). Secondly, so far,
there is no sound evidence on the direct contact between T-tubules and terminal cisternae. In
addition, Ca?* channel antagonists at the concentrations that blocks the charge movements
(Eisenberg et al., 1983; Lamb and Walsh, 1987) either do not reduce or potentiate twitches in
amphibian (Frank, 1984) or mammalian skeletal muscle (Frank et al., 1988; Singh and Dryden,
1988). Therefore, it would seem that these charge movements are not required for e-c coupling

during twitch responses in skeletal muscle under more physiological conditions.

1.5.4 Chemical Transmission Hypotheses

The geometry of the triad in the living skeletal muscle fibre seems particularly suited for
a chemically mediated process. Both the existence of a narrow gap (15-16 nm), kept constant
during contraction, as well as the concept of a restricted space enclosed by the T-tubule and the
junctional face of the terminal cisternae are favourable morphological features for chemical
transmission. The diffusion of transmitters between the T-tubule and the SR membrane is readily

possible in the microsecond range (Vergara et al., 198S; Jaimovich, 1991).
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1.5.4.1 IP, Induced Calcium Release of SR

IP, was first suggested as a second messenger in e-c coupling in skeletal muscle by
Vergara et al. (1985) and Volpe et al. (1985) on the basis of Ca’" releasing effects of IP, in
respectively, skinned and fractionated SR. In support of this hypothesis are the observations that
1) the enzymies required for IP, synthesis and degradation are present (Vergara et al., 1985,
1987; Hidalgo and Jaimovich, 1989), 2) that IP, production is increased during tetanus (Vergara,
1985), and 3) that IP, can activate ryanodine-sensitive SR Ca’" release channels in lipid bilayers
(Liu et al., 1989; see also for a recent review Jaimovich, 1991).

Although some groups were unable to confirm the ability of IP, to release Ca** from the
SR of skinned fibres (La et al., 1986) and intact fibres (Blinks et al., 1987), others have
obtained positive results (Donaldson, 1987; Rojas, 1987). However, even when obtained, the
response to applied IP, was always very much slower (at least 1-3 orders) than could be produced
by caffeine or by Ca* in skinned fibres. In addition, the concentrations of precursors or enzyme
activities such as PLC appear to be too low for the required release of IP, (Hidalgo and
Jaimovich, 1989). Moreover, SR Ca** release starts to decay 0.5 ms after membrane
repolarization, whereas degradation of the IP, signal would be too slow by several orders of
magnitude (Somlyo, 1988).

In conclusion, although the modulatory role of IP, on the release of Ca** from SR is quite

possible, the exact role of IP, in skeletal muscle e-c coupling remains somewhat controversial.

1.5.4.2 The Trigger Calcium Hypothesis
Heilbrunn and Wiercinski (1947) were the first to show that Ca’* was the only
physiologically occurring cation that would cause shortening when injected into bits of skeletal

muscle fibre. In earlier studies of heart muscle, the importance of extracellular Ca** in e
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coupling was also clearly shown (Ringer, 1883; Mines, 1913). These previous studies led
Sandow (1952) to suggest that a depolarization or action potential along the muscle fibre
promoted the entrance of calcium ions into the fibre and these Ca ions would subsequently initiate
muscle contraction. In agreement with this hypothesis was the later reported influx of calcium
(= 0.9 pmol/cm?) during muscle activity (Bianchi and Shanes, 1959; Curtis, 1966) and the
findings by Frank (1958) demonstrating that the removal of calcium from the bathing medium
of skeletal muscle abolished its mechanical responses without affecting its electrical properties.
However, the amount of Ca** entering into muscle fibre per twitch was roughly one hundred
times less than the amount required for full activation (Frank, 1961; Curtis, 1966). In subsequent
studies, Frank (1982b) showed that the elimination of twitches in Ca**-free solutions took 10-20
min as opposed to 15-45 sec that would be expected, if the free diffusion of Ca®* out of the T-
tubules took place. In addition, the lack of a relation between the length of the T-tubular network
and the time required to eliminate the twitch further supported the idea that extracellular Ca** are
bound to binding sites located on the extracellular side of the T-tubules (Frank, 1982b). These
findings led to the development of the "trigger” Ca>* hypothesis for e-c coupling in skeletal
muscle (Bianchi, 1969; Frank, 1980). According to this hypothesis there are superficial binding
sites on the luminal or extracellular surface of the T-tubular membranes which are occupied by
Ca®*. The presence of such extracellular binding sites for Ca** has been shown in various
studies (Langer, 1982; Frank, 1982a,b; Brum et al., 1988). In addition to the extracellular
binding sites, in a number of studies, intracellular binding sites for Ca** in different muscle fibres
have also been found (Atsumi and Sugi, 1976; Suzuki and Sugi, 1978; Bers et al., 1986). In the
trigger Ca?* hypothesis, these Ca** ions bound to the intracellular surface of the T-tubular
membrane are referred to as the "trigger Ca>*". Some of these "trigger Ca®*" can be released

into the triadic junction by depolarization, produced by action potential or by some drugs (e.8.
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acetylcholine). The Ca** ions diffuse across the triadic junctional space to the terminal cisternae
of the SR where they stimulate the release of much larger amounts of Ca** into the myoplasm
and initiate the mechanical response. The experimental findings showing the presence of a Ca**-
induced Ca’"-release mechanism in skeletal muscle fibre have given further support to ‘trigger’
Ca** hypothesis (Endo et al., 1970; Ford and Podoisky, 1970; Fabiato, 1985).

From the various hypotheses proposed to explain the process of e-c coupling in skeletal
muscle, the ‘trigger’ Ca*>* hypothesis seems most plausible (see Frank and Oz, 1992). On the
basis of this hypothesis, several actions of multivalent cations on contractions or contractures

could easily be explained (Frank, 1980; Frank, 1986).

1.6  Calcium Channels

The concentration of free calcium ions in the cytoplasm is critically important for the
control of many essential cellular functions like excitability, muscle contraction, as well as
neurotransmitter and hormone release (Rubin et al., 1985). A diverse array of Ca’* transporting
systems function to maintain the steep concentration gradient between extracellular Ca**, known
to be in the millimolar range, and intracellular Ca**, which can vary between 0.1-10 uM,
depending on the state of the cell. Several different types of mechanisms serve to maintain the
low concentration of intracellular Ca’* by transporting Ca** either out of the cell or into
intracellular storage sites (Carafoli, 1987).

The major pathway for Ca®* entrance in many cell types is via plasma membrane calcium
channels. Although the plasma membrane is normally virtually impermeable to Ca**, the opening
of these calcium channels, due to the existence of a large Ca** concentration gradient, allows
Ca** to move passively across the cell membrane down their electrochemical gradient into the

cell.
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Different types of calcium channels are known to exist and are characterized by
fundamental differences in the mechanisms governing their opening and closing ("gating”). Some
of these Ca®* channels are gated primarily by changes in membrane potential. However, they
may also be regulated by receptors, either through the action of diffusible second messengers and
their phosphorylation systems or directly by the coupling of the channel to the receptor by means
of a G-protein (Miller and Fox, 1990). These voltage sensitive calcium channels (VSCC) are
discussed in detail in the following section, (see also Dunn et al., 1992).

Another class of Ca®* channels are operated through receptor-dependent mechanisms.
These channels are often referred to as receptor-operated Ca** channels and open in direct
response to binding of an external ligand to an associated recebtor (Bolton, 1979; Bentham and
Tsien, 1987). Ca** channels that are opened by activation of ATP receptors and parathyroid
hormone activated Ca?* channels in osteosarcoma cells are some examples of receptor-operated
channels (Bentham and Tsien, 1987; Yamaguchi et al., 1987).

Other types of Ca** channels include background channels and stretch-activated channels
(Franco and Lansman, 1990; Fong et al., 1990). The Ca*>* influx through background channels
is a result of the large electro-chemical gradient favoring the entrance of Ca** into the cell. The
activity of such channels appears to be elevated in muscle fibres of mdx mice (mutant mice with
muscular dysgenesis) and of individuals afflicted with Duchenne’s muscular dystrophy (Franco
and Lansman, 1990; Fong et al., 1990) and contributes to the elevation of (C2**}; (Turner et al.,
1988; Lansman and Franco, 1991). Although stretch-activated channels have been described in
different types of cells, including endothelial cells, smooth muscle and skeletal muscie (Lansman
et al., 1987; Kirber et al., 1988; Franco and Lansman, 1990), little is known about their

functional characteristics.
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1.6.1 Voltage-Sensitive Calcium Channels

Although VSCCs have traditionally been associated with excitable cells such as various
types of muscle, neurons and endocrine cells, these channels have also been shown to exist in a
number of non-excitable cell types, including various types of glial cells, myeloma cells and
fibroblasts (Barres et al., 1988; Fukushima and Hagiwara, 1988; Viilereal and Jamieson, 1938).
In biophysical studies, the analyses of both whole cell and single channel current kinetics have
provided deep insights into the gating properties of VSCCs. At least three different types of
VSCCs have been identified in chick dorsal root ganglion (DRG) neurons and a fourth, P-type,
has been described in cerebellar Purkinje cells (Nowycky, 1985; Tsien et al., 1988; Llinas,
1989). The main features of these different types of VSCCs are summarized in Table I.

The L-type VSCC, is the best characterized in terms of its gating properties. This
channel has greater permeability to Ba** than to Ca** and it has a large unitary Ba** conductance
(25 pS in 110 mM Ba). These channels have a high-voltage threshold for activation (positive to -
30 mV) and conduct maximum current (peak current) in the voltage range of 0 to +10 mV
(Swandulla and Armstrong, 1988). Although L-type channels in different tissues share similar
current-voltage related features such as activation threshold and the voltage range of the peak
amplitude (Beaty et al., 1987), their activation kinetics show significant tissue variability (Pelzer
et al., 1990).

In addition to their high threshold of activation, L-type VSCCs are also distinguished by
their slow and unique type of inactivation which is both voltage and Ca** dependent (Gutnick et
al., 1989). Depending on membrane potential, temperature, the charge carrying ion and the
tissue type, the inactivation time constant for neuronal L-type VSCCs varies between 30 ms to
1000 ms. The voltage-dependent nature of this inactivation is evident in the decay from its peak

during a sustained depolarizing step. This voltage-dependence of inactivation of L-type channels



TABLE 1

Electrical and Pharmacological Properties of the Four Types of

Voltage Sensitive Calcium Channels*

Low Voltage
Activated
Ca** Channel

High Voltage Activated Ca®* Channels

3

T

L
(Neuronal)

L
(Skeletal
Muscle)

| Single Channel | ~ 8 pS ~ 10-12pS | ~13pS ~25pS ~20-25 pS
§  Conductance
(110 Ba) |
Relative Ba?* = Ca** | Ba** > Ca* | Ba** > Ca** | Ba** > Ca** | Ba** > Ca** |
§  Conductance :
! Inorganic lon Ni** > Cdé** | Cd* Cd** > Ni#* | Cd** > Ni#* | Cd** > Ni** §
| Block Sensitive 4
w-CgTx Block | Weak, Resistant Sensitive Resistant Resistant
Reversible L
Dihydropyridine | Resistant? Resistant Resistant Sensitive Sensitive
Sensitivity
FTX Sensitivity | Resistant Sensitive Resistant Resistant -
Activation Positive to Positive to Positive to Positive to Positive to
Range -710 mV -50 mV 20 mvV -10 mV -30 mV
(for 10 Ca)*
Inactivation -100 to 60 - -120 to -30 60 to -10 -50 to -10
Range mV mV mV mV
(for 10 Ca)
Inactivation Rapid (tau Very Slow Moderate (tau | Very Slow Very Slow
Rate ~ 20-50 ms) | (tau = 1) ~ 50-80 ms | (tau > 500 (tau ~ 2-10
O mV, 10 Ca, ms) sec) or no

or 10 Ba)

* In 80 mM Ba?* for P-type channels (Llinas et al., 1989).
* In lipid bilayers (Affolter and Coronado, 1985).
* From: Tsien et al., 1988; Pelzer et al., 1990, and Tsien et al., 1991.

inast. at l*'
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is less pronounced than that of T currents (see below). However, unlike T channels, L channels
can also be inactivated by a rise in intracellular free Ca®* (Gutnick et al., 1989).

T-type calcium channels have also been identified and characterized in neurons and
muscle cells. However, study of these channels is made difficult since their pharmacological
properties have not been well differentiated. In general, they are resistant to organic Ca**
channel antagonists (Porzig, 1990), although they are blockes! by various inorganic blockers,
being particularly sensitive to Ni** which blocks at low concentrations (40 uM) (Hagiwaraet al.,
1988). T current is characterized by a small single channel conductance of only about S-10 pS
(in 100 mM Ba**) and indeed this channel was originally named because of its "tiny" conductance
(Nowycky et al., 1985). These channels are equally permeable to Ca** and Ba**. They can be
activated at a low threshold range of -50 to -70 mV, and usually reach their peak amplitude ir
the range of -20 to -10 mV. Their activation kinetics are faster than L-type channels, leading to
their description as "fast” Ca** channels by some authors (Bean, 1989; Hess, 1990). Unlike L-
type current, T-current shows purely voltage and time dependent inactivation kinetics.

N-type Ca?* channels, first described in chick DRG cells by Nowycky and colleagues
(1985), are largely restricted to neurons, but their relative prominence varies significantly from
one neuron to another. Although N-type channels are the dominant Ca** entry pathway in
sensory, sympathetic and myenteric plexus neurons (Bean, 1989), they are mostly absent in
cerebellar Purkinje cells (Tsien et al., 1991). This channel has a conductance intermediate
between T- and L-type channels (13 to 17 pS in 110 mM Ba&**). N-type channels, like L-
channels, become activated at high thresholds. From a holding potential of -100 mV, strong
depolarizations to -20 mV or more positive, elicit rapidly activating N currents in chick DRG.
The N-type current differs from the L-type mainly by its greater sensitivity to holding potentials,
and faster and strictly voltage-dependent inactivation kinetics (Nowycky et al., 1985).
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Recently, P-type Ca’" channels that appear to be particularly deminant in cerebellar
purkinje cells, were described by Llinas and colleagues (1989). P-type channels are a novel class
of high voltage activated Ca** channel that are activated over a range of potentials less negative
than -50 mV and have a similar single channel conductance (14pS) to that of N-type channels.
Their inactivation seems to be a slow process with a time constant of approximately 1 second.
P-type Ca®* channels are unlike L-type or N-type Ca channels in that they are insensitive to
DHPs and w-conotoxin GVIA. However, in cerebellar Purkinje cells and squid giant synapses,
these channels can be potently blocked by components in the venom of the funnel web spider,

Agelenopsis aperta (Llinas et al., 1989).

1.6.2 Pharmacology of L-Type Voltage Sensitive Ca®* Channels

A large number of compounds have been shown to modulate the activity of L-type
VSCCs. Several of these have therapeutic importance and are used to treat a variety of
cardiovascular diseases (Triggle and Janis, 1987). These compounds have also been vital in
guiding the identification and purification of VSCCs, as well as helping to understand more about
their molecular properties (Hosey and Lazdunski, 1988).

Drugs that specifically interact with Ca** channels have been referred to as "Ca** channel
ligands" (Triggle and Janis, 1987). Among these Ca** channel ligands, the ones that specifically
bind and inhibit Ca?* channels are collectively referred to as "Ca** channel antagonists” or
"Ca**" channel blockers", and those capable of activating Ca®* channels such as Bay K8644 and
CGP 28392 are referred to "Ca** channe! agonists” or “Ca®* channel activators”. In general
these drugs have been the subject of extensive reviews (Godfraind et al., 1986; Triggle and
Jannis, 1987; Porzig, 1990).

Ca** channel antagonists can be classified into at least three chemically distinct major
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groups: a) the 1,4-dihydropyridine (DHP) derivatives such as nitrendipine and nifedipine; b) the

phenyalkylamines such as verapamil and D-600, and , the benzothiazepines, typified by

diltiazem. These drugs act by binding with high affinity to distinct but allosterically interacting

receptor sites located on VSCCs.

1.6.2.1 Mechanism of Action of Ca** Channel Ligands

The discovery of high-affinity binding sites for DHPs in membrane homogenates from
excitable tissues, initially met considerable scepticism regarding their functional significance
(Miller and Freedman, 1984), due to a large discrepancy existing between the apparent
(nanomolar) affinity of the binding sites and the (micromolar) drug concentrations required for
a pharmacological effect on Ca** channel function (Jannis et al., 1984). Electrophysiological
evidence suggested that at least part of this discrepancy might be explained by the voltage-
dependent conformational changes of the Ca** channel protein. The ability to block L-type
channels is strongly affected by the holding potential in the voltage-clamp experiments. In these
experiments, it was shown that the apparent binding affinity of resting and inactivated channels
for the DHP derivative nitrendipine differed by a factor of more than 1000 (Bean, 1984).
Therefore, binding constants measured in membrane fragmens, where the potential has collapsed
and all channels, presumably inactivated, cannot be compared with the apparent affinity of the
drug under in vivo conditions. On the other hand, there was a very good correlation between
binding affinities of Ca?* channel blockers in brain, smooth muscle or heart homogenate and their
relaxing effedt on smooth muscle contractions (Janis et al., 1984; Janis, 1987; Godfraind &t al.,
1986), under conditions that binding and effect are both measured in depolarized preparations.
To explain this dramatic effect of depolarization on DHP binding property, Bean (1984)
postulated that DHPs bind préferentially to the inactivated state of Ca** channel than to the
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resting state.

However, compared with DHPs, the channel blocking effect of phenylaikylamiaes and
benzothiazepines is much more dependent on the stimulation frequency (i.e., "use-dependent”)
and much less dependent on the steady-state membrane potential (Lee and Tsien, 1983). Use-
dependent block is induced by single or repetitive depolarization. The modulated receptor theory
that describes the blockade of Na* channels by local anesthetics (Hille, 1977; Hondeghem and
Katzung, 1977) has also proven to be a useful framework within which use-dependent C&**
channel block can be explained. According to this model, the binding and unbinding of organic
blockers to their receptor sites in the channels are determined by channel state, Intracellular
charged molecules can reach their target primarily via a hydrophillic pathway that is available
wher the channel is in the open state; uncharged molecules can access the channel via a
hydr.hobic pathway and therefore may bind to any state of the channel. Hence the use-
dependent effect of verapamil and diltiazem seem to be related to their high degree of ionization
at physiological pH values (the pK values of verapamil and diltiazem are 8.7 and 7.7,
respectively). The ionized compound seems to need channel opening in order to reach their
target site within the channel and to cause use-dependent blockade. An end resuit common to
all three types of organic Ca** channel blockers is that drug-bound channels get locked in an
unavailable state; repetitive depolarization increases the fraction of drug-bound unavailable
channels, whereas rest periods at negative potentials facilitate the clearing of drug from the
channels (McDonald et al., 1984; Uehara 2xd Hume, 1985).

As mentioned previously, some of DHP derivatives including Bay K8644 and CGP 28392
have clear-cut capacity to enhance L-type Ca®* channel current. Franckowiak et al. (1985)
investigated the optical isomers of Bay K8644 and found that ( - )-Bay K8644 potentiated the K,*-

induced contractions of aortic rings, increased the contractility of perfused guinea pig hearts, and
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lengthened the action potential of papillary muscle. By contrast, (+)-Bay K8644 had depressant

effects on each of these parameters, suggesting that the dual action of the commonly used racemic
preparation was due to the combination of an activator enantiomer and an inhibitory one.
However, further examination of the enantiomers by Kass (1987) indicated that a single
enantiomer could exert a dual effect, with holding potential being a key factor: (+)-Bay K8644
had a minor stimulatory effect on /.,, when rat or guinea pig ventricular myocytes were pulsed
from -80 mV, and a marked inhibitory effect when pulsing was from -30 mV; ( - )-Bay K8644
was a _-itent stimulator from -80 mV and a moderate blocker from -30 mV, suggesting that its
activity was mainly responsible for the activity of the racemic compound. Such holding potential-
dependent effects have also been described for DHP and phenylalkylanine group Ca** channel

antagonists (Hess et al., 1984; Brown et al., 1986; McDonald et al., 1989).

1.6.3 Voltage Sensitive Ca’* Charnels in Skeletal Muscle

During early electrophysiological studies in frog skeletal muscle fibres, it was shown that
slow Ca®* action potentials can be elicited by using CI-free (methanosulfonate or acetate
substituted), Na*-free (sucrose substituted), high-K* solutions. Results in different studies
showed that the rate of rise, overshoot and duration of these slow action potentials are a linear
function of log [Ca?*], and are blocked by calcium channel blockers such as verapamil, D-600
and nifedipine (Beaty and Stefani, 1976; Nicola Siri et al., 1980; Kerr and Sperelakis, 1982,
1983). These early studies suggested that slow action potentials were produced by Ca** influx
through voltage-sensitive Ca** channels in skeletal muscle fibres (sez wso Sperelakis and Fabiato,
1985). When the Ca?* inward current in frog muscle was studied by the voltage clamp technique
(Stanfield, 1977; Sanchez and Stefani, 1978; Almers et 2! . :381), elevation of [Ca?*}, increased

the inward slow current, which was depressed by Ca** channel blockers such as D-600,
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nifedipine, and also by Ca*"-free solutions.

In frog muscle fibres, during voltage clamp studies, Sanchez and Stefani (1983) showed
that although the inward Ca’* current has a dependence (with an activation threshold of -40 to -
30 mv) similar to that of cardiac and smooth muscle voltage, its activation time course was more
than an order of magnitude slower. For a depolarization from the holding potential of -90 mV
to near O mYV, it has a peak time of 100-200 msec after the start of the pulse, with 2 maximum
value of 50-100 gA/cm? in the presence of 10 mM {Ca?*],. It spontaneously decays during a
‘maintained depolarization, with a time constant of about 1 second (20-23°C).

Different experiments indicate that Ca** channels are exclusively located in the membrane
of the tubular system. Both slow Ca®* action potentials and inward Ca** current can be abolished
by glycerol-shock treatment, which dissociates the T-tubules from the surface membrane (Nicola
Siri et al., 1980; Kerr and Sperelakis, 1982). Furthermore, in biochemical studies, using a
radiolabeled form of dihydropyridines, it was found that the density of dihydropyridine binding
proteins in T-tubule membrane preparations are 50-100 times higher than in any other tissue
(Fosset et al., 1983; Glossmann et al., 1983).

The inactivation of this Ca>* inward current during depolarization pulses is also much
slower than the inactivation of this current in most other cell types (see Pelzer et al., 1990).
Almers et al. (1981) concluded that the seconds-long process in frog fibres was due to depletion
of Ca** in the T-tubules rather than due to voltage-dependent or Ca’*-dependent mechanisms.
It was also found that embryonic rat skeletal muscle myotubes with sparse T-tubules possessed
slow Ca?* currents that were hardly inactivated at all during depolarization pulses (Beam and
Knudson, 1988). However, slow inactivation was apparent in adult rat muscle preparations with
well-developed T-tubular systems. In line with these findings, single mammalian skeletal muscle

Ca?* channels in lipid bilayers do not inactivate at all (Affolter and Coronado, 1985; Coronado
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and Affolter, 1985). On the other hand there is also evidence that a voltage dependent
inactivation can be present in skeletal muscle (Sanchez and Stefani, 1983; Beaty et al., 1987).
It was found that the inward Ca’" current in intact frog fibres were inactivated in a voltage
dependent manner. For example, in two-pulse experiments, inward Ca*" current during the
second pulse can be reduced without any detectable Ca** entry during the conditioning prepulse
(Sanchez and Stefani, 1983: Cota et al., 1984). Similarly Beam and Knudson (1988) reported
that long (30s) conditioning pulses to subthreshold potentials produced marked inactivation.
Furthermore, the rate constant of decay of inward Ca** current monotonically increased with
depolarization although the corresponding time integral of inward Ca** current followed a bell-
shaped function (Cota and Stefani, 1989). The exact mechanism for the inactivation process in
inward Ca** current has yet to be determined (Pelzer et al., 1990). It is possible that, as in
cardiac inward Ca®* current (Lee et al., 1985), more than one mechanism is employed
simultaneously to produce inactivation of the inward Ca** current in skeletal muscle fibres (see
Francini and Stefani, 1989).

In addition to this slow Ca** inward current, another component of Ca** current has
recently been recognized in muscle fibres (Cota and Stefani, 1986; Garcia and Stefani, 1987).
Like T-type current in cardiac muscle, it activates with a low threshold (about -60 mV) and very
rapidly (within a few ms), however, it inactivates very slowly (over several seconds). This fast

component of Ca?* current is not sensitive to . .:edipine (Arreola et al., 1987).

1.6.4 Structure of Voltage-Sensitive Ca’* Channel in Skeletal Muscle
The straight forward approach to the isolation of VSCC was to purify the channel-
associated drug receptors for calcium antagonists by monitoring the binding activity of tritiated

1,4 DHPs. Since the T-tubule membranes from skeletal muscle have DHP receptors at a density
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50-200 times higher than in any other tissue (Fosset et al., 1983; Glossman et al., 1983), they

have extensively been used as the source for solubilization and purification of the DHP receptor.
Initial studies determined that the DHP binding sites could be solubilized from skeletal muscle
membranes in stable form with digitonin (Curtis and Catterall, 1983) or CHAPS (Borsotto et al.,
1984). The solubilized DHP receptor, using lectin affinity chromatography on WGA-Sepharose
and anion exchange chromatography, - .s first purified by Curtis and Catterall (1984). Purified
DHP receptor preparations have been reconstituted in phospholipid vesicles or lipid bilayers by
several groups and are shown to contain Ca’* channel activity and their predicted
pharmacological properties (Flockerzi et al., 1986; Curtis and Catterall, 1986; Smith et al.,
1987). In most reports, a multisubunit complex of five distinct subunits [ o< ,(170 kDa), o<, (140
kDa) which is disulfide like to 5 (30 kDa), B (55 kDa), and v (32 kDa)] has been observed.
Photoaffinity labelling studies have demonstrated that the o, subunit carries binding sites for
DHPs and for other classical organic calcium channel blockers (Striessnig et al., 1986; Naito et
al., 1989) and, in expression studies, this subunit has been shown to form a functional voltage-
dependent calcium channel. It exhibits voltage-dependent Ca?* current when a cell line lacking
the other subunits was transfected with complementary DNA coding for the <, subunit (Perez-
Reyes et al., 1989. The disulfide-linked o and & subunits are encoded by the same gene
(DeJongh et al., 1990; Jay et al., 1991) and separate as a result of proteolytic event during
processing. These subunits do not have appreciable hydrophobicity and may not, therefore, be
integral transmembrane proteins. These subunits are, however, highly glycosylated and this
underlies the usefulness of lectin affinity chromatography in the purification of the channel
complex. The § subunit is neither hydrophobic nor glycosylated but, like the oc, subunit,
contains a site for phosphorylation by cAMP-dependent protein kinase. The vy subunit is

glycosylated and has been proposed to be transmembrane (Catterall, 1988). A model, based on
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those previously described (Catterall, 1988; Campbell et al., 1988; Dascal, 1990) is shown in

Figure 4. The exact subunit structure and arrangement in the membrane, however, remains to
be established. Recently, for example, it was proposed that the o<, subunit is a peripheral protein
that is exposed on the extracellular surface and is anchored in the membrane by the 6 subunit (Jay
et al., 1991).

All five subunits of the DHP binding protein from skeletal muscle have now been cloned
and their cDNAs have been sequenced (Tanabe et al., 1987; Ellis et al., 1988; Ruth et al., 1989;
Jay et al., 1990). The o, subunit displays 3040% homology to the o, subunit of the voltage-
dependent sodium channel (Tanabe et al., 1987). Like the sodium channel (Noda et al., 1984),
this-subunit has four internal repeats that exhibit sequence homology and each repeat contains six
conserved hydrophobic stretches that are predicted to be transmembrane. The fourth
transmembrane helix (S4) of each of these motifs contains positively charged amino acids
(arginine or lysine) every 3rd or 4th residue and this region has been proposed to constitute the

voltage sensing region of the channel protein (Catterall, 1988).

£.6.5 The Site of Action for Ca’* Channel Ligands

In studies directed towards the identification of ligand binding sites on the o<, subunit,
a region in the putative cytosolic domain adjacent to the sixth transmembrane helix of the fourth
homologous repeat (TVS6) was recently shown to be photoaffinity labelled by the DHP analogues,
(*H}-azidopine and [H]-nitrendipine (Regulla et al., 1991). These results suggest that the DHP
binding site is intracellular, a suggestion that is both supported by the hydrophobicity of the
DHPs and consistent with models in which it has been proposed that DHPs first partition into the
lipid bilayer, prior to diffusing to their protein binding sites (Rhodes et al., 1985). However, this

possibility is contradicted by electrophysiological evidence for an extracellular exposure of the
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DHP binding site. In experiments using the ionized. and presumably membrane impermeant,
DHP derivatives, amlodipine and SDZ-207-180, the drugs were reported to be ineffective when
applied intracellularly (Kass et al., 1991). In support of this observation, two recent studies
employing photolabelling techniques (Nakayama et al., 1991; Striessnig, 1991) and subsequent
sequence-directed antibody mapping of the proteolytic fragments have implicated putative
extracellular domains in forming a DHP binding site. These regi.~s were identified as a portion
of the loop linking the fifth (S5) and sixth helix (S6) of the third domain, and also the sixth helix
in repeats III and IV. Valdivia and Coronado (1990) have also reported that positively charged
DHPs can interact with high affinity DHP binding site when applied to either side of a lipid
bilayer into which T-tubule Ca** channels had been incorporated. Recently, it has been suggested
that the two DHP binding sites wai are also functionally coupled to VSCCs exist on opposite
sides of the membrane (Valdivia and Coronado, 1990; Kass et al., 1991).

While there is still some controversy about the location of high affinity DHP binding
sites, most available evidence suggests that the phenylakylamine binding site is accessible only
from the intracellular surface. In reconstitution studies using planar bilayers, it was shown that
D890, a charged derivative of verapamil, was effective only when applied to the intracellular-
equivalent side (Affolter and Coronado, 1986). Recent studies have also shown that the peptide
labelled by a photoactive derivative of verapamil lies between Glu-1349 and Trp-1391, a segment
which lies on the presumed intracellular end of the sixth helix in the fourth homologous repeat
(Striessing et al., 1990). Since the binding sites for DHPs and phenylalkylamines are thus
proposed to be located at the opposite ends of transmembrane helix IVS6, it has been suggested
that the allosteric interaction between these two sites may involve conformational changes induced

by the movement of this IVS6 segment (Nakayama et al., 1991).
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1.6.6 Modulation of Calcium Channels in Skeletal Muscle

So fa., the hest-established mechanism of 72** channe: modulation is the stimulatory
effects of 8-adrenergic agonists mie/+ -« -y cAMP-dependent kinase on the L-type cardiac Ca**
channels. Qccupation of the B-adrenergic receptor by an agsaist leads to the aciivation of a G-
protein known as G, which in turn, activates adenylate cytiase, hence producing CAMP. The
increase in cAMP leads to the dissociation of the regulatory and catalytic subunits of the protein
kinase A (PKA). The catalytic subunit of PKA phosphorylates the L-type Ca** channels and
leads to an increase in their probability of opening (see Pelzer et al., 1990; Bers, 1991). L-type
Ca?* current in skeletal muscle is also augmented by intracellular application of cAMP and PKA
(Arreola et al., 1987; Kokate et al., 1992). In biochemical studies it has been shown that the =,
and B subunits of skeletal Ca?* channels are good substrates for PKA (Curtis and Catterall, 1985;
Hosey et al., 1987). In functional studies, phosphorylation by PKA greatly increased the rate of
©Ca?* influx in reconstituted phospholipid vesicles containing purified Ca** channels. Similar
ybservations have also been reported for the purified Ca®>* channels incorporated into planar
phospholipid bilayers (Flockerzi et al., 1986; Hymel et al., 1988). In these preparations, the
probability of channel opening was largely increased by PKA. In skeletal muscle, the T-type
Ca®* current is also augmented by 8-adrenergic/cAMP mediated stimulation (Arreolaetal., 1987;
Kokate et al., 1992).

Although phosphorylation of purified Ca** channels by PKC, CaM Kinase I and cGMP-
kinase has been shown, their functional effects are not clearly established. In a recent interesting
study on Ca?* channels incorporated into lipid bilayers, Vilven and Coronado (1988) reported
that IP, increased the nitrendipine-sensitive Ca** channel activity.

In addition to second-messenger mediated effects, direct regulation of skeletal‘ Ca*

channels by G proteins has also been identified (Yatani et al., 1987, 1988; Brown et al., 1989).
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Activity of Ca*~ channels incorporated into lipid bilayers greatly increased by GTP-v-S activated

Gs or its activated o, subunit (Yatani et al., 1988).
Thus, modulation of Ca** channels by various mechanisms appears to be more compléx

than was indicated by the initial studies on the regulation of cardiac Ca’* channels by 8-

adrenergic agonists.

1.6.7 Role of Ca®* Channels in Excitation-Contraction Coupling

It has been well established that the entry of Ca®>* through voltage dependent Ca®*
channels plays an essential role in e-c coupling in cardiac and smooth muscle (Fleckenstein and
Fleckenstein-Griin, 1989; Bers, 1991). In skeletal muscle, however, contractile force during
twitches appears to be independent of Ca’* influx through voltage-sensitive Ca’* channels
(Armstrong et al., 1972; Frank, 1982; Lutgau, 1986) and the Ca** needed to activate contractile
proteins comes mainly, if not entirely, from stores in SR. Voltage-sensitive Ca** channels are
mainly concentrated in the T-tubules and due to their slow activation time course (with 100-200
ms peak time) they do not have enough time to open during an action potential spike that lasts
only 2 to 2.5 msec (Beaty and Stefani, 1987). Fast-activated Ca** channels (with an activation
time constant of 5 msec), however, can be activated during a single twitch (Cota and Stefani,
1986). A small “Ca?* influx elicited by an action potential (0.2-1.3 pmol/cm? Bianchi 2
Shanes, 1959; Curtis, 1966) has been attributed to activation of these fast Ca** channels during
a twitch (Cota and Stefani, 1986). On the other hand, in many studies it has been shtwn that
slow Ca®* channels can open during maintained contractures such as high K* =induced
contractures and voltage-clamp conditions (Fraux, 1960, 1984; Chirandini and Stefafl, J&73;
Cota and Stefani, 1982; lidefonse et al., 1985). Furthermore, it was also shown that high K*
induced contractures can be blocked by various Ca** channel antagonists and in Ca** free

solutions (Frank, 1958, 1984; Chirandini and Stefani, 1973) without blocking the twitch. -
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2. STATEMENT OF THE PROBLEM

In electrophysialogical studies. during maintained depolarizations, the presence of a large
Ca?" inward current passing through L-type VSCCs located in T-tubules has been well established
(Beaty et al., 1987). In biochemical studies, it has also been shown that skeletal muscle T-tubule
membranes are the richest known source of DHP binding proteins (Fosset et al., 1983; Dunn,
1989). On the other hand, the functional roles of these channels have yet to be established
(Catterall, 1961). Unlike cardiac muscle and most smooth muscle, in which calcium influx can
initiate contraction, calcium entering skeletal muscle cells from the exterior through voltage-gated
calcium channels is not required for initiating excitation-contraction coupling during twitch type
mechanical responses (Armstrong et al., 1972; Frank, 1982a,b).

In addition to the twitches, various ways of eliciting mechanical responses in skeletal
muscle fibres have been described (Zachar, 1971). In 1930, Gasser indicated the important
distinction between contractions initiated by action potentials and contractures referring to muscle
shortening or tension produced by other means. From this point of view, twitches and tetani are
examples of contractions. On the other hand, high K*, voltage-clamping or ACh induced
mechanical responses can be considered as contractures.

A distinctive property of contractions such as twitch and tetanic responses is their
dependence on the development of an action potential (Guyton, 1986). Since the development
of action potentials and its inward spread into the T-tubule system is a part of the physiological
process of e<c coupling (Constantin, 1970), contraction type of mechanical responses can be
considered as relatively physiological responses. Furthermore, motor neurons innervating the
muscle fibres produce a burst of action potentials that can last a few seconds at different
frequencies (Kernell, 1965a,b). The repetitive firing of motor neurons brings about a mechanical

response, tetanic contraction, that is used to produce force development during daily activities
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of muscles. Hence, during an attempt to investigate the functicnal role of VSCCs in fast, twitch
fibres of frog skeletal muscle, tetanic cu. .. actions can be considered as a type of response that
is quite appropriate to study for this purpose.

Although the requirement for the influx of extracellular Ca** through VSCCs during high
K-induced contractures and long-lasting voitage clamp pulses, is well established (Frank, 1984,
Iidefonse et al., 1985), the source of Ca** during tetanic contractions has not been studied in
detail. Since, during physiological functioning of skeletal muscle fibres in vivo, single action
potentials do not normally occur but action potentials occur in bursts, it was our hypothesis that
the functional role for these VSCCs is to permit the entry of extracellular Ca** ions during
repetitive action potential trains and that these Ca** ions are required for the muscle fibres to
produce their maintained contractions. For this reason the effects of Ca**-free Ringer’s solutions
and organic Ca** channel blockers were studied to evaluate the functional roles of the VSCCs
in tetanic responses.

Since another property of repetitive action potentials is the presence of late after-potentials
(LAPs), we also conducted studies to investigate if VSCCs can permeate extracelfular Ca** in the
tange of LAPs. Due to the difficulties of assessing the membrane potential deep in isolated T-
tubules, we have employed the T-tubule membrane vesicles to determine whether Ca** transport
occurs in the range of LAPs recorded during tetanic contractions. Ca’* fluxes in T-tubule

membranes were also characterized with respect to their pharmacological properties.



41

3. MATERIALS AND METHODS

*Though this be madness, yet there is
method in't’

Shakespeare: Hamlet, II - ii
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3.1 Materials

3.1.1 Solutions

Ringer’s solution prepared in distilled and deionized water (Whatmann deionizer) was
used as the physiological solution in all experiments using intact muscle fibres. The composition
of the bicarbonate-buffered Ringer's solution (normal Ringer’s) was (in mM): NaCl, 111.8; KCl,
2.47; CaCl,, 1.08; NaHCO,, 2.38; NaH.PO,, 0.087; Dextrose 11.1; and d-tubocurarine 0.1
mg/ml. Tubocurarine has been shown to block specifically the neurotransmitter action of
acetylcholine and was employed to eliminate any possible neuromuscular effect.

- In experiments requiring the use of a Ca**-free solution, CaCi, was omitted from the
Ringer's (normal) solution. It was previously reported that Ringer’s solution prepared
in this way contains less than 10 + 1.3 x 10° M Ca®* (Frank, 1982). In order w0
observe the effects of reduced Ca** in a solution in which Ca** is more efficiently
eliminated, the Ca®* chelator, EDTA at concentrations between 10° to § x 10° M was

used in Ringer’s solution.

All solutions were prepared fresh for each experiment. The osmolarity of the solution

was 230-235 mOsm/kg (Osmometer, Wescor 5500) and the pH was adjusted at room temperature
to be between 7.2 and 7.4.

3.1.2 Drugs

Drugs used in this study were:
a) Nitrendipine - Miles Laboratories Inc., New Haven, CT
b) Nifedipine - Sigma Chemical Company

c) Verapamil - Knoll AG, Ludwigshafen
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d) (+) Bay K8644 - Miles Laboratories Inc., New Haven, CT.

e) (+) PN 200-110 - Sandoz Ltd., Basel, Switzerland

f) ( - ) PN 200-110 - Sandoz Ltd., Basel, Switzerland

g) (+)-SDZ 202-791 - Sandoz Ltd., Basel, Switzerland

h) ( = )-SDZ 202-791 - Sandoz Ltd., Basel, Switzerland

Drug solur'~ns were routinely prepared by dissolving the required amount of the

substance directly in Ringer’s solution. Exceptions to the general procedure were as follows:

In experiments with intact muscle fibres, nitrendipine was initially dissolved in
purified dimethylsulfoxide' (DMSO) prior to further dilution with Ringer’s
solution. The maximum concentration of DMSO used was 2% by volume and
the vehicle was included in all of the Ringer’s solutions used in these particular
experiments. DMSO at these concentrations produced a rapidly developed,
constant and stable inhibition of twitch amplitude by about 5 to 15% over 34 hr
in control experiments but it produced no change in the tetanic responses. Other
than this slight decrease at the maximum amplitude of twitch responses, DMSO
has no effect on either mechanical or electrical properties of skeletal muscle
fibres. Somewhat similar findings for the effect of DMSO on other muscular
tissues including smooth and cardiac muscle, have also been observed (personal
communication with Dr. M. Wolowyk).

In experiments with T-tubule membrane vesicles, all dihydropyridine derivatives
were added from stock solutions in DMSO and, in order to minimize possible
solvent effects, all samples, including controls, contained DMSO at the same

final concentration (< 0.2%; Dunn, 1989).

'The compound was obtained through the kind courtesy of Dr. M. Wolowyk.
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3.1.3 Radioactive Compounds and Liquid Scintillasici Fluid:

The isotope of Ca** used was “*Ca obtained fror ICN.

[*H] Nitrendipine and (+) - {*H] PN200-110 were supplied from Du Pont- New England
Nuclear.

The scintillation fluid used to measure 8-emission from “Ca*, [*H] Nitrendipine and (+)

[PH]PN200-110 was ACS, a commercial xylene-surfactant based aqueous counting scintiliant from

Amersham.

3.2  Methods

3.2.1 Tension Studies

3.2.1.1 Muscle Preparation

The extensor longus digiti IV (toe) musc’ s of the frog Rana pipiens were used in all
experiments involving tension studies. Each frog was decapitated and pithed and the muscle
dissected and removed. After removal, the muscle with each of its tendons tied to a silk thread
was placed in a glass petri dish containing the appropriate physiological solution. The silk
threads were then wrapped around two plastic pegs which were stuck to the inner surface of the
dish close to its circumference and at diametrically opposite ends. This helped in positioning the
muscle in the petri dish and facilitated further dissection. Care was taken not to stretch the
muscie sxcessively. With the aid of a dissection microscope (Wild-Heerbrugg, Switzerland) the
muscle was freed from connective tissue and fascial membranes. All muscles were allowed to
equilibrate for a period of 30-45 min following dissection in the physiologic solution before an

experiment was commenced.
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3.2.1.2 Muscle Chambers

The muscle chambers used for tet:iv: acordings were constructed from glass or plastic
barrels of syringes of 3 or 5 ml capacities. The toe muscle was mounted vertically in the
chamber between a glass hook and a strain gauge. The proximal end of the muscle was secured
to the glass hock near the bottom of the bath and the distal end was attached to the arm of the
strain gauge positioned above the bath, by means of the silk threads. The position of *he strain
gauge was adjusted using a micromanipulator. The solution in the chamber was changed by
draining at the bottom and by introducing fresh solution at the top. The resting tension of the
muscle was adjusted so that muscle just failed to remain in a vertical pesition when the bath
solution drained and to return to a vertical position when the bath was refilled with solution.
This length is presumably near or at the resting length because the largest twitches were produced

at this muscle length.

3.2.1.3 Stimulation Parameters

The toe muscles were stimulated by means -f two ring electrodes of platinum situated
near the top and bottom of the solution in muscle chamber. For single twitch responses,
supramaximal rectangular pulses, 1.5 msec in duration were used. For tetanic responses, the
muscles were stimulated with 1.5 msec supramaximal rectangular pulses at a frequency of 100
Hz for 2 sec once every S to 15 min unless otherwise indicated. Tissues remaind viabie for up

to 3 hours.

3.2.1.4 Tension Recording
Isometric tension was recorded by means of the strain gauge whose active elements

consisted of two pixie transducers (Endevco model 8121A) in a Wheatstone bridge configuration.
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The transducer outputs were digitized and recorded using a Tekmar Lab Master A/D converter

board connected to a Con.paq portable computer. The records were stored on floppy disks
during the experiment. These records were later analyzed using a Compaq Deskpro 286 and the
responses were drawn on a Roland DGPR-1212A printer. Responses were recorded with 1000
points per sweep at all sweep speeds. Programs for collecting, transmitting, storing and

analyzing data were written in Turbo Pascal by Dr. G.B. Frank.

3.2.1.5 General Experimental Protocols

The toe muscles were excised and mounted as described above. In experiments involving
the recordings of twitches and tetanic responses, the Ringer’s solution bathing the muscle was
continuously bubbled with a gas mixture of 99.5% O, and 0.5% CO,. By employing this
particular gas mixture, the pH of the Ringer’s solution remained at approximately 7.2. The
solution bathing the muscle, with or without drug application, was changed usually every 30 min
or less during an experiment. Under these conditions, the mechanical responses for twitches and
tetanic responses, elicited with the stimulation parameters described above, were recorded every
5 to 10 min. If the tension height of the control twitches and the area under tetanic force x time
remained steady for 30 to 45 min, the tissue was corsidered suitable for an experiment. After
obtaining the ‘control’ twitches and then ‘control’ tetanic contractions, the responses were
recorded in the presence of the drug and they were compared with the ‘control’ responses

obtained earlier.

3.2.1.6 Analysis
Measurements of the maximum twitch and tetanus heights, and the tension x time area

were taken from recordings made on printer paper. Since it was only possible to obtain one
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measurement of particular drug per tissue, the effects at various drug concentrations were
normalized and arrayed from different experiments to construct the dose-response curves for
fifferent drug applications. In depicting the data, the arithmetic mean of different experiments

was calculated and plotted with standard errors of the mean (SEMs) presented as vertical bars.

3.2.2 Flesrophysiological Studies
Experiments were performed at room temperature (20°C) with the extensor longus digiti
IV (toe) muscle isolated from the leopard frog, Rana pipiens. The following experimental

procedures used in this study have been published (Oz and Frank, 1991, 1992).

3.2.2.1 Muscle Preparation

Although our goal was to obtain intracellular recordings of repetitive action potentials in
relatively physiological conditions, these recordings are hampered by the mechanical artifacts
produced by the movement of the muscle fibres. Thus far, several different methods have been
used 1o redisze the mechanical artifacts. Movable microelectrodes have been developed, but their
preparation and their successful application is difficult (Vaughan Williams, 1959). Other methods
include physically stretching the muscle, sufficient to eliminate the overlap of the A and I bands
and thereby to prevent movement (Fitt and Katz, 1951) or to immerse skeletal muscle in a
hypertonic solution which also greatly reduces movement (Hodgkin and Horowicz, 1957,
Howarth, 1957). However, both of the latter methods may be ineffective in completely stopping
muscle movement during tetanic stimuli (Hodgkin and Horowicz, 1957; Lannergren and North,
1973), and in addition they produce volume changes in the T-tubules (Birks and Davey, 1972).
Glycerol-removal treatment of muscle fibres to block the surface openings of the T-tubules also

has been proposed for the prevention of movement artifacts, but glycerol treatment causes many
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deleterious effects on T-tubule morphology (Howell, 1957), and a complete depression of the

after potentials of muscle fibres (Gage and Eisenberg, 1969b).

In order to study the magnitude and time course of late after potentials (LAPs) in frog
toe muscle twitch fibres under faore physiological conditions and in normal, Na‘-Ringer
solutions, we modified previously reported methods (Fatt and Katz, 1951; Stefani and Schmidt,
1972) and with the following techniques we were able to increasé the duration of reliable
recording during repetitive stimulation for much longer than possible with previous techniques.
A glass rod of 3-4 mm thickness was mounted horizontally in a plexiglass bath (with a Sylgard®
base) (Figure 5). The toe muscles were excised as described previously. One tendon of the toe
muscle was attached to a micromanipulator, and then wrapped around and stretched on the glass
rod. The other end of the muscle was attached to a second micromanipulator, and the muscle
was stretched to about 120% of its rest length. By using the micromanioulators, it was possible
to adjust the muscle length from both ends to reduce the muscle movements.

The use of a glass rod instead of polyethylene or plastic rods used in earlier studies,
reduced the friction between muscle membrane and the rod. and thereby significantly reduced the
stretch required for successful recording. The recording bath was continuously perfused with
Na*-Ringer solution and bubbled with a gas mixture of 99.5% O, and 0.5% CO, during the
recording and for 10 min prior to the start of the recording. With this treatment i.e. less
stretching and perfusion with an oxygenated solution, the viability of muscle fibres increased up
to a few hours (Oz and Frank, 1992).

Using conventional intracellular recording techniques, resting and action potentials of
twitch fibres were found to be no different from those measured in frog sartorious twitch muscle
fibres in the horizontal placements (Frank, 1957). A representative recording of a repetitive

action potential train and LAP is been shown in Figure 6. The time course of action potential
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FIGURE 5: The modified arrangement of experimental setup for recording repetitive trains of
action potentials with an intracellular microelectrode. Frog toe muscle was wrapped on a glass
rod and the length of muscle was adjusted by means of micromanipulators from both sides. The

recording bath was continuously perfused with the appropriate solution.
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FIGURE 6: Typical intracellular recording during 100 Hz stimulation frequency for 2 seconds.
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is clearly seen. The oscilloscope used had a sweep of 4000 points at all sweep speeds. For 0.5

sec stimulus trains the sweep duration was 800 msec; thus for the action potential spikes, which
tasted about 2.5 msec, there were about 12.5 points, which was sufficient to record the peaks.
At this sweep speed there were about 0.75 points for each artifact produced by the 0.15 msec
stimuli. With 1 sec trains there were only S points for each spike and so the spike height seems
to wax and wane as the maximum voltage point recorded on succeeding spikes approaches and
departs from the spike maximum voltage (an aliasing effect). With 2 sec trains there were only
about 2.5 points per action potential spike and the aliasing effect became more pronounced. Also
with 2 sec trains there were only about 0.15 points per stimulus artifact and so most stimulus
artifacts are missed (i.e. not recorded at all). The amplitude of LAPs at the end of the 2 sec
pulse duration can easily be measured under relatively physiological conditions. Resting
membrane potentials of muscle fibres before and after repetitive stimulations did not change, and

LAPs slowly declined back to the previous resting potential values.

3.2.2.2 Siimulation and Recording System

A small proportion of the muscle fibres were electrically stimulated by an extracellular,
bipolar platinum-filled pore electrode placed on the surface of the muscle 5 to 10 mm from the
recording electrode. The bipolar stimulating electrode was constructed with 0.4 mm platinum
wires placed in polyethylene tubing and cemented together so that the ends of the wires, which
rested on the surface of the muscle, were 1.5 mm apart. The muscle fibres were stimulated with
supramaximal pulses delivered through a stimulus isolator unit (WP Instruments, model 305).
The stimulating pulse consisted of either a single stimulus or a train of square waves of 0.15
msec duration and 10 msec apart. Resting membrane and action potentials of the frog toe muscle

fibres were recorded intracellularly using conventional glass capillary microelectrodes (1040 M
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Q resistance) filled with 3 M KCl. The glass microelectrode was held in » microelectrode holder,

which v-as connected through a probe o the main amplifier (WP Instruments, model MA4). The
output from the amplifier was displayed on a model 3091 Nicolet digital oscilloscope. The
reference electrode consisted of a chloride silver wire, formed into a spiral, and placed in the
solution bathing the muscle. The recordings were made with 4000 points per sweep at all sweep
speeds. These records were stored on floppy disks and later analyzed, and pictures of action
potentials were drawn using a Compaq Deskpro 286 computer and a Roland DG PR-1212A

printer. All programs for transmitting, storing and analyzing data were written in Turbo Pascal

by Dr. G.B. Frank.

3.2.2.3 Recording Electrodes

Recording electrodes were made from open-ended glass capillaries (Fisher Scientific 7'n.)
having 1.5-2 mm outside diameter. The microelectrodes were drawn by a glass microelectrode
puller (PN-3 Narishige Scientific Instrument Lab Ltd., Japan). The settings of the microelectrode
puller were adjusted such that the tip length of the electrodes measured approximately 9-10 mm.
These microelectrodes were then mounted on microscope slides with a rubber band wrapped
around them and placed in a Coplin straining jar with their tips downward. The Coplin jar was
then filled with methanol and placed in a vacuum desiccator. The methanol was allowed to boil
for about 5 to 10 min by reducing the pressure in the desiccator. With this procedure, almost
all the electrodes were completely filled with methanol. The methanol was subsequently replaced
by distilled water and the jar was left overnight at atmospheric pressure. Finally, the
microelectrodes were placed in 3 M KCl solution and left there for a minimum of 24 hours
before use. The resistance of the microelectrodes was measured by a solid state voit-ohm-

microamp meter (Danameter, Dana Lab. Inc., Irvine, California) and only those electrodes



59
having resistances between 10 and 40 MQ were selected for use.

3.2.2.4 General Experimental Protocols

Electrical events were recorded from: \usually) 24 - face fibres over a short time period
(about 5 min overall). Control recordings were taken afte. a 10-15 min continuous perfusion
with Ringer's solution bubbled with a gas mixwre of 99.5% O; + 0.5% CO. during the
equilibration period.

After the contro} readings were obtained, the tissue bathing medium was replaced with
a solution With a drug and the tissue was continuously perfused with Ringer’s solution containing
the same drug. Traces of the electrical events were obtained at frequent time intervals, viz., 3-6,

0.12, 14-16 and 25-30 min following exposure o the drug.

3.2.2.5 Anglysis

The effect of any given concentration of a drug on fate after-potentials was evaluated by
comparing the Maximum amplitudes of the late after-potentials. For this purpose, firstly we
calculated the Mmean of the maximum amplitudes of LAPs in control conditions and in the
presence of drug for each Muscle. After these statistical calculations were done, a paired t-test

was performed. A confidence level of 95% (P : 0.05) was chosen in our statistical evaluation.

3.2.3 Ca** Efflux Studies in T-Tubule Membrane Vesicles
3.2.3.1 Preparation of Microsomal Vesicles

Microsomal membranes were prepared from the back and hind leg muscles of New
Zealand White rabbits by a modification of methods described earlier (Fernandez et al., 1980).

In order to prevent the degradation of proteins by proteolytic enzymes, all procedures were
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carried out at 0-4°C. The excised muscle parts were cut into small pieces and added into 4

volumes of homogenization buffer composed of 20 mM Tris-HCl, 0.3 M sucrose, S mM EDTA,
1.2 mM EGTA and the protease inhibitors, | mM iodoacetamide, 0.5 mM phenylmethyl sulfonyl
fluoride, 0.1 mM benzamide and 1 uM pepstatin A. 0.02% NaN, was included as antibacterial
preservative. The pH was adjusted to 7.4 for all solutions used. The muscle suspension was
homogenized using five 20-sec high speed bursts of a Waring blender. The microsomes were
isolated by differential sedimentation, removing mitochondria and nuclei by centrifugation for 20
min at 4000 x g, (5000 rpm in a Sorvall GSA rotor). Following this centrifugation, the pellet
was discarded and the supernatant was recentrifuged for 20 min at 10,500 x g, (8000 rpm in
a GSA rotor). The supernatant was filtered through six layers of cheesecloth to remove remnants
of pellet and fat particles, and solid KCl was added to a final concentration of 0.5 M to solubilize
contractile proteins in the supernatant. This mixture was stirred for 30 min at 4°C with a
magnetic stirrer and then centrifuged for 45 min at 186,000 g, (40,000 rpm in a 45 Ti Beckman
Rotor). The microsomal pellets were resuspended in homogenization buffer using two or three
20-sec bursts of a Virtis 45 Homogenizer at the setting of 50. The resuspended pellet was
washed twice by centrifugation in a 45 Ti (Beckman) rotor at 40,000 rpm.

The microsomal membranes were finally resuspended in Tris buffer containing 20 mM
Tris-HCl, pH:7.4; 15% (w/v) sucrose. The microsomal membranes were either used
immediately for further studies or frozen in liquid nitrogen and stored in a refrigerator at -80°C.
Binding activities for (+)-"H]PN200-110 in these membrane preparations were 4-10 pmol/mg

of protein.

3.2.3.2 Preparation of Transverse Tubule Membranes

Discontinuous sucrosé gradient centrifugation was used for the preparation of T-tubule
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membrane vesicles. Three layers of 10 ml volumes of 35% (w/v), 27.5% (w/v), and 25% (w/v)

sucrose in 20 mM Tris-HCI, pH:7.4 were used to form discontinuous sucrose gradients. The
microsomal membranes in 20 mM Tris-HCl, 15% (w/v) sucrose pH:7.4 were loaded on top of
three discontinuous sucrose gradients (6 ml membranes/gradient). After centrifugation in a
Beckman SW 28 rotor at 22,000 rpm for 16 hours at 4 °C, bands were found on top of the 25%
layer and at the 27.5%/35% interface, with a large pellet at the bottom of the tube. The lightest
band ;:omained T-tubules essentially free of SR contamination. Some T-tubules and mostly light
SR vesicles were found in the 27.5%/35% sucrose interface. The rest of the SR, mainly heavy
SR vesicles, was found in the pellet (Fernandez, 1980). The floating layer of 3 to 4 ml was
discarded. Only the lightest fraction from the 15%/25% sucrose interface was used in all
experiments described in these studies. Bands were collected by aspiration. The sucrose
contained in these bands was diluted by dropwise addition of 20 mM Tris-HCI to these
membranes while continuously stirring on ice. Suspended T-tubule membranes were collected
by centrifugation for 30 min at 186,000 x g,,,, and the peilets were resuspended in the desired
buffer using two 20-sec bursts of the Virtis 45 homogenizer at setting 50. In order to equilibrate
in either low K* (10 mM Hepes-Tris, pH 7.4, 145 mM choline chloride, 5 mM potassium
gluconate) or high K* (10 mM Hepes-Tris, pH 7.4, 150 mM potassium gluconate) buffer, the
membranes were diluted in a large volume of the appropriate buffer and washed at least twice
by centrifugation and resuspension. Following final resuspension in 0.2-0.5 ml of buffer, the
membranes were frozea in liquid nitrogen and stored at -86 °C until required, or thawed, and
stored on ice prior to use. This freeze-thaw cycle appears to be sufficient for the equilibration
of intra- and extravesicular ions, since similar results have been obtained using vesicle
preparations that had been equilibrated by prolonged incubation (1620 h) at 4 °C in the

appropriate buffer (Dunn, 1989). Protein concentrations was assayed using Bio-Rad protein assay
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kit.

Characterization of T-tubule membranes :solated using this :..cthod has been described
in a number of studies (Hidalgo et al., 1986; Dunn, 1989). In rabbit T-tubule membranes
prepared by this method, Dunn (1989) has found that the approximately 90% of vesicles were
sealed. In various studies it has been well established that the T-tubule membrane preparations
consist mainly of sealed membrane vesicles that are oriented in such a way that the cytosolic face
of the T-tubules forms the outside of the vesicle, and the luminal surface of the T-tubules in situ
comprises the intravesicular wall of the vesicle membrane. Since the term, inside out has been
extensively vsed o -.“ne this form of vesicles (Rosenblatt et al., 1981; Hidalgo et al., 1983;
Hidalgo et al., 1¥s¢,. ..1- I .J0ratory has followed this original terminology (Dunn, 1989; Bhat
etal., 1992; <= .. = {3%2).

3.2.3.3 Equilibrium Binding of PH|Nitrendipine and (+)-F'HJPN200-110

The binding activity of [’H]nitrendipine and (+)-’H]PN200-110 was measured in
filtration assays that were carried out under subdued lighting to minimize ligand photolysis.
Aliquots of T-tubule membranes (400 ul) were added to different concentrations of radiolabelled
ligand to give a final protein concentration of 0.05 mg/ml in a total volume of 0.8 ml assay
buffer (25 mM Hepes-Tris, pH:7.4, | mM CaCl,, 0.02% NaN,). After the samples were
prepared, they were covered with aluminum foil and incubated 60 min at room temperature.
Following this incubation period, 0.4 ml aliquots of each sample were removed rapidly and
filtered under vacuum through Whatman GF/C filters using a Hoefer filtration manifold. The
filters were immediately washed with two 5-ml aliquots of ice-cold buffer composed of 25 mM
Hepes-Tris, pH:7.4, 1 mM CaCl,, 0.02% NaN,. After drying and addition of 5 ml of ACS

scintillation fluid, the filters were counted for H. Duplicate 50-ul samples of the incubation
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mixtures were also counted directly for estimations of total ligand concentration. Nonspecific
binding of radioactively labelled ligand was estimated from parallel measurement of binding in
the presence of 1 uM unlabelled ligand. All experiments were carried out at room temperature

(23 £ 2°C).

3.2.3.4 “Ca’* Efflux Studies

In all flux experiments, membrane vesicles were first equilibrated in low K* buffer as
described above. The vesicles (approximately 0.4 mg/ml were loaded with “Ca** by the addition
of one-half volume of isotopically diluted “CaCl, solution in the same buffer to give a final
concentration of 5 mM total Ca** containing approximately 50 xCi/ml “Ca**. The mixture was
then subjected to two freeze-thaw cycles using liquid nitrogen as previously used to load
impermeant molecules inside membrane vesicles (Moore and Raftery, 1980). The Ca®*-loaded
vesicles were kept on ice until use, which was usually within 3 h. In order to induce “Ca®
efflux, a tws-step filtration assay (Dunn, 1989) was used. In this experimental procedure, 25 pl
of loaded membranes were first diluted with 975 pl of high K* buffer (10 mM Hepes-Tris, pH
7.4, 120 mM potassium gluconate, 30 mM choline chioride, 0.133 mM EGTA) containing 0.1
uM valinomycin. This first dilution is designed to mimic the resting state of the cell by
generating an outside negative membrane potential of -80 mV and to reduce the extravesicular
(corresponding to intracellula} in an inside out vesicle) free Ca** to less than 100 nM. After 5
min incubation at room temperature, 0.9 ml was removed and applied to a GF/C filter which had
been preequilibrated in tie same buffer, mounted ina Ioefer filtration apparatus, and dried under
vacuum. Excess buffer was removed from the sampie under vacuum, and 1 ml of depolarizing
buffer (10 mM Hepes-Tris pH 7.4, 54 mM potassium gluconate, 96 mM choline chloride, 0.133

mM EGTA, 0.1 mM valinomycin). Under these conditions, the membranes are depolarized to
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an estimated -60 mV i.e. corresponding to the range of LAPs in intact muscle fibres. Efflux was
allowed to continue on the filter for 20 sec prior to removal of extravesicular solution under
vacuum and rapid washing with two 5 ml volumes of a "stop” solution (10 mM Hepes-Tris pH
7.4, 94 mM choline chioride, 54 mM potassium gluconate, 0.1 mM LaCl,, 30 mM sucrose).
Filters with their absorbed membrane vesicles were dried, extracted with § ml of ACS
scintillation fluid, and counted for residual entrapped “’Ca**. In the flux studies, the appropriate
drugs were incubated with “Ca’"-loaded vesicles for 30 min on ice prior to initiation of
repolarization. All subsequent buffers contained the drug at the same concentration. Drugs were
added from stock solutions in DMSO and, in order to minimize possible solvent effects, all

samples, including controls, contained the drug at the same final concentration (< 0.2%).

3.2.3.5 Data Analysis

The arithmetic means and standard errors of the mean of experimental results are
presented as histograms. The number of experiments (n) carried out are indicated on the top of
each histogram. Estimated membrane potentials quoted in the text are those predicted by the

Nernst equation in the presence of potassium gradients across the membrane.
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4. RESULTS

Science is always wrong. It never solves a problem without creating ten more.

- Bernard Shaw



4.1 Mechanical Responses
4.1.1 Effect of Calcium-Free Ringfr’s Solutions on Mechanical Responses

In Ca*" free Ringer's solution, the contamination of Ca** through different sources has
been reported (Frank, 1982b). Ca*- free solutions that do not contain EDTA, can be
contaminated with Ca** up to the concentrations of 10 x 10* M (Frank, 1982b). Since EDTA
does not enter the muscle fibres (Frank, 1982a), it is used to chelate the contaminating Ca** and
the Ca®* that leaked out of the muscle fibres into the extracellular fluid in the intact toe muscles
during stimulation. For this reason, EDTA at the concentrations varying between 10 to 5 x 10°
M was added to Ca**-free Ringer's solutions.

After some preliminary observations, condic* s were established in which the twitch was
A reduced by the Ca?*-free solution during a 16-min exposure period. This was done by adding
only a very small concentration of EDTA to the Ca**-free Ringer’s solutions.

As has been known for a long time, there is usually an initial phase of twitch poteatiatior:,
hyperexcitability and after discharges when the isolated muscle fibres are exposed to Ca®*-free
Ririger’s solutions (Caputo and Gimenez. 1967; Sandow et al., 1975; Frank, 1982b). In our
experiments, the initial effects of exposing whole toe muscie preparation (n: 52) to a Ca**-free
Ringer’s solution containing varying concentrations of EDTA (10° M to 5 x 10° M) were very
similar to results obtained in isolated muscle fibres. These effects produce a greatly enlarged and
prolonged mecharical response atter a single stimulus (Fig. 7, B and C, twitches). Duration of
this initial potentiation of twitch responses varied between S to 15 minutes with the concentration
of EDTA used. These initial potentiating effects of Ca**-free solutions were replaced by the
inhibition of twitch responses by 10 - 40 min depending on the concentrations of EDTA used in
Ca?*-free Ringer’s solutions. The effects of increasing the EDTA concentration in the Ca**-free

Ringer’s solution on twitch tensions and tetanic areas were also studied. Experimental results
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FIGURE 7: Effects of removing extracetlular Ca™ ions on twitches and tetani in an isolated
frog toe muscle. The 0 Ca?* solution contained a small amount of EDTA as indicated. Length
of time the muscle was in the 0 Ca?* solution is listed in B and C, and the time in Ringer’s

sclution is listed in D. Stimulation frequency = 100 Hz.
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FIGURE 8: Effects of increasing the EDTA concentration on the twitches and tetani produced
in frog toe muscles kept in the 0 Cz** solution for 10 min. The numbers of muscles (n) tested
with increasing EDTA concentrations were 8, 8, 8, 8, 4, 8, 6 and 2. Means and standard errors
of the mean are plotted. When the standard error is not shown it was smaller than the size of

the symbol. Opea symbols, twitch amplitude; filled symbols, tetanus area. Stimulation

parameters of tetani = 100 Hz for 2 sec.
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FIGURE 9: Effect of calcium-free Ringer’s solution containing 10° M EDTA on the maximum
tensions of twitches and tetani. The muscle was placed in the calcium-free solution at time 0.
Tetani indicated by an * at the top of the line. All the responses obtained in a single experiment

are shown. Stimulation parameters of tetani = 100 Hz for 2 sec.
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collected from 52 different toe muscle fibres are shown in Figure 8. The 10 min exposure time

was chosen because in isolated skeletal muscle fibre preparations twitches can often be maintained
for up to 10 min in a Ca*"-free solution containing 1 mM EDTA (Frank, 1982a,b). In our
experiments it was found that the amplitudes of the responses to a single stimulus in a 10 min
period were larger than control values at EDTA concentrations below 2.5 x 10* M (n: 36), and
the twitches in 10 min were reduced by a great extent at higher EDTA concentrations (n: 16).
The effects of Ca**-free Ringer’s solution containing EDTA at these low concentrations recovered
rapidly in 5 to 10 min. At higher EDTA concentrations recovery took 30 - 60 min.

Despite this increase in the size of the responses to single stimuli, the latter part of the
tetanic responses at 100 Hz recorded < 1 min earlier was depressed even though the maximum
tension recorded near the start of the tetanus was not reduced. For this reason the effects on
tetani were measured by obtaining the time x tension area of each tetanic response. In the resuits
plotted in Figure 9, exposing a toe muscle to Ca’-free solution containing EDTA at a
concentration of 10°°M, had almost no effect on the maximum amplitudes of tetanic contractions,
and there was an initial potentiation of twitches as described above. In summary, in contrast to
the amplitude of single twitch responses that were larger than control in Ca**-free Ringer's
solutions containing EDTA at concentrations below 2.5 x 10* M, the time x tension areas of
tetanic responses were greatly reduced (50% to 10%; n: 16) (see Fig. 7 and 8). Although the
maximum amplitudes of tetanic contractions did not change in this 1 min exposure time (Figure

9).

4.1.2 Effects of Nitrendipine on Twitches and Tetani
Nitrendipine, which can inhibit or block calcium ion uptake into skeletal muscle fibres

without reducing twitches or producing hyperexcitability (Dretchen and Raines, 1984; Frank et
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al., 1988; Frank, 1990), was used in experiments on toe muscles similar to those described
above. There was a lack of effect of nitrendipine on maximum twitch or tetanic tensions at all
concentrations {10 - 10* M; n: 20) used. For example, in the resuits plotted in Figure 10,
exposing a toe muscle to 10 M nitrendipine for up to 70 min had essentially no effect on the
maximum twitch or tetanic tensions. Nevertheless there was an obvious decrease in the area of
the tetanic responses recorded within ! min in the same experiment. Recordings of some of the
tetanic responses obtained during this expetiment are shown in Figure 11. Although there was
no effect of nitrendipine at this concentration (10°* M) on the maximum tensions of twitches, the
area of tetanic response decreased to 65% (n: 4) of its control value. Depressant effects of
nitrendipine on tetanic responses were normally reversed in 15 to 45 min. The very high
concentration of nitrendipine (10* M) was an zxueition to this recovery time. At this high
concentration recovery took more than an hour, ¢ zot at all.

The results obtained in 20 experiments of this type with nitrendipine concentrations from
10° to 10* M are plotted in Figure 12 and represented in Table Il. Most of the twitch recordings
were t=' 'n | min before tetanic contractions except in a few preliminary experiments where
twitches were recorded after tetanic contractions. In these experiments control post tetanic
twitches and post tetanic twitches measured during drug effect were compared in the same
conditions, i.e. both after tetanus. In addition, no post tetanic potentiation (PTP) was observed
in twitch responses measured after 2 sec lasting tetanic responses stimulated at 100 Hz. Similar
results, indicating the lack of PTP in identical conditions, were also reported in other studies
(Lopez, 1982; Fig. 6H, h). But for longer lasting contractions such as 10 to 50 sec, development
of PTP was reported (Vergara et al., 1977). The only effect of nitrendipine on the twitch was
to increase the maximum tension to up to 130% of control values. By contrast, nitrendipine

greatly decreased the areas of the tetanic responses by up to 25% of control values. This
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FIGURE 10: L.z of an effect of nitrendipine, at the indicated concentration, ex the maximum
tensions of twitches and tetani. The muscle was placed in the drug containing solution at time
0. Tetani indicated by an * at the top of the line. All the responses obtained in a single

experiment are shown. Stimulation parameters of tetani = 100 Hz for 2 sec.
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FIGURE 11: Recordings of some of the tetani obtained during the experiment plotted in Figure
15. The control tetanus was recorded just before exposing the muscle to nitrendipine and the first

two tetani recorded in the drug solution are shown also. Stimulation frequency = 100 Hz.
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FIGURE 12: Effects over time of several nitrendipine concentrations on maximum twitch
tensions (open symbols) and tetanus areas (filled symbols) in frog toe muscles. Points are the
mean and standard error of the mean of at least 3 observations as noted below.. Standard error
bars were omitted when they overlapped or when they were smaller than the size of the symbol.
The nitrendipine concentrations (molar) and the number of experiments (n) were as follows: v,
v:10°W@); A,A:5x10°(3); 0. ¢:10°4); 0,m:5x10°(3);, and O, ®: 10° (6). 10*
M was the highest drug concentration that could be obtained using 2 ml of DMSO per 100 ml
of Ringer's solution. However, at this concentration the nitrendipine seemed to be forming
colioidal particles over time, .which probably explains why this concentration produced a smaller
depression of the tetanus than the next lower concentration and why the tetanus depression starts

to decrease after 15 min at this drug concentration. Stimulation parameters of tetani = 100 Hz.
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depression was apparent by 5 min and approached a maximum by about 15 to 20 min. The
decline in tetanic area over 20-min exposure time with the logarithm of increased nitrendipine
concentration is plotted in Figure 13. The perfusion solution used in these experiments contained
the solvent DMSO at a concentration of 0.28 M. DMSO at this concentration produced a rapidly
developed, constant and stable inhibition on twitch amplitude of about 5 to 15% over 3 to 4 hr

in control experiments, but it produced no change in the tetanic responses (see also Method

section 3.1.3).

4.1.3 Effects of Verapamil on Twitches and Tetanic Responses

In these studies, experiments were conducted with 23 muscles using verapamil in the
concentration range of 10° to 10* M. Experimental results showing the effects over time of
sev.ral concentrations of verapamil (10¢ to 10 M) on maximum twitch tension and on the area
under tetanic tension x time are plotted in Figure 14 and a summary of experimental data is
tabulated in Table III. Unless high concentrations of verapamil (<10* M) were used, the
maximum twitch amplitudes either did not change or slightly increased to 110% of control values
by exposing the muscles to 10° M to 5 x 10° M ver.pamil (Fig. 14, top section).

On the other hand, verapamil decreased the area under 2 sec tetanic tension x time curves
at 100 Hz stimulation frequency over the concentration range of 3 x 10 M to 10 M (Fig. 14,
bottom section). The effect of verapamil over this range was large and the area under the tetanic
curve was depressed by up to 96% of control values by 10* M verapamil (n = 4). With all the
concentrations used, the effect of verapamil reached its equilibrium values by 5 to 10 min. The
decline in area as a function of log verapamil concentration obtained using the data taken at 10

min is shown in Figure 15.

In a previous study with nitrendipine, the amplitude of the tetanus always declined
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FIGURE 14: Effects over time of different verapamil concentrations on maximum twitch
tension (top) and tetanus areas (bottom) in trog toe muscles. Points are the mean (+ SEM) of
at least 3 observations as noted below. Standard error bars were omitted when they overlapped
or when they were smaller than the size of the symbol. The verapamil concentrations (molar)
and the number of experiments (n) were as follows: A, A : 10°(3); O, ¢ :3x10° (@),
c.m:5x10°(3;0,0:10°(3); X,X:5x 10°(3);and +, +:10* ().

Stimulation parameters of tetani = 100 Hz for 2 sec.
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legend for Figure 14.
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gradually during the 2 sec stimulus train (see Figure 12). In contrast, verapamil produced a
variable depression pattern on the tetanic responses (Figure 16). Verapamil, at the concentration
of 3 x 10° M (n = S) like nitrendipine, produced only a gradual decline in tetanic tension
beginning 0.5 to 1 sec after the start of the 2 sec stimulus train (Figure 16, A). At concentrations
of $x 10° M (n = 3) to 10° M (n = 3) verapamil, there was often a rapid decline in tension
to zero followed by another rise in tension during the stimulus train (Figure 16, B). This
depressant effect of verapamil at a concentration of 5 x 10° M was reversed by using lower
stimulation frequencies such as 50 Hz (Figure 17). Increasing the concentration of verapamil to
S x 10° or to 10* M caused a rapid block of tetanic contraction during the stimulus train at 100
Hz for 2 sec (Figure 16, C). At these high concentrations of verapamil (10* M), in some
muscles only, the maximum tetanic tension decreased to 5 - 10% of control values (r : 3), but
twitch responses were not reduced. On the other hand, in some muscle fibres (n: 2) at the same
concentration of verapamil, both the maximum tension of twitch and tetanic responses were
reduced to 50% and S - 10% of control values respectively, but no seasonal effect was observed.

Except at these very high concentrations, verapamil did not affect the maximum tension
developed in twitch and tetanic responses at 100 Hz. For example, in the experimental results
plotted in Figure 18, exposing a frog toe muscle to verapamil at the concentration of 10° M, had

essentially no effect on the development of the maximum twitch or tetanic tensions.
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FIGURE 17: Tetanic response elicited by 50 Hz stimulation frequency for 2 sec in the presence

of 5§ x 10* M verapamil.
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FIGURE 18: Chronic lack of an effect of S x 10° M verapamil on the maximum tensions of
twitches and tetani evoked at 100 Hz for 2 sec. The muscle was placed in the drug containing

solution at time 0. Tetani indicated by an * at the top of the line. All the responses obtained in

a single experiment are shown.
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4.2  Intracellular Recordings of Repetitive Action Potentials

4.2.1 Effects of Nitrendipine on Action Potentials in Toe Muscles

By using the intracellular recording method described in Section 3.2.2.1, it was possible
to record the action potentials during repetitive stimulation at the rate used to produce the tetanic
contractions (i.e. 100 Hz for 2 sec). Even so, the shorter the length of the stimulus train, the less
likely it was to damage a muscle fibre. It was observed also that more reliable results were
obtained when the Ripger's solution had been bubbled with 299.5% O, - 0.5% CO. gas mixture
for at least 10 min befose placing the Ringer's in the muscle bath (see Method section, 3.2.2.1).

Records obtained in typical experiments of this type are shown in Figure 19. At the
duration of 0.5 sec tetani (Fig. 19A), each action potential was fully recorded. However, with
longer tetani (Fig. 19B and C), due to the limited time resolution of cur digital oscilloscope, the
peaks of the spikes were usually missed and an aliasing effect was seen. Even so, it becomes
obvious on the recordings when there is a dropout of action potentials during a tetanus as often
occurs when applying high verapamil concentrations (see Result section, 4.2.2) but does not
occur when applying nitrendipine.

Nitrendipine @ concentrations of 10° M (n: 3) and 10* M (n: 5 did not affect the
amplitudes of repetitively occurring action potentials (see Figure 19.)

During the tetanic stimulation at 100 Hz the muscle fibre membrane depolarized relatively
rapidly during the first 0.5 sec. Usually this was followed by a continuing, slowly developing,
smaller depolarization with longer stimulus trains. After the stimulation train the muscle fibre
remained depolarized and it took several seconds for it to repolarize. This long-lasting after-
depolarization (LAP) is produced by the accumulation of K* ions in the T-tubules during the
tetanus (see Introduction section, 1.3.2).

Eight complete experiments were conducted - three with 10° M and five with 10 M
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FIGURE 19: Intracellularly recorded potentials for tetanic simulation trains in frog toe muscle

fibers. Recordings from different single fibres are presented in A, Band C. The lengths of the

stimulus trains at 100 Hz are listed at the left of the recordings. The muscles were equilibrated

in the drug solutions for 10 min or more before the recordings in the actual panels were made,

and were placed back in Ringer’s solution for at least 10 min before the recovery recordings were

made.
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nitrendipine. Experimental results showing the effect of nitrendipine application on the maximum
amplitudes of LAPs measured at the end of the repetitive stimulus trains, are tabulated :n Table
IV. The only effect of nitrendipine was to increase the initial amplitude of the LAP. This
increase was not significant with 10° M nitrendipine but it averaged 6.3 mV in 10* M

nitrendipine and was statistically significant.

42.2 Effects of Verapamil on Action Potentials in Toe Muscles

Although there was a significant depression of tetanic responses at the concentration of
3 x 10° M (see Figures 14 A and 15), at the same concentration there was no blockade of action
potentials during 2 sec trains at 100 Hz of tetanic stimuli (n: 3, Figure 20). At the concentrations
of 5 x 10° M and above, using 100 Hz stimulation frequency, verapamil always blocked the
development of some action potentials during the stimulus train. Depending on the concentration
used, the time to block the development of repetitive action potentials was about 1.5 sec to tens
of milliseconds (Figure 20). Occasionally, we were also able to record the repetitive action
potentials occurring in a biphasic manner (Figure 21).

This biphasic development of action potentials seen in the intracellular recordings were
consistent with the biphasic force traces often seeu in tension measurements (Figure 16B).

During intracellular recordings of repetitive action potentials, it was found that the
blockade of Na* action potentials was in a use-dependent manner. The use-dependent blockade
of Na* action potentials varied with the stimulus frequency and the concentration of verapamil
used.

The use-dependent blockade of Na* action potentials was reversed by using lower
stimulation frequencies such as 25 and 50 Hz. The effects of lowering the stimulation frequencies

on the blockade of Na* action potentials are shown in Figure 22. Only the loss of few responses
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FIGURE 20: Effects of different verapamil concentrations on intracellularly recorded action
potentials during 2 sec stimulus trains at 100 Hz. A, B, & C different toe muscles. On the left
control recordings. On the right responses to the stimulus train recorded in different fibres after
10 min in solutions with verapamil; in A, 3x 10*M; in B, S x 10° M; and in C, 10* M. Some
small stimulus artifacts can be seen in between the action potentials. These have been removed

from the end of the record in C when the action potentials were blocked.
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FIGURE 21: Blockade of action potentials and rebursting during a 2 sec stimulus train at
100 Hz recorded in a toe muscle fibre exposed to 5 x 10 M (at the top) and 10° M (at the
bottom) verapamil for 10 min. Some stimulus artifacts can be seen between these action
potentials during repetitive activities. Between the bursts these artifacts have been reduced in
size. Due to the limited time resolution of the digital oscilloscope used in the lower recording,

the peaks of the spikes are usually missed and aliasing effect is seen.
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FIGURE 22: Intraceltularly recorded action potentials for tetanic stimulation trains in frog toe
muscle fibres. Recordings from different single fibres are presented in column A, through A,
and B, through B,. Control recordings are a, and B,. Verapamil at the concentration of 5 x 10°
M and 10° M used in recordings A, - A, and B, - B, respectively. Frequency of stimulations
used during recordings are 100; 100; SO and 25 for A,, B,; A; Bj; A,, By, and A, B.,

respectively.
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near the end of the 2 sec stimulus train occurred in the presence of 5 x 10° M verapamil (n =
3) and this was prevented by lowering the stimulus frequency to 50 Hz (Figure 22, A). A larger
depression of repetitive action potentials was produced by 10° M verapamil (n = 3) and was only

eliminated by reducing the stimulus frequency to 25 Hz (Figure 22, B).

43  Ca' Efflux Studies in Rabbit T-Tubule Membrane Vesicles in the Range of LAb»

During Tetanic Contractions

4.3.1 Introduction

Skeletal muscle T-tubules are the richest known source of L-type VSCCs (Fosset et al.,
1983). Despite their highly concentrated presence in T-tubules, the functional role of these
channels has not been unequivocally established. Isolated T-tubule membrane vesicles have been
used to measure the functional responses of VSCCs (Dunn, 1989). In these experiments changes
in potential across T-tubule membrane vesicles were induced by isosmotic exchange of choline
chloride for potassium gluconate. This replacement of both cations and anions has been used
previously to generate membrane potentials in SR and T-tubule vesicles (Ikemoto et al., 1984)
and has been shown to reduce the swelling of vesicles that occurs with cation replacement alone.
Neither choline (McKinley and Meissner, 1978) nor gluconate (Tkemoto et al., 1984) is
appreciably permeable through T-tubule membrane vesicles. Under these conditions, if it is
assumed that in the presence of valinomycin permeability of CI" < < the permeability of K*,
then the membrane potential across the T-tubule vesicles can be predicted by the Nernst

equilibrium potential for potassium ions (at 20 °C):
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In previous studies using the potential sensitive fluorescent dye, diS-C,-(5), it has been
shown that the potentials predicted by the Nernst equation, can be developed in T-tubmle vesicles
(see Dunn, 1989).

It has also been shown that the VSCCs in these T-tubule membrane preparasions display
the expected voltage dependence of activation and are modulated by calcium channel blockers and
activators (Dunn, 1989; Bhat et al., 1992). Since the amplitude of LAPs in amphibian muscle
fibres are in a similar range of LAPs in mammalian muscle fibres (Adrian and Bryant, 1974),
in these experiments, we have investigated whether the VSCCs in isolated T-tubule membrane
preparations can function to permit Ca®* influx into the muscle fibres in the voltage range of

LAPs.

4.3.2 “Ca’* Flux Resposmses in the Range of LAPs

It was previously reported (Dunn, 1989) that if “Ca** loaded membrane vesicles prepared
in low K* (5 mM) buffer are diluted into buffer containing 150 mM K* in the presence of
valinomycin, the vesicles develop an inward positive membrane potential (estimated at an outward
potential of -86 mV, mimicking the resting state of the cell in an inside out vesicle). Subsequent
depolarization causes efflux of “Ca-" from the vesicle, and this flux response is modulated by
inorganic and organic calcium channel ligands. Similar experimental procedures were applied
in the present study. Using this two-step protocol, the T-tubule vesicles were first repolarized
to the estimated potential of -80 mV from 0 mV, and after a 5 min period in this repolarizing
buffer (120 mM potassium gluconate, 30 mM choline chloride, 10 mM Hepes-Tris, pH:7.4),

membranes were exposed to a partial depolarizing buffer (54 mM potassium gluconate, 96 mM
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choline chloride, 10 mM Hepes-Tris, pH:7.4) for 20 sec to reach an estimated potential of -60

mV. which is similar to the potential that one would observe during LAPS in intact muscle fibres.
Applying this two-step experimental procedure, it was found that during the 5 min repolarization
period, there was no significant $Ca* efflux. It was found that 93% + 6 (SEM, n: 22) of
control “Ca®* values were retained under these conditions. On the other hand, after first
repolarizing the vesicles to an estimated -80 mV, subsequent depolarization of “Ca**-loaded
vesicles to an estimated -60 mV, resulted in a significant “Ca’* flux response that presumably
occurs through VSCCs on these T-tubule membrane vesicles. Schematic representation of this
two step protocol is shown in Figure 23. Experimental results of these studies are presented in
Figure 24. Only 31% + 3 (SEM, n: 34) of control “Ca’* remained after partial depolarizations

of T-tubule vesicles.

4.3.3 Effects of Inorganic Calcium Channel Blockers on “Ca’* Flux Responses

The effects of the inorganic calcium channel blockers CoCl, (1 mM), NiCl, (1 mM), and
LaCl, (1 mM), on calcium flux responses described above, have been examined to characterize
the pharmacological properties of these fluxes. Figure 25 shows the results of experiments
carried out using the two-step protocol described previously, in the presence of the inorganic
calcium channel blockers, Co®*, Ni?* and La**. Co**, Ni**, or La>* did not affect the amount
of “Ca** retained in the vesicles under control circumstances i.e. without a potential difference
across the vesicle membranes. However, if the T-tubule membranes were first repolarized to an
estimated potential of -80 mV and then depolarized to an estimated potential of -60 mV, there
was a significant flux response in the 20 sec partial depolarization period. This flux response was
partially inhibited by CoCl, (2 mM) and NiCl; (2 mM). Simultaneous application of Co** (1

mM) and Ni** (1 mM) resulted in a potentiated inhibitory response, thus increasing the extent
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FIGURE 25: Effects of the inorganic calcium channel blockers, To®*, Ni**, and La’* on
calcium flux responses in T-tubule vesicles. In each panel, histograms marked C represent
vesicles that underwent no change in membrane potential as i the control (C) experimeats of
Figure 24. Those marked (F) were first repolarized to an esi::iated -80 mV and then depolarized
to -60 mV to initiate the flux response as in the experiz::uis marked (F) in Figure 24. In each
experiment, the effects of the channel blockezs wars tast2d under both control and flux conditions
as indicated in the figures. The four panels show e effects of 2 mM CoCl, (A), 2 mM NiCl,

(B), 1 mM LaCl, (C) and the combined presence of 1 mM CoCl, and 1 mM NiCl, (D).
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of inhibition. In the presence of LaCl; (1 mM), flux responses were completely inhibited.

Experimental results obtained are tabulated in Table V.

4.3.4 Effects of Organic Calcium Channel Antagonists on “Ca’* Flux Responses

It was previously reported that when T-tubule membranes were polarized to an estimated
-80 mV and depolarized to 0 mV, organic calcium channel antagonists inhibited “*Ca** efflux
responses (Dunn, 1989; Bhat et al., 1992). In the present experiments, “Ca** flux occurring
upon partial depolarization to potentials in the same voltage-range as LAPs in intact fibres, were
significantly inhibited by most of the organic calcium antagonists used, including verapamil and
nifedipine. (+)-Nitrendipine, on the other hand, had no effect on these “Ca?* flux responses.
A summary of these observations with organic calcium channel antagonists are shown in Figure

26. Our experimental results are also presented in Table VI.

4.3.5 Effects of Organic Calcium Channel Agonists, (+) Bay K8644 on “Ca’* Flux

Responses

Previous studies have reported that the DHP agonist Bay K8644 could stimulate “Ca**
flux responses both under control conditions (o changes in membrane potential) or after
depolarization from a repolarized state (Dunn, 1989; Bhat et al., 1992). These observatioas,
made by depolarizing the T-tubule vesicles from -85 mV to 0 mV, are also seen under partially
depolarizing conditions. The effect of the calcium channel agonist, (1) Bay K8644 (1 uM) on
partial depolarization-induced “Ca** efflux in T-tubule vesicles is shown in Figure 27. Even in
the control situation, where “Ca* loaded vesicles underwent no changes in membrane potential,
1 uM Bay K8644 caused a significant decrease in the amount of “Ca’* retained in T-tubule

vesicles. Efflux of “Ca**, induced by partial depolarization of vesicles following an initial
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150

| B

C CB F F/B

FIGURE 27; Siumulation of “Ca’* efflux by (1) Bay K8644. Experiments were carried out
as described in the legend to Figure 24, except that in C/B and F/B [ uM (1) Bay K8644 was

included in the control and flux induced by partial depolarization to -60 mV, respectively.
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repolarization phase, is also stimulated by Bay K8644 (1 uM). A summary of the results of

experiments with (+) Bay K8644 is shown in Table VI.

4.3.6 Effects of (+) and ( - ) Enantiorsers of (+) 202-791 on “Ca®* Flux Responses

In 2 number of studies it has been shown that the effects of DHPs are stereospecific,
(Franckowiak et al., 1985; Hof et al., 1985). The enantiomers of SDZ 202-791, for example,
appear to have opposite effects with the (+) or (S) isomer acting as a channel activator and the
( - ) or (R) isomer being a channel blocker (Williams et al., 1985; Kokubun et al., 1986).
Similar results have been obtained for the action of these ligands under the partial depolarization
conditions used in the present study. Our experimental data are presented in Table IV. The
results in Figure 28 demonstrate that whereas ( - )-SDZ 202-791 (10 M) significantly inhibited

the flux response, (+)-SDZ 202-791 (10 1M) acted as an agonist.
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§. DISCUSSION

Everything should be made as simple as possible but not simpler.

- A. Einstein
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5.1 Potentiation of Twitch Responses in Ca’*-Free Solutions

The effect of Ca** removal on twitch responses has been the subject of numerous studies
(Caputo and Gimenez, 1967; Sandow et al., 1975; Barret and Barret, 1980; Frank, 1982a,b).
After exposure of muscle fibre to Ca**-free solutions, an initial potentiation of twitches has been
a common finding in these studies. During our experiments, there was also an initial twitch
potentiation in Ca**-free solutions containing EDTA. In the concentration range of 10° to 2.5
x 10* M EDTA, this initial potentiation phase lasted for 5 - 15 mins. With increasing
concentrations of EDTA (up to 5 x 10° M), after a § - 10 min period, the amplitude of twitches
began to decrease (see Figure 8). Very similar results regarding the time course of twitch
responses in Ca**-free solutions have been reported in other studies (Oota et al., 1976; Frank,
1978a,b). It has been shown also that the large depolarizations in calcium-free solutions reported
by some (Edman and Grieve, 1963; Milligan, 1965) but not ail (Zacharova and Zachar, 1967,
Gainer, 1968; Frank and Inoue, 1973) workers, are artifacts caused by insecting microelectrodes
into muscle fibre membranes made more susceptible to damage by calcium-free solutions (Frank
and Inoue, 1973). In any event, large depolarizations only appear after 10 min or more in
calcium-free solutions (Frank and Inoue, 1973). Interestingly, the time period for the loss of
twitch amplitudes is longer than required for free diffusion of Ca?* out of the T-tubules of the
muscle fibres but much quicker than required for an effective reduction in intracellular Ca**
stores which takes several hours in Ca**-free solutions (Gilbert and Fenn, 1957; Frank, 1962;
1982a). This was also supported strongly by the lack of a relation between the size (length) of
the T-tubular network and the time required to eliminate the twitches (Frank, 1982a). These
pioneering experiments clearly showed the presence of extracellular binding sites for Ca** on the
luminal surface of the T-tubular membrane and that the occupation of these sites by Ca** is

required for twitch development (Bianchi, 1969; Frank, 1982a,b). The presence of extracellular
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binding sites in T-tubules that are required for the release of Ca** has also been reported and well

established in later studies (Luttgau, 1986; Brum et al., 1988; Pizzaro et al., 1988).

Different interpretations for the role of T-tubular membrane bound Ca** have been made
in different studies (Frank, 1980; Rios and Pizzaro, 1991). According to the trigger Ca**
hypothesis, occupation of extracellular binding sites for Ca** increases the binding (or affinity)
of trigger Ca®* located on the inner surface of T-tubules to this membrane. When the luminal
Ca** concentration is lowered and fewer of these sites are occupied by extracellular Ca**, each
action potential releases more trigger Ca** into the triadic junction and the twitch is potentiated
{Frank, 1980; Bianchi, 1968, 1969). This is followed by a longer time interval (usually 1 - 10
min) during which the amount of trigger Ca** bound to tubular membranes is reduced to a level
that cannot induce release of Ca** from SR (Oota et al., 1976; Frank, 1980).

When added to a Ca?*-free solution in the appropriate concentrations, many multivalent
cations can either prevent the loss of or restore K *-induced contractures (Frank, 1962; Anderson
and Edman, 1974) or twitches (Frank and Treffers, 1978; Frank and Rohani, 1982) previously
eliminated by exposure to the zero Ca** solution. According to the trigger Ca** hypothesis, this
is done by occupying the superficial binding sites thereby preventing the loss of trigger Ca** ions
into the Ca®*-free solution in the T-tubule lumina. The results obtained in other studies of the
effects of extracellular Ca?* removal on the twitch in isolated skeletal muscle fibre preparations
also support the trigger Ca** hypothesis for E-C coupling (Oota et al., 1976; Frank, 1978a,
1978b, 1982).
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52  Depression of Tetanic Contractions in Ca?*-Free Solution

In some of the early studies, it was demonstrated that there is a small amount of
extracellular Ca®* entrance during twitch responses in frog twitch muscle fibres (Bianchi and
Shanes, 1959; Curtis, 1966). During these studies, it was found that in whole muscle preparation
an extra influx of radioactive “Ca** occurred during both a single twitch and K*-induced
contractures (Bianchi and Shanes, “959; Weiss and Bianchi, 1965); in the presence of 1 mM
external Ca**, the influx was estimated to be at 0.2 pM/cm? during a twitch. Bianchi and Shanes
(1959) also observed that potentiating the fibre with nitrate fed to some increase in the calcium
influx and in the area of the twitch, a result that suggested a direct relation between twitch and
calcium influx. Slightly higher values of calcium influx (0.73 pM/cm?®) in 1 mM external
calcium, were then obtained in single muscle fibres by Curtis (1966). Furthermore, Bianchi and
Narayan (1982a,b) also showed that during | Hz stimulation, a net uptake of Ca** occurs that
is temporarily associated with progressively potentiating twitch amplitudes. Later, using an
electron probe x-ray microanalysis technique, Somlyo et al. (1985) also found a significantly
higher level of Ca®* located in the terminal cisternae of SR after a 1.2 sec lasting tetanic
contraction. Recently, Stefani and his colleagues using voltage clamp experiments conducted in
frog skeletal muscle fibres suggested that the increased activation rate of Ca** currents during
repetitive stimulations would cause increased flux of Ca®* into the myoplasm during periods of
intense activity such as tetanic contractions (Garcia et al., 19902). Similar effects of repetitive
stimulations on Ca** currents have also been reported in the isolated guinea pig ventricular
myocytes (Mitra and Morad, 1986; Lee, 1987) and in frog ventricular myocytes (Schouten and
Morad, 1989). In frog skeletal muscle fibres, the increase of the activation rate was independent
of Ca** entry and was voltage-dependent, indicating that not entering Ca®>* but repetitive

stimulations were required to produce such an effect (Garcia et al., 1990a). Furthermore, the
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contribution of extraceilular Ca** intlux to intracellular Ca** transients measured by aequorin and
arsenazo III has also been demonstrated in various studies (Blinks et al., 1978; Miledi et al.,
1984). In frog twitch fibres, the aequorin transients during tetanic contractions (100 Hz
stimulation rate for 2 src) were distinctly more subject to fade in the Ca**-free solution (Blinks
et al., 1978).

In our studies, it was found that tetanic contractions lasting 2 sec at 100 Hz stimulation
rate were greatly depressed in Ca*-free solutions. Depending on the concentration of EDTA
used (10° to 5 x 10° M), the area under the teasion x time curve was decreased to 40 - 5% of
the control values (See Fig. 8) during a 10 min recording period. On the other hand, unless
EDTA was used at concentrations higher than 2.5 x 10* M (see Fig. 8) the maximum amplitude
of single twitch responses were only potentiated during this time period. Recently, almost
identical results have been reported by Stefani and his colleagues (Gamboa-Aldeco et al., 1989).
In frog twitch muscle fibres, they have shown that the withdrawal of external Ca** did not affect
twitch or the rising phase wf tetanus, but greatly reduced the area of the tension-time curve of
tetanic contracture. Kotsias et al. (1986), in mammalian skeletal muscle fibres also found a
significant depression of fused tetanic responses in Ca**-free solutions.

In some of the experiments studying the effect of reduced extracellular Ca** on tetanic
contractions, only a slight reduction of tension development has been reported (Luttgau and
Spiecker, 1979; Dulhunty and Gage, 1988). Interestingly, both studies have measured the
maximum tension development during tetanic contractions in Ca?*-free solutions. We have also
found that maximum tension development is relatively resistant to treatments with Ca®*-free
solutions (See Fig. 9), and similar results have also been observed in different studies (Kotsias
et al., 1986; Gamboa-Aldeco et al., 1989). It appears that the depression of tetanic contractions

in Ca?*-free solutions starts only 200-300 ms after the beginning of repetitive stimulations (see
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Fig. 7). In other words, the decrease of the area und2f the *£ision x time curve starts after
tetanic tension reached its maximum amplitude. For this reason, in cur smdies (and also in
Gamboe-Aldeco et al., 1989) the effects on tetanic contractions were £3=:sured by obtaining the
time x tension area of each tetanic response.

Our experimental results, along with other studies, suggest % e influx of extracellular
Ca** during a late phase of tetanic contractions plays an imponats role t0 maintain tension
development.

Recently, in an interesting study, it was aise found that during low frequency (I Hz)
repetitive stimulation of frog skeletal muscle fibre, reducing the influx of extraceitutar [Ca®*] into
the muscle fibres had some inhibitory role in & long term processes of skeletal muscle e-c
coupling, such as development of fatigue (Williams, 1990; Williams and Ward, 1991; see also

Williams and Barnes, 1989).

§.3  Potentiation of Twitch Responses by Nitrendipine and Verapamil

During our studies on the functional role of VSCCs in frog skeletal muscle fibres, we
have empioyed the organic Ca** channel blockers, nitrendipine and verapamil as pharmacological
tools to approach this problem. Both nitrendipine and verapamil were previously employed in
our labesatory to investigate the effect of these drugs on e- coupling process in skeletal muscle
fibres (Frank, 1984; 1986; 1988). During our present studies, the effect of these drugs on
twitches and tetanic contractions were comparatively studied to observe whether they have a
diffecential effect on these two types of contractions. The results of this study were that both
nitrendipine and verapamil in the concentration range of 10 to 10* M increased the maximum
amplitude of twitch tension significantly. Meanwhile, the maximum amplitudes of tetanic

contractions remained unchanged or were slightly decreased.
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The twitch potentiating effect of organic Ca** channel dlockers that we reported in our
studies is quite consistent with most of the literature in this area. In vertebrate skeletal muscle
including mammalian muscle, DHP-class Ca** channel antagonists such as nifedipine and
nicardipine have been reported to have similar twitch potentiating effects (Griffiths and Taylor,
1982; Dulhunty and Gage, 1988; Singh and Dryden, 1988; Miller et al., 1989; Kawata and
Hatae, 1990). The extent of the twitch potentiating effect (5 to 25% depending on the
concentration of nitrendipine used) and the time of onset of the effect (5 to 10 min after drug
application) are consistent with other studies. Another organic Ca** channel blocker, verapamil,
a phenylalkylamine, also had a twitch potentiating effect although to a lesser extent (10% to 15%)
during these studies on frog skeletal muscle fibres. - Previous studies using verapamil and its
methoxy-derivative D-600 have also reported the twitch potentiating effect of these drugs on frog
twitch muscle fibres (Marwaha and Treffers, 1980; Helland et al., 1988; Kawata and Hatae,
1990). The onset (5 to 10 min) and the extent of the twitch potentiation found during our studies
are also in agreement with other studies.

Although the site of the action of these organic Ca** channel blockers that results in their
twitch potentiating effect has recently been studied extensively (Ohkusa et al., 1991; Roed, 1991;
Viires et al., 1991), the exact nature of this effect remains unknown. It has been shown in many
studies that the resting membrane potential of muscle fibres do not change even at a high
concentration of these drugs (Marwaha and Treffers, 1980; Griffiths and Taylor, 1982; Hatae,
1986). Neither the rate of rise of the action potential nor its overshoot were significantly altered
by the DHP-class Ca** antagonists (Griffiths and Taylor, 1982; Kawata and Hatae, 1990).
Although the decrease of the maximum rate of rise and overshoot of action potential by verapamil
and D-600 have been reported in a sumber of studies on frog twitch muscle fibres (Van der Kloot

and Kita, 1975; Bondi, 1978; Frank, 1984), during twitch responses this effect on Na* channels
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became apparent only at the concentrations higher than used in our studies (10* - 10° M of
verapamil). But during repetitive stimulations, blockade of action potentials can be observed at
lower concentrations of verapamil, due to the use-dependent blockade of Na* channels (Frank
and Oz, 1991; Oz and Frank, 1992).

Thus, the twitch potentiating effect of organic Ca’* channel blockers, (nitrendipine and
verapamil) used in our studies does not seem to be due to their effect on action potemtial
properties. On the other hand, an increased concentration of intracellular Ca?* available for
contractile machinery after the applicatior. of D-600 (Helland et al., 1988) has been shown in
experiments using the Ca’* sensitive photoprotein aequorin. Although the exact source of this
increased [Ca**}; is not known, the twitch-potentiative action of these drugs have been attributed
to lowering of mechanical threshold, activation of Ca** sequestration to SR, and/or induction of
Ca?* release from the SR (Sarmiento et al., 1984; Walsh, 1984; Singh and Dryden, 1988; Miller
et al., 1989). Decrease of mechanical threshold by nifedipine has been reported in frog twitch
muscle fibres (Neuhaus, 1987), but not in mammalian muscle fibres (Miller et al., 1989). On
the other hand, in both mammalian and vertebrate skeletal muscle fibres, the enhancement of
caffeine induced tension transients by organic Ca** channel antagonists has been a common
finding in different studies (Bondi, 1978; Dryden and Singh, 1988 and Su, 1988). Since the
caffeine induced contractures empivy intracellular Ca** located in SR, buth the activation of Ca*
sequestration by an increased activity of Ca**-ATPase located mainly in longitudinal cisternae,
and increased Ca?* release from the SR would result in enhancement of caffeine contractures.
Nitrendipine and nimodipine have been shown to increase Ca** sequestration and stimulate Ca**-
ATPase activity to nearly the same extent as Ca* sequestration in SR vesicles of skeletal muscle,
but nifedipine and verapamil were lacking such stimulant effect (Colvin et al., 1982; Sarmiento

et al., 1984). Verapamil and diltiazem had an inkibitory effect on Ca?*-ATPase of SR vesicles



115
(Wang et al., 1984) and decreased Ca’" uptake by SR in skinned fibres (Su, 1988). In addition,

the binding of Ca** channel blockers to the inner surface of the plasmalemma which results in
a stereospecific inhibition of the plasmalemma-located Ca**-ATPase has also been demonstrated
(Mas-Oliva and Nayler, 1980; Nayler et al., 1980). Hence, the effect of these drugs on the Ca**
sequestration mechanism of SR is not unequivocally established yet. As another possible
mechanism, increased Ca** release has also been reported in skinned fibre preparations (Su,
1988), in isolated SR vesicles (Wang et al., 1984) and in isolated intact skeletal muscle
preparation (Gonzelez-Serratos and Phillips, 1984, Singh and Dryden, 1988). Although the C2**
release-increasing effects of organic Ca** channel antagonists appears to be a possible candidate
for this effect, this has not been tested in a preparation (such as reconstitution of Ca** release
channels into bilayers) that lacks a Ca**-ATPase. Furthermore, biochemical experiments show
that these Ca>* channel ligands have many interactions with intracellular proteins other than DHP
binding sites located in T-tubules. Interaction of Ca** channel blockers with calmodulin has been
reported in many studies (Bostrdm et al., 1981; Johnson, 1983 and Lugnier et al., 1984).
Binding sites with micromolar affinities for DHP-class Ca®* channel ligands have also been
identified in mitochondrial preparations (Zernig and Glossmann, 1988) which may be associated
with peripheral benzodiazepine receptors (Cantor et al., 1984) or Na* - Ca** exchangers (Vaghy
et al., 1982). Other low affinity DHP binding proteins include the nucleoside transporter
(Striessnig et al., 1985), Na*-K~-ATPase (Pan and Janis, 1984), calmodulin dependent cyclic
AMP phosphodiesterase (Schaechtele et al., 1987) and the multidrug resistance related P-
glycoprotein (Cornwell et al., 1987).

In view of these studies demonstrating a multiplicity of binding sites, it is possible that
the observed twitch potentiating effects of Ca** channel ligands is due to interaction with their

intracellularly located binding sites but the identification of these binding sites remains to be
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established. Another possible mechanism for the twitch potentiating action of organic calcium
channel ligands is that the llow affinity binding sites for DHP-class channel ligands could also
iediate this effect. It was shown that in the micromolar concentration range, not only DHP-class
calcium channel antagonists, but also agonists of the DHPs induce a twitch potentiation (Viires
et al., 1991 and our unpublished observations). Recently low affinity binding sites on, or related
to, the high affinity DHP binding proteins have been found in skeletal muscle fibre (Dunn and
Bladen, 1991; 1992).

In some of the recent studies, the twitch potentiating effect of Ca** channel blockers has
been attributed to their binding to DHP receptors, rather than their effect on intracellular Ca
stores (Kawata and Hatae, 1990; Roed, 1991; Viires et al., 1991). An appropriate way to
approach this problem would be the use of lipophilic and hydrophillic DHPs to conduct

comparative studies.

5.4  Depression of Tetanic Responses by Nitrendipine

In order to investigate the functional role of VSCCs during tetanic contractions, we have
used two chemically different types of organic Ca®* channel blockers, nitrendipine and verapamil.
During our experiments, nitrendipine at the concentration range of 10¢ to 10* M greatlly
depresses} the area under the tetanic tension x time curve. Similar results using nifedipine and
verapamil 2t similar concentrations to those used in our experiments have also been reported in
various studies on frog and mammalian muscle fibres (Kotsias, 1986; Gamboa-Aldeco et al.,
1989; Miller et al., 1989). In frog skeletal muscle fibres (Gamboa-Aldeco et al., 1989) and
mammalian muscle fibres (Miller et al., 1989), nifedipine has been shown to decrease the area
under the tetanic tension x time curve. On the other hand, in some of the earlier studies using

mammalian muscle (Gallanth and Goettl, 1985; Dulhunty and Gage, 1988), DHP-class calcium
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channel antagonists, nitrendipine and nifedipine did not show a depressant effect on tetanic
responses. It is possible that nitrendipine or nifedipine does not dissolve as well using
polyethylene glycol 400 or alcohol as in DMSO, or that powder preparation of these DHP-class
antagonists had a decreased potency (see Frank, 1990). In our experiments, 10° M nitrendipir- -
for example, did not decrease the maximum tetanus tensions, and the decrease from peak tension
after 300 ms, which was used to calculate "fade index” (Gallanth and Goettl, 1985), was very
small. In addition, the recording of short lasting tetanic contractions, such as 0.8 sec, on long
time scales, such as 10 sec to 3 min would also cause to be missed the effects we observed in
frog skeletal muscie fibres. Furthermore, depending on the :issue, species and different DHP-
class antagonist, varying results on calcium current measurements have been reported in
numerous studies (Schwartz et al., 1985; Walsh et al., 1986). For example, in
electrophysiological studies, Schwartz et al. (1985) have reported that nitrendipine (ICy, = 0.7
pM) was capable of blocking calcium currents ir. g skeletal muscle fibres. On the -ther hand,
in mammalian skeletal muscle fibres, even at relatively high concentrations (10 M), nitrendipine
had no blocking action on calcium current (Walsh et al., 1986). Furthermore, Coronado and
Affolter (1985) have studied the electrophysiological properties of calcium channels from
mammalian T-tubular preparation incorporated into lipid bilayer membranes. These channels had
kinetic properties consistent with the skeletal muscle calcium currents and interestingly were
sensitive to nitrendipine.

In our experimental conditions, nitrendipine at the concentration range of 10* to 10 M
was used to probe the functional role of slow calcium channels in frog skeletal muscle. In earlier
electrophysiological studies in frog skeletal muscle fibres, nitrendipine has been reported to block
calcium currents in these concentration eanges (Schwartz et al., 1985).

During our electrophysiological studies, repetitively developed action potentials and LAPs
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were intracellularly recorded in sodium Ringer’s solution. In similar physiological conditions to
those in which tetanic tension was recorded, we have shown that repetitive action potentials
remained unchanged and LAPs increased slightly at the time that the area under tetanic tension
x time was greatly depressed in the presence of nitrendipine. Even at the highest concentration
of nitrendipine (10* M), no effect on repetitive action potentials was observed. In agreement
with our experimental results with nitrendipine, in other studies it was also shown that DHP-class
calcium channel antagonists do not change the action potential properties in frog (Kawata and
Hatae, 1990) or in mammalian muscle fibres.

Furthermore, the release of Ca** from SR has been reported to be unaffected by DHP-
class calcium channel antagonists (McCleskey, 1985). In agreement with these findings, eithwer
no change or an increase in caffeine-induced contractures has been found in various studies using
DHP-class calcium channel ligands (Singh and Dryden, 1988; Viires et al., 1991). These studies
further indicate that the depression of tetanic responses observed during our studies is not due to

the changes in action potential properties or to the effect of these drugs on intracellular sites.

5.5  Depression of Tetanic Responses by Verapamil

Another organic calcium channel blocker used for further investigation of the functional
roles of slow calcium channels was verapamil of the phenyalkylamine group. Depending on the
concentration range of verapamil used, different effects on the mechanical and electrical
properties of muscle fibres were observed. At relatively low (3 x 10¢ M) concentrations of
verapamil, a significant depression of the area under the tetanic tension x time curve was
observed. At these concentrations, verapamil neither dblocked the intraceflularly recorded
repetitive action potentials nor blocked the twitch responses. With increasing concentrations of

verapamil, however, repetitively occurring action potentials were blocked. The blockade of the
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repetitive action potentials by higher concentrations of verapamil occurred in a use-dependent
manner.

Similar results showing the depressant effects of verapamil on the tetanic contractions of
mammalian muscle fibres have also been reported previously (Kotsias et al., 1986). In their
study, using verapamil at 10* M and higher concentrations, Kotsias et al. (1986) reported that
both the twitch and tetanic contractions were blocked. At such a high concentration, blockade
of single action potentials has been reported to occur in numerous studies (Bondi, 1978; Marwaha
and Treffers, 1980; and Frank, 1984).

Interestingly, although a significant (= 27%; n:S) decrease under the area of tetanic
tension x time curve was observed in the presence of 3 x 10® M verapamil, no change or a slight
decrease of the amplitudes of repetitive action potentials were recorded intracellularly (Figures
16, 21). These results indicate that repetitive action potentials remain intact, although, the late
phase of tetanic contraction is not able to be maintained. These results give further support to
suggestions that the entrance of extracellular calcium ions, presumably through VSCCs, can play
a role during the late phase of tetanic contractions.

The results obtained in the presence of verapamil were more complicated than earlier
findings with nitrendipine. Although we were careful to use only lower verapamil concentrations
which did not block single twitches, still most of the concentrations we used did resuit in a use-
dependent block of some of the action-potentials during the stimulus trains at 100 Hz for 2 sec
(Frank and Oz, 1991). Even so, we were able to demonstrate a clear reduction of the tetanus
area due to the block of VSCCs by verapamil under two experimental conditions. The first was
a significant reduction of the area by 3 x 10° M verapamil (Figure 16) which was not a high
enough concentration to produce a use-dependent action potential block at 100 Hz stimulation for

2 sec (Figure 21). The second was the reduction of the tetanus area produced by Sx 10¢°M
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verapamil (Figure 17) when the stimulus frequency was reduced to 50 Hz at which frequency this

verapamil concentration did mot produce any use-dependent action potential block (Figure 23).
In frog skeletal muscle, in addition to a block of the slow Ca** channels, verapamil at
slightly higher concentrations also blocks Na~ channels. Our results indicate that the repetitive
firing of action potentials facilitates the blockade of Na” action potentials in frog skeletal muscle
fibres. At the concentration range of 5 x 10° to 5 x 10° M, although no blockade of single
action potentials was observed, repetitive production of action potentials at the stimulation
frequency of 100 Hz, elicited the use-dependent blockade of Na* channels (see Figure 22). This
use-dependent blockade of Na-channels was reversed with the use of lower stimulation
frequencies such as 50 or 25 Hz. At the concentration of 5 x 10° M verapamil, using a 50 Hz
stimulation frequency was enough to remove the blockade of Na* channels. On the other hand,
with 10° M verapamil, a lower stimulation frequency of 25 Hz, which could produce only an
unfused tetanus, was required to eliminate the blockade of Na* channels. At concentrations such
as 5 x 10° to 10° M of verapamil, we sometimes also observed the blockade of Na* action
potentials following a biphasic time course (see Figure 22). In about 0.5 to 1 sec, there was a
complete blockade of action potentials and subsequent decrease of late after potentials. This was
followed by a second activation of full size action potentials which lasted a few hundred
milliseconds. This second activation of action potentials during 2 sec pulse stimulations, was also
consistent with tension recordings in which a second rise in the tension curve was alsp observed
(see Figure 16). These findings suggested that the blockade of the Na* channels by verapamil
declined during the time between these two activation periods (see Figure 22). In addition to
removal of the use-dependent blockade of Na* channels by the absence of action potentials, the
gradually decreasing levels of late after potentials might also contribute to the removal of Na*

channel inactivation and thus the production of a second burst of action potentials. The time
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required for recovery from the use-dependent blockade of action potentials by verapamil was a
few hundred milliseconds. This approximate recovery time is also quite similar to that seen with
local anesthetics such as lidocaine that causes a use-dependent blockade of Na* channels (Hille,
1988). Similar effects of verapamil have also been observed on slow, soleus muscie fibres of rat
(Kotsias and Muchnik, 1985). Thus, in addition to the "use-dependent® blockade of voltage
sensitive slow Ca** channels by verapamil and D-600 (Lee and Tsien, 1983; Frank, 1986), this
type of blockade and its reversal was only recently reported for Na* channels in frog twitch
muscle fibres (Frank and Oz, 1991).

In conclusion, in the present study, different effects of verapamil have been observed on
frog skeletal muscle. At relatively low concentrations, verapamil causes an inhibition of tetanic
contractions by the blockade of voltage sensitive Ca®* channels. At slightly higher
concentrations, verapamil, in addition to its known use-dependent blockade of calcium channels,

also produces a use-dependent blockade effect on Na* channels of frog’s skeletal muscle.

5.6 “Ca’ Flux Response Occurred in the Range of LAPs and its Pharmacological

Characterization

The main findings of our studies on calcium flux responses is that t Wsverse tubule
vesicles isolated from rabbit skejetal muscle contaim functional voltage-dependent calcium
channels and that these calcium channels respond to potential changes that would be expected to
occur under physiological conditions in mammalian muscle fibres. Previously, calcium channel
activity in these membranes has been investigated after their reconstitution into planar bilayers
(Affolter and Coronado, 1985; Coronado and Affolter, 1985) or into phospholipid vesicle
preparations (Curtis and Catterall, 1986). New insights into the activity of skeletal muscle

calcium channels have been obtained using these techniques, but only a few active channels may
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be examined by this method. An advantage of using native vesicle preparations is that the
channel population as a whole may be studied. Correlation of the properties of ligand binding
to the membranes with their effects on the functional responses of the overall channel population
is particularly crucial in the case of transverse tubule membranes in view of their high density
of DHP binding sites (Fosset et al., 1983), the electrophysiological localization of voltage-
dependent calcium channels in these membranes (Almers et al., 1981), and the frequent lack of
correspondence between the two (see e.g. Schwartz et al., 1985).

In this study, transverse tubule membranes were prepared by a method previously
described (Dunn, 1989). Properties of these vesicles related to the integrity of vesicles and their
sidedness in this preparation, have been well established by previous studies (Hidalgo et al.,
1986; Dunn, 1989). The preparation of transverse tubule membranes used here consist mainly
of sealed vesicles that are oriented primarily inside-out (90% of vesicles).

Membrane potential changes of transverse tubule membranes in response to establishing
potassium gradients across the membrane in the presence of valinomycin, have also been
observed by monitoring the fluorescent changes of the voltage-sensitive dye, 3,3'-dipropyl-2,2’-
thiodicarbocyanine (Dunn, 1989). In these experiments, it was shown that transverse tubule
membranes are capable of developing and maintaining membrane potentials in response to inward
and outward potassium gradients in the presence of valinomycin. These potentials are readily
reversible and dissipate only slowly over a period of minutes to hours. Thus, transverse tubule
membrane vesicles are suitable for study of voltage-dependent ion channels, since the membrane
potential may be experimentally manipulated.

The importance of our experimental results comes from the fact that the potential range
that was used to reactivate voltage sensitive calcium channels in transverse tubule membrane

vesicles, has been confined to the physiological range of LAPs. In earlier electrophysiological
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studies, it has been well established that these LAPs are due to the accumulation of K- ions
passing through delayed potassium channels during repetitively developed action potentials
(Freygang et al., 1964a,b; Gage and Eisenberg, 1969; Kirsch et al., 1977; Oz and Frank, 1991).
Hence, flux responses which occurred at the range of LAPs in transverse tubule membrane
vesicles may reflect the possible functional roles of calcium channels accumulated in transverse
tubules of muscle fibres during repetitively developed action potentials, such as in tetanic
contractions.

Following the experimental results showing the presence of calcium flux responses in
transverse tubule vesicles at the range of LAPs, we further studied the pharmacological
characterization of these flux responses.

Suppression of calcium currents by various inorganic calcium channel blockers, in
millimolar concentrations, has been shown in numerous studies in mammalian and vertebrate
skeletal muscle fibres (Donaldson and Beam, 1983; Palade and Almers, 1985; Cota and Stefani,
1986). In line with previous observations, all of the inorganic calcium channel blockers, Co®*,
Ni?* and La**, used in similar concentration range, also inhibited calcium flux responses elicited
by partial depolarization in transverse tubule vesicles used in this study. Although the inhibition
of calcium fluxes by Co** (2 mM) and Ni** (2 mM) was partial, La’* (1 mM) completely
blocked the calcium fluxes in transverse tubule vesicles. La’* has shown to be the most potent
blocker of calcium channels in different muscle preparations, including barnacle skeletal muscle
(Magiwara, 1973, 1975), cardiac muscle (Lansman et al., 1986) and smooth muscle (Anderson,
etal., 1971). An interesting property of blockade of calcium fluxes by Co** and Ni** was that
simultaneous application of these inorganic calcium channel blockers did potentiate each other’s
effect, indicating more than simple summation of two different routes of calcium flux. T-type

calcium channels in different preparations have been found to be preferentially sensitive to block
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by Ni*" but resistant to block by Cd*- (Nowycky et al., 1985; Narahashi et al., 1988; Hagiwara

et al., 1988). Unfortunately, although the existence of T-type like *fast’ calcium channels has
been reported in vertebrate skeletal muscle fibres (Cota and Stefani, 1986), the pharmacological
properties of this currcnt have not been studied in detail (Beaty et al., 1987). Our results
showing the potentiating effect of simuitaneous application of Ni** and Co®* are consistent with
the concept of two different populations of calcium channels in skeletal muscle fibres each with
unique spectrum of pharmacological susceptibilities (Beaty et al, 1987).

Organic calcium channel antagonists have been shown to cause the blockade of calcium
currents in skeletal muscle fibres in numerous studies (Walsh et al., 1986, 1988; Cognard et al.,
{986\ The concentration of organic calcium channel antagonists required to block calcium
currents is usually 1 to 2 order higher than the concentration required in cardiac or smooth
muscle (Triggle and Janis, 1987). In agreement with these observations, we have also found that
in a similar concentration range, verapamil and nifedipine blocked the flux response induced by
partial depolarization, albeit partially. On the other hand, nitrendipine had no effect on this
calcium flux. In rabbit skeletal muscle fibres, Walsh et al. (1986) also found no effect of
nitrendipine on calcium current at this concentration range. Based on these results, it appears that
nitrendipine does not show any antagonist effect on calcium channels of mammalian muscle. On
the other hand, the effect of nitrendipine on frog skeletal muscle fibre has reported to be
antagonistic on calcium currents and on high K* induced contractures (Schwartz et al., 1985;
Frank, 1990). Consistent with these previous results, during our studies, nitrendipine had a
depressant effect on tension development during tetanic contractions in frog's skeletal muscle
fibres. But in “Ca?* flux studies that are performed on rabbit muscle membranes, nitrendipine
had no antagonistic effect.

We have also conducted some experiments to observe the effect of (1) Bay K8644 on
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these flux responses. It was found that, in the presence of 1 uM (+) Bay K8644, there was a

significant increase of “Ca’" efflux from T-tubule membrane vesicles. The increasing effect of
Bay K8644 on “/Ca** flux response was also observed in control conditions, without repolarizing
and partial depolarizing buffer applications. Since in control conditions the concentration of
potassium ions is equal in the intra- and extravesicular compartments, the potassium equilibrium
potential that determines the potential difference across the vesicular membranes is zero; i.e. there
is no potential difference across the vesicle membranes, and VSCCs in vesicle membranes are
in an inactivated state. In a number of studies it has been shown that the affinity of DHP-class
calcium channel ligands is voltage dependent and increases up to 3 orders in magnitude in
depolarized membranes (Bean, 1984; Sanguinetti and Kass, 1984; Godfraind et al., 1986).
Although it is not possible to observe the antagonistic effect of channel ligands, on “Ca** flux
since there is no Ca®* flux through inactivated channels by which an antagonistic effect would
be detected, agonistic effects can easily be detected. Thus in controls, i.e. only depolarized
conditions, as well as in repolarized vesicles, the calcium channel agonist, Bay K8644
significantly increased calcium flux responses.

The stereospecificity of DHP effects has proved to be a useful tool in the study of calcium
channel properties (Franckowiak et al., 1985; Hof et al., 1985) and, in most studies, both channel
activators and inhibitors have been shown to compete for the same binding sites (Williams et al.,
1985; Kokubun et al., 1986). In depolarized, intact cardiac cells, for example, both a channel
activator, (+)-SDZ 202-791, and the blocker, S-isradipine, appear to bind in a competitive
manner (Kokubun et al., 1986). In the present study, the isomers ( - )-SDZ 202-791 and (+)-
SDZ 202-791 were found to have opposite effects on calcium flux responses. These results
provide further support for the notion that the T-tubular calcium flux responses occurring in the

range of LAPs are mediated, in part at least, by VSCCs.
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S.7  Proposed Mechanism For the Functional Role of VSCCs During Tetanic Contractions

In order to probe the functional role of VSCCs during maintained contractions like
tetanus, we have used some of the available pharmacological tools. In summary, using 10 min
exposure time with EDTA containing Ca**-free Ringer’s solution, we were able to observe large
decreases under the area of tetanic tension x time curve. At the concentration range of EDTA
used in Ringer's solution (less than 2.5 x 10* M), there was no decrease in the maximum
amplitudes of twitches. Similarly nitrendipine at the concentration range of 10 to 10* M and
verapamil at the concentration of 3 x 10° M greatly depressed the area under tetanic tension x
time curve, without affecting repetitive or single action potentials or twitch amplitudes. Indeed,
the maximum amplitudes of twitch tension were significantly increased with both nitrendipine and
verapamil applications.

These results indicate strongly that the depression of the late phase of tetanic contractions
are due to inhibition of slowly developing L-type calcium current in frog skeletal muscle fibres.

Electrophysiological studies on the activation kinetics of L-type VSCCs has crucial
importance on the interpretation of our results. In frog skeletal muscle fibres, detailed kinetic
analysis of calcium currents using voltage-clamp conditions have been performed in various
studies (Almers and Palade, 1981; Sanchez and Stefani, 1983). It was reported by Sanchez and
Stefani that for a depolarization from -90 mV holding potential to 0 mV, time to peak Ca*
current was 100 - 200 msec in frog twitch muscle fibres. Similar values have also been obtained
in different studies (Stanfield, 1977; Sanchez and Stefani, 1983). An obvious conclusion from
these studies is that during a single action potential that lasts only 1 - 2 msec, only a few percent
of all available L-type VSCCs and a certain amount of fastCa** channels (activation time constant
= § msec; (Cota and Stefani, 1986) can be activated, and any activated calgium channels close

quickly upon repolarization (time constant of = 150 msec) as opposed to a few msec in neurons
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(Almers et al., 1985). Hence, judging from the previously published experiments on kinetic

properties of VSCCs, it seems that these channels have no obvious role during a single action
potential. However, all the voltage-clamp studies so far have been carried out under
unphysiological conditions (see also Almers et al., 198S), and the observed gating kinetics may
be similarly unphysiological. Ca** channels may gate more rapidly at lower external {Ca'*)
(Almers et al., 1981), or with higher temperatures in mammals. For example, increasing the
temperature from 22 °C to 32 °C results in a doubling of the amplitude of slow calcium currents
and a 4-fold decrease in the time to peak conductance measurements in rabbit skeletal muscle
fibres (Waish et al., 1986). Finally, Donaldson and Beam (1983) have suggested that in rat
skeletal muscle fibres, slow calcium channels may gate at sufficient speed at 37 °C to enable a
significant number of them to respond to a single action potential. Furthermore, the lack of some
of the soluble messengers in the cytosol would also affect the activation kinetics and the number
of channels available for activation by depolarization pulses (Areola et al., 1987; Kokate et al.,
1992; Nunoki et al., 1989). Also, the observed “Ca’* influx per action potential (= 1
pmol/cm?;, Curtis, 1966) in intact muscle fibres, is an order of magnitude larger than influx
through calcium channels predicted on the basis of voltage-clamp studies (Almers and Palade,
1981; Sanchez and Stefani, 1983; see also Almers et al., 1985). Although the entrance of a small
amount of extracellular Ca®* through fast Ca** channels (Beaty et al., 1987) has also been
suggested, it has been well established in numerous studies that the entrance of extracellular Ca**
through VSCCs is not required for the twitch responses (Armstrong et al., 1972; Frank, 1982;
Brum et al., 1988).

On the other hand, in maintained depolarizations such as voltage pulses under voltage-
clamp conditions or by high K*-induced depolarizations, it was shown that these slow calcium

channels can be activated and cause the entrance of extracellular Ca** into the muscle fibres
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(Sanchez and Stefani, 1983; Frank, 1984). Similar maintained depolarizations of 20 - 25 mV in

amplitude have also been reported during repetitive stimulations of muscle fibres (Freygang et
al., 1964; Kirsch et al., 1977). During repetitive action potential trains, the accumulation of
potassium ions flowing through outwardly rectifying, delayed K* channels, has been reported in
numerous studies (Freygang et al., 1964a,b; Hellam et al., 1965). Since the glycerol-removal
treatments of skeletal muscle fibres abolishes the development of early and late after-potentials
(see Introduction, section 1.3.2), it was suggested that these late after-potentials are originated
from T-tubule systems (Gage and Eisenberg, 1969a,b). It was also shown that in solutions in
which the tonicity was increased twice with sucrose, the time of decrement (measured as the fall
from 6 mV to 3 mV) is prolonged about 4-fold with a negligible change in amplitude (Freygang
et al., 1964b). The LAP is considerably reduced if the majority of intracellular K* ions is
exchanged for Rb ions, to which, T-tubules are impermeable (Hellam et al., 1965). These results
support the suggestion that LAPs are located in T-tubules and originate from the accumulation
of potassium ions during repetitive stimulation of muscle fibres. These LAPs at an amplitude of
20-25 mV would cause the opening of VSCCs.

At the range of LAPs, it has been reported in numerous studies that there is a small but
continued calcium influx that can cause an increase of [Ca®*]; (Bianchi and Shanes, 1959; Weiss
and Bianchi, 1965; Blatter and Blinks, 1991). As early as 1931, Fenn showed that the respiration
of frog twitch muscles increases when (K*], increased to 20-30 mM. In these conditions, the
total heat production by the muscle also rises, as was described by Solandt (1936). The increase
in metabolism produced by elevated [K*], is often called the Solandt effect (Solandt, 1936).
Later, Frank and Vos (1972a,b) found that the resistance of muscle fibres to stretching, which
is related to the number of cross-linkings between actin and myosin filaments, increases with

elevated extracellular potassium concentrations to the mechanical subthreshold levels. The
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destruction of the T-tubule system by the glycerol-removal technique eliminates potassium-

stimulated respiration (Van Der Kloot, 1969). Furthermore, the increase in potassium-stimulated
respiration and [Ca’*); was found to be dependent ultimately upon a supply of extraceilular Ca?*
(Novotny and Vyskocil, 1966; Van Der Kloot, 1969). In addition, Chirandini and Bentley (1973)
have also reported that verapamil greatly decreased this potassium-stimulated oxygen
consumption.

Interestingly, in a recent study, it was reported that sustained-subthreshold depolarizations
causes a slowly developing sustained increase of intracellular calcium levels and contractions in
mammalian ventricular myocytes (Talo et al., 1990). Nitrendipine, vorapamil, Cd** and Ni**
abolished these steady contractions.

In addition to these previous observations, we have also taken a biochemical approach
10 investigate further this calcium transport process which occurs at the range of LAPs. Due to
the difficulties of the voltage-clamping of T-tubules deep in the muscle fibres, we have used the
T-tubule membrane preparations. T-tubule membrane preparations have been shown to have
DHP-binding proteins that are presumably L-type VSCCs (Fosset et al., 1983; Dunn, 1989). It
was also reported that these L-type VSCCs transport “Ca’* in a voltage dependent manner
(Dunn, 1989). Furthermore, the pharmacological and functional characterization of these VSCCs
has also been well established (Dunn, 1989; Bhat et al., 1992). At the range of LAPs, we have
observed large ©*Ca?* fluxes through T-tubule membrane vesicles. In addition, inorganic calcium
channel blockers such as Co** (2 mM), Ni** (2 mM) and La>* (1 mM) significantly blocked
these flux responses. These resulis strongly suggested that during tetanic stimulations, at the
range of LAPs there is an entrance of extracellular Ca** through L-type VSCCs into the muscle
fibres.

As important as the LAPs, are the changes in the kinetic and gating properties of L-type
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VSCCs during repetitive action potentials. In a number of studies, it was found that repetitive
stimulations increase the activation rate of calcium currents in frog skeletal muscle fibres (Garcia
et al., 1990a), in mammalian ventricular myocytes (Noble and Shimoni, 1981; Schouten and
Morad, 1989) and in adrenal chromaffin cells (Fenwick et al., 1982). Interestingly, Garcia et
al. (1990a) found also that this increased activation rate of calcium currents was pronounced when
the potential was held at -50 mV between conditioning and test pulses. Since this potential level
is also in the range of LAPs, it is also possible that in intact muscle fibres, the presence of LAPs
would further facilitate the increased activation rate of calcium channels. Furthermore, the
increased duration of action potentials in T-tubules has also been reported in some studies using
optical recording techniques (Heiny and Vergara, 1982; Vergara and Delay, 1986). This
prolonged duration of action potentials would also cause the increased number of channels being
activated. Very recently, in Dr. Vergara's laboratory, using membrane impermeable voltage
sensitive dyes, it was found that these prolonged T-tubular action potentials significantly summate
when frog skeletal muscle fibres stimulated at 60 Hz frequency (Dr. Vergara's unpublished data).
In summary, the additive effects of the summation of prolonged T-tubule action potentials and
LAPs during repetitive stimulations would supply the amount of maintained depolarization levels
that is necessary to open these VSCCs located in T-tubules. Interestingly, in a recent study
digitally constructed wave forms that stimulate natural action potentials were used as voltage-
clamp commands in dorsal root ganglion neurons (McCobb and Beam, 1991). It was found that
during the recordings of whole cell calcium currents elicited by these “action potentials®, the
entry of extracellular calcium ions through high-voltage activated channels was highly responsive
to the duration of action potential, increasing more significantly as action potential duration
increased (McCobb and Beam, 1991). 1t is also known that the poteatial change, although it is

essential, is not the only parameter affecting the activity of VSCCs in skeletal muscle fibres. The
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modulation of the activity of caicium channels by cAMP, protein kinase-A, GTP+y-S, IP, and

other intracellular components of signal transmission has been reported (Arreola et al., 1987;
Yatani et al., 1988; Vilven and Coronado, 1988; Garcia et al., 1990b; Kokate et al., 1992; see
also Introduction section 1.6.5). Combined effects of these intraceilular components may also
increase the activity of these channels significantly during repetitive activities in in situ
conditions.

These experimental observations discussed so far shed some light on the possible
involvement of L-type VSCCs during tetanic contractions, and give further support to our
hypothesis that during tetanic contractions, extracellular calcium ions passing through VSCCs that

are opened by LAP and repetitive action potentials, are required for the maintenance of the late

phase of esanic contractions.

5.8  Future Recommendations to Pursue This Project

Our experimental results, based on pharmacological and biochemical studies, strongly
suggest that the L-type VSCCs are required to maintain tetanic contractions. Although these
results are very suggestive, some further studies on the development of repetitive action potentials
in T-tubules and also on the measurement of calcium currents would be necessary to find more
definite answers to the question of what the functional roles of VSCCs are in T-tubules of skeletal
mue:;= fibres. Firstly, to our knowledge, there is no experimental study reporting the time
smesds of potential changes during repetitive stimulations in T-tubules. Since intracellularly
recor:d repetitive or single action potentials reflect the potential changes occurring mainly on
the sarcolemmal surface of the muscle fibres, potential changes on T-tubules cannot be recorded
by any of the intracellular potential recording techniques. On the other hand, using nonpermeant

potential sensitive dyes, it has been possible to study the potential changes across the T-tubule



membranes (Nakajima and Gilai, 1980a,b; Heiny and Vergara, 1982). Thus the use of these
optical signals from T-tubule membranes would enable us to observe the potential changes in T-
tubules during repetitive stimulations.

Having these experimental results obtained by using membrane impermeable voltage
sensitive dyes on the time courses of the potential changes in T-tubules during repetitive
stimulations, would also help us to design future electrophysiological experiments more
accurately. Primary cultures of myotubes prepared from skeletal muscle fibres of newborn
mammals (Beam and Knudson, 1988) have extensively been used for electrophysiological studies.
Since these cultured myotubes have no T-tubule system, they appear to be very suitable for
voltage-clamp conditions that require the isopotential distribution throughout the cell surface.
Whole-cell configuration of the patch clamp technique has been applied to these cells by various
groups (Beam and Knudson, 1988; Cognard et al., 1990). Calcium currents and their
pharmacological modulations have been subject to many studies using patch clamp techniques in
these culturec: cells (Rivet et al., 1989; Adams and Beam, 1991). But in these studies, only long
fasting (0.2 - - sec) square pulse voltage-clamp protocols have been applied to observe calcium
currents. On e other hand, applying the digitally constructed wave forms that can simulate the
time course of repetitive action potentials recorded by membrane impermeable voltage sensitive
dyes (more accurately, actual potential changes across the T-tubule membranes) would greatly
help the recording of calcium currents under relatively physiological depolarizing voltage-clamp
pulse-protocol conditions. Pharmacological characterization of such a calcium current, if there
is any, would also be useful for the further understanding of VSCCs in skeletal muscle fibres.

In addition to their blocking effects of VSCCs, organic calcium channel blockers have
also been shown to have various intracellular effects (Zernig and Glossmann, 1988). Among

them, intracellular Ca®* release sites such as terminal cisternae or heavy SR membrane
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preparations have been used to investigate the effects of organic calcium channel blockers on
intracellular calcium release sites (Wang, et al., 1984; Su, 1988). So far, in various studies,
different results have been reported (see Discussion section, 5.3). It would be important to
investigate further the effects of organic calcium channel blockers on “Ca** effluxes in heavy SR

membrane vesicles loaded with “Ca**.
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SUMMARY AND CONCLUSIONS

The effects of Ca?*-free Ringer's solution were tested on the tetanic contractions elicited
by 100 Hz stimulation frequency for 2 sec, and twitch responses. In a 10 min exposure
to Ca**-free Ringer's solution containing EDTA at concentrations that are less than 2.5
x 10* M, the area under the tetanic contraction x time curve was greatly depressed. But

twitch responses were either putentiated or r<  ..ned unchanged.

Organic calcium channel blockers, nitrendipine and verapamil were also tested for their
effécts on twitches and tetanic contractions. It was found that nitrendipine (10 - 10 M)
and verapamil (3 x 10* M) reduced the tetanic area without reducing twitch responses.
Except at very high concentrations of verapamil (10~ M), both nitrendipine and verapamil

at all concentrations significantly increased the maximum amplitudes of twitch responses.

During intracellular recordings of repetitive action potentials, stimulated at the same
frequency (100 Hz, 2 sec) and for the same duration (2 sec) as was used in mechanical
recordings, it was found that nitrendipine does not block these repetitively occurring

action potentials.

The effect of verapamil on intracellularly recorded repetitive action potentials was of a
more complex nature. At a low concentration of verapamil (3 x 10¢ M), repetitively
occurring action poteatials remained intact. With increasing concentrations of verapamil
(5 x 10° to 10°* M), there was a concentration and use-dependent blotkade of repetitive

action potentials.
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At the end of the repetitive action potential trains, a relatively large LAP at an amplitude
of 20 - 25 mV was measured intracellularly. The amplitudes of these LAPs were not
affected by nitrendipine or verapamil at the concentrations at which these drugs caused

large decreases in the tetanic tension x time area.

At the range of LAPs, significant “Ca’* effluxes in “Ca** loaded T-tubule membrane

vesicles were observed.

All inorganic calcium channel blockers, Co?", Ni** and La’* significantly blocked these
flux responses that are elicited at the range of LAPs. Among the organic calcium
channel antagonists, nitrendipine (10° M) had no effect on these flux responses. On the
other hand, other DHP-class calcium channel antagonists including nifedipine and ( - )-
SDZ 202-791, and verapamil, from the phenylalkylamine group, were able to block these
calcium flux responses to varying degrees. Stereospecificity of the effects of DHPs were
also investigated using stereospecific enantiomers of (+)-SDZ 202-791. It was found that
whereas the ( - )-SDZ 202-791 enantiomer blocked these calcium flux responses, the (+)
enantiomer of SDZ 202-791 had an agonistic effect, further increasing the efflux

responses.

The effects of the DHP class agonists such as (+) Bay K8644 were also investigated in
calcium flux responses. It was found that () Bay K8644 had significant stimulatory
effects on calcium flux responses. This stimulatory effect of (+) Bay K8644 also

occurred during the inactivated state of calcium channels in T-tubule membrane vesicles.
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It was concluded that the voltage-sensitive, slow Ca** channels are opened by the
depolarization produced by the accumulation of K* ions in the T-tubules and by repetitive
action potentials during tetanic contraction. It was also concluded that since isolated
twitches are rarely, if ever, seen in ‘unctioning skeletal muscle in situ, and bursts of
action potentials lasting more than 0.5 sec are not rare, it was suggested that these
voltage-sensitive, slow Ca** channels play an important role in the normal physiological

functioning of skeletal muscle fibres.
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The ancient covenant is in pieces; man knows at last he is alone in the universe's unfeeling
immensity, out of which he emerged only by chance. His destiny is nowhere spelled out, nor
is his duty. The kingdom above or the darkness below: It is for him to choose.

- Jacques Monod



138
Adams, B.A. and Bzam, K.G. (1991). Conzractions of dysgenic skeletal muscle triggered by a

potentiated, endogenous calcium current. J. Gen. Physiol., 97: 687-696.

Adrian, R.H. and Bryant, S.H. (1974). In the repetitive discharge in myotonic muscle fibres.
J. Physiol. (London), 240: 505-515.

Adrian, R.H., and Peachey, L.D. (1973). Reconstruction of the action potential of frog sartorius
muscle. J. Physiol. (London), 235: 103-131.

Adrian, R.H., Chandler, W.K. and Hodgkin, A.L. (1970a). Voltage clamp experiments in
striated muscle fibres. J. Physiol. (London), 208: 607-644.

Adrian, R.H., Chandler, W.K. and Hodgkin, A.L. (1970b). Slow changes in potassium
permeability in skeletal muscle. J. Physiol. (London), 208: 645-668.

Affolter, H. and Coronado, R. (1985). Agonists Bay-K8644 and CGP-28392 open calcium
channels reconstituted from skeletal muscle transverse tubules. Biophys. J., 48: 341-347.

Affolter, H. and Coronado, R. (1986). Sidedness of reconstituted calcium channels from muscle
transverse tubules as determined by D600 and D890 blockade. Biophys. J., 49: 767-771.

Allen, D.G. and Blinks, J.R. (1978). Calcium transients in aequorin-injected cardiac muscle.
Nature, 273: 509-513.

Allen, D.G. and Blinks, J.R. (1979). The interpretation of light signals from aequorin-injected
skeletal and cardiac muscle cells: A new method of calibration. In: Detection and
Measurement of Free Ca** in Cells. Ashley, C.C., Campbell, AK. (eds),
Elsevier/North-Holland Biomedical Press, Amsterdam, pp 159-174.

Almers, W., Fink, F. and Palade, P.T. (1981). Calcium depletion in frog muscle tubules: The
decline of calcium current under maintained depolarization. J. Physiol. (London), 312:
177-207.

Almers, W., McCleskey, E.W. and Palade, P.T. (1985). Calcium channels in vertebrate skeletal



139
mescle. In: Calcium in Biological Systems, Rubin, R.P., Weiss, G.B. and Putney, J.W.

Ir. (eds), Plenum Press. New York, pp 321-330.

Anderson, N.C., Ramon, F. and Snyder, A. (1971). Studies on calcium and sodium in uterine
smooth muscle excitation under current-clamp and voltage-clamp conditions. J. Gen.
Physiol., §8: 322-339.

Andersson-Cedergren, E. (1959). Ultrastructure of motor end plate and sarcoplasmic
components of mouse skeletal muscie fibre as revealed by three-dimensional
reconstructions from serial sections. J. Ultrastruct. Res. Suppl., 1: 5-191.

Andersson, K.E. and Edman, K.A.P. (1974). Effects of lanthanum on i:= coupling between
membrane excitation and contraction of isolated frog muscle fibres. Acta Physiol.
Scand., 90: 124.

Armstrong, C.M., Bezanillz, F.M. and Horowitcz, P. (1972). Twitches in the presence of
ethylene glycol bis (-aminoethylether)-N,N’-tetraacetic acid. Biochim. Biophys. Acta,
267: 605-608.

Arreola, J., Calvo, J., Garcia, M.C. and Sanchez, J.A. (1987). Modulation of calcium channels
of twitch muscle fibres of the frog by adrenaline and cyclic adenosine monophosphate.
J. Physiol. (London), 393: 307-330.

Ashley, C.C. and Ridgway, E.B. (1970). On the relationship between membrane potential,
calcium transient and tension in single barnacle muscle fibres. J. Physiol. (London),
209: 105-130.

Ashley, C.C., Mulligan, L.P. and Lea, T.J. (1991). Calcium and activation mechanisms in
skeletal muscle. Quart. Rev. Biophys., 24(1): 1-73.

Atsumi, S. and Sugi, H. (1976). Localization of calcium-accumulating structures in the anterior

byssal retractor muscle of mytilus edulis and their role in the regulation of active and



140
catch contractions. J. Physiol. (London) 257: 549-560.

Barres, B.M., Chan, L.L.Y. and Corey. D.P. (1988). lon channel expression by white matter
glial Type-2 astrocytes and oligodendrocytes. Glia, 1: 10-30.

Barret, J.N. and Barret, E.F. (1978). Excitation-contraction coupling in skeletal muscle:
blockade by &% extracellular concentrations of calcium buffers. Science, 200: 1270-
1272

Bay, E.B., McLean, F.C. and Hastings, A.B. (14.0). Electsical and mechanical changus in
isolated heart following changes in calcium content of perfusiug fluid. Proc. Soc. Exp.
Biol., 30: 1346-1347.

Beam, K.G. and Knudson, C.M. (1988). Calcium currents in embryonic and neonatal
mammalian skeletal muscle. I. Gen. Physiol., 91: 781-798.

Bean, B.P. (1984). Nitrendipine block of cardiac calcium channels: high-affinity binding to the
inactivated state. Proc. Natl. Acad. Sci. USA, 81: 6388-6392.

Bean, B.P. (1989). Classes of calcium channels in vertebrate cells. Annu. Rev. Physiol., 51:
367-384.

Beaty, G.N. and Stefani, E. (1976). Calcium dependent electrical activity in twitch muscle fibres
of the frog. Proc. R. Soc. London Ser. B., 194: 141-150.

Beaty, G.N., Cota, G., Nicola Siri, L., Sanchez, J.A. and Stefani, E. (1987). Skeletal muscle
Ca** channels. In: Structure and Physiology of the Slow Inward Calcium Channel.
Venter, J.C., Triggle D., eds., Alan R. Liss, New York, p. 123-140.

Benham, C.D. and Tsien, R.W. (1987). A novel receptor-operated Ca** channel activated by
ATP in smooth muscle. Nature, 328: 275-278.

Bers, D.M. (1991). Excitation-Contraction Coupling and Cardiac Contractile Force. Kluwer

Academic Publisher, Dordrecht.



141
Bers, D.M., Allen, L.A. and Kim, Y. (1986). Calcium binding to cardiac sarcolemma isolated

from rabbit ventricular muscle: Its possible role in modifying contractile force. Am. J.
Physicl., 251: C861-C871.

Bhat, M.B., Dunn, S.M.J. and Frank, G.B. (1992). Functional characterization of voltage-
sensitive calcium channels in skeletal muscle transverse tubules. Proceeding of FASEB,
A1486.

Bianchi, C.P. (1968). Pharmacological actions on excitation-contraction coupling in striated
muscle. Fed. Proc. Fed. Am. Soc. Exp. Biol., 27: 126-131.

Bianchi, C.P. (1969). Pharmacology of excitation-contraction coupling in muscle. Introduction:
statement of the problem. Fed. Proc., 28: 1624-1628.

Bianchi, C.P. and Bolton, T.C. (1967). Action of local anesthetics on coupling systems in
muscle. J. Pharmacol. Exp. Ther., 157: 388-405.

Bianchi, C.P. and Shanes, A.M. (1959). Calcium influx in skeletal muscle at rest, during
activity and during potassium contracture. J. Gen. Physiol., 42: 803-815.

Bianchi, C.P. and Narayan, S. (1982a). Muscle fatigue and the role of the transverse tubules.
Science, 215: 295-296.

Bianchi, C.P. and Narayan, S. (1982b). Possible role of the transverse tubules in accumulating
calcium released from the terminal cisternae by stimulation and drugs. Can. J. Physiol.
Pharmacol., 60: 503-507.

Birks, R.I. and Davey, D.F. (1972). An analysis of volume changes in the T-tubules of frog
skeletal muscle exposed to sucrose. J. Physiol. (London), 222: 95-111.

Blatter, L.A. and Blinks, J.R. (1991). Simultaneous measurement of Ca** in muscle with Ca
electrodes and aequorin. J. Gen. Physiol., 98: 1141-1160.

Blinks, J.R., Riidel, R. and 'i'aylor, S.R. (1978). Calcium transients in isolated amphibian



142
skeletal muscle fibres: detection with aequorin. J. Physiol., (London), 277: 291-323.

Blinks, J.R., Cai, Y.-D. and Lee, N.K.M. (1987). Ins(1,4,5)P, causes Ca** release in frog
skeletal muscle only when transverse tubules have been interrupted. J. Physiol.
(London), 394: 23P.

Block, B.A., Imagawa, T., Campbell, K.P. and Franzini-Armstrong, C. (1988). Structural
evidence for direct interaction between the molecular components of the transverse
tubule/SR junction in skeletal muscle. J. Cell Biol., 107: 2587-2600.

Bolton, T.B. (1979). Mechanisms of action of transmitters and other substances on smooth
muscle. Physiol. Rev., 59: 609-718.

Bondi, A.Y. (1978). Effects of verapamil on excitation-contraction coupling in frog sartorius
muscle. J. Pharmacol. Exp. Ther., 205: 49-57.

Borsotto, M., Norman, R.1., Fosset, M. and Lazdunski, M. (1984). Solubilization of the
nitrendipine receptor from skeletal muscle transverse tubule membranes: Interactions
with specific inhibitors of the voltage-dependent Ca** channel. Eur. J. Biochem., 142:
449455.

Bostrdm, S-L., Ljung, B., Mirdh, Forsen, S. and Thulin, E. (1981). Interaction of the
antihypertensive drug felodipine with calmodulin. Nature, 292: 777-778.

Brandt, N.R., Caswell, A.H., Wen, S.-R. and Talvenheimo, J.A. (1990). Molecular interactions
of the junctional foot protein and dihydropyridine receptor in skeletal muscle tetrads. J.
Membr. Biol., 113: 237-252.

Brum, G., Fitts, R., Pizarro, G. and Rfos, E. (1988). Voltage sensors of the frog skeletal
muscle membrane require calcium to function in excitation-contraction coupling. J.
Physiol. (London), 398: 475-505.

Brown, A.M., Junze, D.L. and Yatani, A. (1986). Dual effects of dihydropyridines on whole



143

cell and unitary calcium currents in single ventricular cells of guinea-pig. J. Physiol.
(London), 379: 495-514.

Brown, A.M., Yatani, A., Imoto, Y., Codina, J., Mattera, R. and Birnbaumer, L. (1989).
Direct G-protein regulation of Ca*~ channels. Ann. NY Acad. Sci., 560: 373-86.

Buchthal, F., Sten-Knudsen, O. (1959). Impulse propagation in striated muscle fibers and the
role of the internal currents in activation. Ann. N.Y. Acad. Sci., 81: 422-445.

Burke, R.E. (1981). Motor units: anatomy, physiology, and functional organization. In:
Handbk. Physiol., Sec. 1, Brookhart, J.M., Mountcastle, V.B. eds., American
Physiological Society, Bethesda, Maryland, 2(1): 345422.

Caillé, J., lidefonse, M. and Rougier, O. (1985). Excitation-contraction coupling in skeletal
muscle. Prog. Biophys. Molec. Biol., 46: 185-239.

Campbell, K.P., Leung, A. and Sharp, A.H. (1988). The biochemistry and molecular biology
of the dihydropyridine-sensitive calcium channel. Trends Neurosci., 11: 425-430.

Cannell, M.B., Berlin, J.R. and Lederer, W.J. (1987). Effect of membrane potential changes
on the calcium transient in single rat cardiac muscle cells. Science Wash. DC, 238:
1419-1423.

Cantor, E.H., Kenessey, A., Semenuk, G. and Spector, S. (1984). Interaction of calcium
channel blockers with non-neuronal benzodiazepine binding sites. Proc. Natl. Acad. Sci.
USA, 81: 1549-1552.

Caputo, C. and Fernandez de Bolafios, P. (1979). Membrane potential, contractile activation and
relaxation rates in voitage clamped short muscle fibres. J. Physiol. (London), 289: 175-
189.

Caputo, C. and Gimenez, M. (1967). Effects of external calcium deprivation on single muscle
fibres. J. Gen. Physiol., 50: 2177-2195.



144

Carafoli, E. (1987). Intracellular calcium homeostasis. Annu. Rev. Biochem., 56: 395-433.

Carlsen, R.C.. Larson, D.B. and Walsh, D.A. (1985). A fast-twitch oxidative glycolytic muscle
with a robust inward calcium current. Can. J. Physiol. Pharmacol., 63: 958.

Caswell, A.H., Lau, Y.H., Garcia, M. and Brunschwig, J-P. (1979). Recognition and junction
formation by isolated transverse tubules and terminal cisternae of skeletal muscle. The
Journal of Biological Chemistry, 254: 202-208.

Catterall, W. (1988). Structure and function of voltage-sensitive calcium channels. Science,
242: 50-61.

Catterall, W.A. (1991). Excitation-contraction coupling in vertebrate skeletal muscle: A tale of
two calcium channels. Cell, 64: 871-874.
Chandler, W.K., Rakowski, R.F. and Schneider, M.F. (1976). A non-linear voltage dependent
charge movement in frog skeletal muscle. J. Physiol. (London), 254: 245-283.
Chirandini, D.J. and Bentley, P.J. (1973). The effects of verapamil on metsbolism and
contractility of the toad skeletal muscle. J. Pharmacol. Exp. Ther., 186: 52-59.
Cognard, C., Romey, G., Galizzi, J.P., Fosset, M. and Lazdunski, M. (1986).
Dihydropyridine-sensitive Ca** channels in mammalian skeletal muscle cells in culture:
electrophysiological properties and interactions with Ca** channel activator (Bay K8644)
and inhibitor (PN200-110). Proc. Natl. Acad. Sci. USA, 83: 1518-1522.

Cognard, C., Rivet, M. and Raymond, G. (1990). The blockade of excitation/contraction
coupling by nifedipine in patch-clamped rat skeletal muscle cells in culture. Pfldgers
Arch., §16: 98-105.

Colvin, R.A., Pearson, N., Messineo, F.C. and Katz, A.M. (1982). Effects of Ca channel
blockers on Ca transport and Ca ATPase in skeletal and cardiac sarcoplasmic reticulum

vesicles. J. Cardiovasc. Pharmacol., 4: 935-941.



145
Constantin, L.L. (1970). The role of sodium current in the radian spread of contraction in frog

muscle fibres. J. Gen. Physiol., 5§5: 703-715.

Coronado, R. and Affolter, H. (1985). Kinetics of dihydsropyridine-sensitive calcium channels
from purified muscle transverse tubules. Biophys. J., 7: 434a.

Cota, G. and Stefani, E. (1986). A fast-activated inward calcium current in twitch muscle fibres
of the frog (Rana montezume). J. Physiol. (London), 370: 151-163.

Cota, G. and Stefani, E. (1989). Voltage-dependent inactivation of slow calcium channels in
intact twitch muscle fibres of the frog. Journal of General Physiology, 94: 937-951.

Cota, G., Nicola Siri, L. and Stefani, E. (1984). Calcium channel inactivation in frog (Rana
pipiens and Rana moctezuma) skeletal muscle fibres. Journal of Physiology, 354: 99-
108.

Curtis, B.A. (1966). Ca fluxes in single twitch muscle fibres. J. Gen. Physiol., 50: 255-267.

Curtis, B.M. and Catterall, W.A. (1983). Solubilization of the calcium antagonist receptor from
rat brain. J. Biol. Chem., 258: 7280-7283.

Curtis, B.M. and {atterall, W.A. (1984). Purification of the calcium antagonist receptor of the
voltage-sensitive calcium channel from skeletal muscle transverse tubules. Biochemistry,
23: 2113-2118.

Curtis, B.M. and Catterall, W.A. (1985). Phosphorylation of the calcium antagonist receptor of
the voltage-sensitive calcium channel by cAMP-dependent protein kinase. Proc. Natl.
Acad. Sci. USA, 82: 2528-2532.

Curtis, B.M. and Catterall, W.A. (1986). Reconstitution of the voltage-sensitive calcium channel
purified from skeletal muscle transverse tubules. Biochemistry, 25: 3077-3083.

Dascal, N. (1990). Analysis and functional characteristics of dihydropyridine-sensitive and -

insensitive calcium channel proteins. Biochem. Pharmacol., 40: 1171-1178.



146
da Silva. A.C.R. and Reinach, R.C. (1991). Calcium binding induces conformational changes

in muscle regulatory proteins. TIBS, 16, 53-57.

DeJongh, K.S., Warner, C. and Catterall, W.A. (1990). Subunits of purified calcium channels:
a, and & are encoded by the same gene. J. Biol. Chem. 265: 14738-14741.

Donaldson, P.L. and Beam, K.G. (1983). Caicium currents in a fast-twitch skeletal muscle of
the rat. J. Gen. Physiol., 82: 449-468.

Donaldson, S.K., Goidberg, N.W., Walseth, T.F. and Huetteman, D.A. (1987). Inositol
trisphosphate stimulates calcium release from peeled skeletal muscle fibres. Biochim.
Biophys. Acta, 927: 256-260.

Dretchen, K.L. and Raines, A. (1984). Nitrendipine and skeletal muscle contractility and a
model of spasticity. In: Nitrendipine. Scriabine, A., Vanov, S. and Deck, K. eds.,
Urban & Schwarzenberg, Baltimore-Munich, pp 387-395.

Dulhunty, A.F. (1992). The voltage-activation of contraction in skeletal muscle. Prog. Biophys.
Molec. Biol., 57: 181-223.

Dulhunty, A.F. and Gage, P.W. (1988). Effects of extracellular calcium concentration and
dihydropyridines on contraction in mammalian skeletal muscle. J. Physiol. (London),
399: 63-80.

Dunn, S.M.J. (1989). Voltage-dependent calcium channels in skeletal muscle transverse tubules:
Measurements of calcium efflux in membrane vesicles. J. Biol. Chem., 264: 11053-
11060.

Dunn, S.M.J. and Bladen, C. (1991). Kinetics of binding of dihydropyridine calcium channel
ligands to skeletal muscle membranes: Evidence for low affinity sites and for the
involvement of G-proteins. Biochemistry, 30: 5716-5721.

Dunn, S.M.J. and Bladen, C. (1992). Low affinity sites for 1,4-dihydropyridines in skeletal



147

muscle transverse tubule mmembranes revealed by changes in the fluorescence of
felodipine. Biochemistry, 31: 4039-4045.

Ebashi. S. (1974). Regulatory mechanism of muscle contraction with special reference to the Ca-
troponin-tropomyosin system. Essays Biochem., 10: 1-36.

Ebashi, S. and Endo, M. (1968). Ca** ion and muscle contraction. Progr. Biophys. Mol. Biol.,
18: 123-183.

Ebashi, S. and Lipmann, F. (1962). Adenosine triphosphate-linked concentration of calcium ions
in a particulate fraction of rabbit muscle. J. Cell Biol., 14: 389-400.

Ebashi, S., Endo, M. and Ohtsuki, I. (1969). Control of muscle contraction. Quart. Rev.
Biophys., 2: 351-384.

Eccles, J.C., Katz, B. and Kuffler, S.W. (1941). Nature of the end-plate potential in curarized
muscle. J. Neurophysiol., 4: 397-414.

Edman, K.A.P. and Grieve, D.W. (1963). A calcium dependent link beyond the electrical
excitation of the membrane in muscular contraction. Experientia, 19: 40-41.
Edman, K.A.P. and Grieve, D.W. (1964). On the role of calcium in the excitation-contraction
coupling process of frog sartorius muscle. J. Physiol. (London), 170: 138-152.
Eisenberg, B. and Eisenberg, R.S. (1968). Selective disruption of the sarcotubular system in
frog sartorius muscle. J. Cell Biol., 39: 451-467.

Eisenberg, R.S., McCarthy, R.T. and Milton, R.L. (1983). Paralysis of frog skeletal muscle
fibres by the calcium antagonist D-600. J. Physiol. (London), 341: 495-505.

Ellis, S.B., Williams, M.E., Ways, N.R., Brenner, R., Sharp, A.H., Leung, A.T., Campbell,
K.P., McKenna, E., Koch. W.J., Hui, A., Schwartz, A. and Harpold, M.M. (1988).
Sequence and expression of mRNAs encoding the a; and «, subunits of a DHP-sensitive

calcium channel. Science, 241: 1661-1664.



148
Endo, M. (1977). Calcium release from the sarcoplasmic reticulum. Physiol. Rev., §7: 71-108.

Endo, M., Tanaka, M. and Ogawa, Y. (1970). Calcium induced release of calcium from the
sarcoplasmic reticulum of skinned muscle fibres. Nature, 228: 34-36.

Fabiato, A. (1983). Calcium-induced Ca** release from the cardiac sarcoplasmic reticulum.
Am. ]J. Physiol., 245: C1-14.

Fabiato, A. (1985). Calcium-induced release of calcium from the sarcoplasmic reticulum of
skinned fibers from the frog semitendinosus. Biophys. J., 47: 195a.

Fan, P. and Katz, B. (1951). An analysis of the end-plate potential recorded with an
intracellular electrode. J. Physiol. (London), 115: 320-370.

Fenn, W. (1931). The oxygen consumption of muscles made non-irritable by sugar solutions.
Am. J. Physiol., 97: 635 - 647.

Fenwick, E.M., Marty, A. and Neher, E. (1982). Sodium and c2icium channels in bovine
chromaffin cells. J. Physiol. (London), 331: 599-635.

Fernandez, J.L., Rosemblatt, M. and Hidalgo, C. (1980). Highly purified sarcoplasmic
reticulum vesicles are devoid of Ca**-independent (‘basal’) ATPase activity. Biochim.
Biophys. Acta, 599: 552-568.

Ferroni, A. and Bianchi, D. (1965). Maximum rate of depolarization of single muscle fibre in
normal and low sodium solutions. J. Gen. Physiol., 49: 17-23.

Fleckenstein, A. and Fleckenstein-Griin, G. (1989). Effects of and the mechanism of action of
calcium antagonists and antianginal agents. In: Physiology and Pathophysiology of the
Heart. Sperelakis, N., ed. Kluwer Academic Publisher, Boston. pp 471491,

Fleischer, S., Ogunbunni, E.M., Dixon, M.C. and Fleer, E.A. (1985). Localisation of Ca**
release channels with ryanodine in junctional terminal cisternae of SR of fast skeletal

muscle. Proc. Natn: Acad. Sci. USA, 82: 7256-7259.



149
Flockerzi, V., Ocken, H.J., Hotfmann, F., Pelzer, D., Cavalié, A. and Trautwein, W. (1986).

Purified dihydropyridine-binding site from skeletal muscle T-tubules is a functional
calcium channel. Nature, 323: 66-68:

Fong, P.Y., Tumner, P.R., Denetclaw, W. F. and Steinhardt, R.A. (1990). Calcium leak
channels are more active in myotubes of Duchenne human and mdx mouse origin.
Science, 250: 672-676.

Ford, L.E. and Podolsky, R.J. (1970). Regenerative calcium release within muscle cells.
Science, 167: 58-59.

Fosset, M., Jaimovich, E., Delpont, E. and Lazdunski, M. (1983). [*H]Nitrendipine receptors
in skeletal muscle: Properties and preferential localization in transverse tubules. J. Biol.
Chem., 10: 6086-6092.

Franckowiak, G., Bechem, M., Schramm, M. and Thomas, G. (1985). The optical isomiers of
the 1,4-dihydropyridine Bay K-8644 show opposite effects on Ca channels. Eur. J.
Pharmacol., 114: 223-226.

Francini, F. and Stefani, E. (1989). Decay of the slow calcium current in twitch muscle fibres
of the frog is influenced by intracellular EGTA. J. Gen. Physiol., 94: 953-969.
Franco, A. Jr. and Lansman, J.B. (1990). Calcium entry through stretch-inactivated ion channels

in mdx myotubes. Nature, 344: 670-73.

Frank, G.B. (1957). Negative after-potential of frog's skeletal muscle. J. Neurophysiol., 20:
602-614.

Frank, G.B. (1958). Inward movement of calcium as a link between electrical and mechanical
events in contraction. Nature, 182: 1800-1801.

Frank, G.B. (1960). Effects of changes in extraceilular calcium concentration on the potassium-

induced contracture of frog skeletal muscle. J. Physiol. (London), 151: 518-538.



150

Frank. G.B. (1961). Role of extracellular calcium ions in excitation-contraction coupling in
skeletal muscle. In: Biophysics of Physiological and Pharmacological Actions, ed. A.M.
Shanes, A.A.A.S., Washington, pp. 293-307.

Frank, G.B. (1962). Utilization of bound calcium in the action of caffeine and certain
multivalent cations on skeletal muscle. J. Physiol. (London), 163: 254-268.

Frank, G.B. (1978b). Antagonism by phosphate buffer of the twitch loss in isolated muscle
fibres produced by calcium-free solutions. Can. J. Physiol. Pharmacol., 56: 523-526.

Frank, G.B (1978a). Rapid loss of the twitch of frog’s skeletal muscle fibres in 0-Ca**
bicari-siiate-buifered Ringer's solution. Life Sci., 22: 1078-1082.

Frank, G.B. {1930). ‘The current view of the source of trigger calcium in excitation-contraction
coupling in vertebrate skeletal muscle. Biochem. Pharmacol., 29: 2399-2406.

Frank, G.B. (1982a). Roles of extracellular and "trigger" calcium ions in excitation-contraction
coupling in skeletal muscle. Can. J. Physiol. Pharmacol., 60: 45¥ 439,

Frank, G.B. (1982b). The effects of reducing the extracellular calcium concentration on the
twitch in isolated frog's skeletal muscle fibres. Jap. J. Physiol., 32: 589-608.

Frank, G.B. (1984). Blockade of Ca** channels inhibits K* contractures but not twitches in
skeletal muscle fibres. Can. J. Physiol. Pharmacol., 62: 374-378.

Frank, G.B. (1986). A pharmacolog’cal explanation of the use-dependency of the verapamil (and
D-600) block of slow calcium channels. J. Pharmacol. Exp. Ther., 236: 505-511.

Frank, G.B. (1990). Dilydropyridine calcium channel antagonists block and agonists potentiate
high potassium contractures but not twitches in frog skeletal muscle. Jpn. J. Physiol.,
40: 205-224.

Frank, G.B. and Inoue, F. (1973). Effects of reducing the extracellular calcium concentration

on the resting potential of frog’s skeletal muscle fibres. Jap. J. Physiol., 23: 183-197.



151
Frank, G.B. and Oz, A.M. (1991). Use-dependent block of sodium channels by verapamil in

skeletal muscle during repetitive stimulation. Proc. West. Pharmacol. Soc.. 34: 409-312.

Frank, G.B. and Oz, M. (1992). The functional role of T-tubular Ca** channels in skeletal
muscle contractions. In: Excitation-Contraction Coupling in Skeletal, Cardiac and
Smooth Muscle, Frank, G.B., Bianchi, C.P., ter Keurs, H.E.D.J., eds., Plenum
Publishing Corporation, New York. p. 123-136.

Frank, G.B. and Rohani, F. (1982). Ba*“ ivnis block K*-induced contractures by antagonizing
K*-induced membrane depolarization in frog skeletal muscle fibres. Can. J. Physiol.
Pharmacol., 60: 47-51.

Frank, G.B. and Treffers, R.C. (1978). Ca** and Co*" interaction effects on the twitch of
frog’s skeletal muscle fibres. Proc. Can. Fed. Biol. Soc., 21: 92.

Frank, G.B., Konya, L. and Sudha, T.S. (1988). Nitrendipine blocks high potassium
contractures but not twitches in rat skeletal muscle. Can. J. Physiol. Pharmacol., 66:
1210-1213.

Franzini-Armstrong, C. (1970). Studies of the Triad. 1. Structure of the junction in frog twitch
fibres. J. Cell Biol., 47: 488-499.

Franzini-Armstrong, C. and Nunzi, G. (1983). Functional feet and particles in the triads of fast-
twitch muscle fibres. J. Musc. Res. Cell Motil., 4: 233-52.

Franzini-Armstrong, C. and Peachey, L.D. (1981). Striated muscle - contractile and control
mechanisms. J. Cell Biol., 91: 166s-186s.

Freygang, W.H., Goldstein, D.A. and Hellam, D.C. (1964a). The after potential that follows
trains of impulses in frog muscle fibres. J. Gen. Physiol., 47: 929-952.

Freygang, W.H. Jr., Goldstein, D.A., Hellam, D.C. and Peachey, L.D. (1964b). The tubular

system of frog muscle. J. Gen. Physiol., 48: 235-263.



152
Fukushima, Y. and Hagiwara, S. (1988). Voltage gated Ca®>* channel in mouse myeloma cells.

Proc. Natl. Acad. Sci. USA, 80: 2240-2242.

Gage, P.W. and Eisenberg, R.S. (1967). Action potentials without contraction in frog skeletal
muscle with disrupted transverse tubules. Science, 158: 1702-1703.

Gage, P.W. and Eisenberg, R.S. (19692). Capacitance of the surface and transverse tubular
membrane of frog sartorius muscle fibres. J. Gen. Physiol., 53: 265-278.

Gage, P.W. and Eisemberg, R.S. (1969b). Action potentials, after potentials and excitation-
contraction coupling in frog sartorius fibres without transverse tubules. J. Gen. Physiol.,
§3: 298-310.

Gainer, H. (1968). The role of calcium in excitation-contraction coupling of lobster muscle. J.
Gen. Physiol., 52: 88-110.

Gallant, E.M. and Goettl, V.M. (1985). Effects of calcium antagonists on mechanical responses
of mammalian skeletal muscles. Eur. J. Pharmacol., 117: 259-265.

Gamisac-Aldeco, R., Picones, A. and Stefani, E. (1989). Effect of external calcium and
nifedipine on twitch potentiation in skeletal muscle. Biophys. J., 5§: 264a.

Garcia, J. and Stefani, E. (1987). Appropriate conditions to record activation of fast Ca**-
channels in frog skeletal muscle (Rana pipiens). Pfligers Archiv., 408: 646-648.

Garcia, J., Avila-Sakar, A.J. and Stefani, E. (1990a). Repetitive stimulation increases the
activation rate of skeletal muscle Ca** current. Pfliigers Arch., 416: 210-212.

Garcia, J., Gamboa-Aldeco, R. and Stefani, E. (1990b). Charge movement and calcium curreats
in skeletal muscle fibres are enhanced by GTP S. Pfldgers Arch., 417: 114-116.

Gasser, H.S. (1930). Contractures of skeletal muscle. Physiol. Rev., 10: 35-109.

Gilbert, D.L. and Fenn, W.O. (1957). Calcium equilibrium in muscie. J. Gen. Physiol., 40:

393-408.



153
Gillis. J.M., Thomason, D., Lefevre, J. and Kretsinger, R.H. (1982). Parvalbumins and muscle

relaxation: a computer simulation study. J. Muscle Res. Cell Mot., 3: 377-398.

Glossmann, H. and Streissnig, J. (1990). Molecular properties of calcium channels. Rev.
Physiol. Biochem. Pharmacol., 114: 1-105.

Glossmann, H., Ferry, D.R. and Boschek, C.B. (1983). Purification of the putative calcium
channel from skeletal muscle with the aid of [PH]nimodipine binding. Naunyn
Schmiedebergs Arch. Pharmacol., 323: 1-11.

Godfraind, T., Miller, R. and Wibo, M. (1986). Calcium antagonists and calcium entry
blockade. Pharmacol. Rev., 38: 321-416.

Gonzales-Serratos, H. (1966). Inward spread of contracticn during a twitch. J. Physiol.
(London), 18S: 20-21P.

Gonzales-Serratos, H. (1971). Inward spread of activation in vertebrate muscle fibres. J.
Physiol. (London), 212: 777-799.

‘Gonzalez-Serratos, H. and Philips, C. (1984). Effect of calcium blockers on E-C coupling in
frog twitch muscle. Biophys. J. 45: 101a.

Griffiths, P.J. and Taylor, S.R. (1982). The effects of calcium blockade on contraction in
skeletal muscle fibres. J. Muscle Res. Cell Motil., 3: 512.

Gutierrez, L.M., Brawley, R.M. and Hosey, M.M. (1991). Dihydropyridine sensitive calcium
chanaels from skeletal muscle. 1. Roles of subunits in channel activity. J. Biol. Chem.,
266: 3287-3293.

Gutnick, M.j., Lux, H.D., Swandulla, D.and Zucker, H. (1989). Voltage-dependent and
calcium-dependent inactivation of calcium channel current in identified snail neurones.
J. Physiol. (London), 412: 197-220.

Guyton, A.C. (1986). Textbook of Medical Physiology, Seventh edition, W.B. Saunders



154
Company, Philadelphia.

Hagiwara, S. (1973). Ca spike. In: Advances in Biophysics, M. Kotani, ed., University of
Tokyo Press, Tokyo, 4: 71-102.

Hagiwara, S. (1975). Calcium dependent action potential. In Membranes. G. Eisenman, ed.
Marcel Dekker, New York. 3: 359-381.

Hagiwara, N., Irisawa, H. and Kameyama, M. (1988). Contributions of two types of calcium
currents to the pacemaker potentials of rabbit sino-atrial node cells. J. Physiol.
(London), 395: 233-253.

Hatae, J. (1986). Effects of nicardipine on frog skeletal muscle in normal and caicium-free
media. Jpn. J. Physiol., 36: 339-348.

Heilbrunn, L.V. and Wiercinski, F.J. (1947). Actiou of various cations on muscle protoplasm.
J. Cell Comp. Physiol., 29: 15-32.

Heiny, J.A. and Vergara, J. (1982). Optical signals from surface and T-system membranes in
skeletal muscle fibres. Experiments with the potentiometric dye NK2367. J. Gen.
Physiol., 80: 203-230.

Hellam, D.C. and Podolsky, R.J. (1969). Force measurements in skinned muscle fibres. J.
Physiol. (London), 200: 807-819.

Hellam, D.C., Goldstein, D.A., Peachey, L.D. and Freygang, W.H. Jr. (1965). The
suppression of the late after potential in rubidium-containing frog muscle fibres. J. Gen.
Physiol., 48: 1003-1010.

Helland, L.A., Lopez, J.R., Taylor, S.R., Trube, G. and Wanek, W.A. (1988). Effects of
Calcium "antagonists” on vertebrate skeletal muscle cells. Proc. N.Y. Acad. Sci., 522:

259-268.



155

Herzberg. O. and James, M.N.G. (1985). Structure of the calcium regulatory muscle protein

troponin-C at 2.8 A resolution. Nature, 313: 653-659.

Hess, P. (1990). Calcium channels in vertebrate cells. Annu. Rev. Neurosci., 13: 337-356.

Hess, P., Lansman, J.B. and Tsien, R.W. (1984). Different modes of Ca channel gating
behaviour favoured by dihydropyridine Ca agonists and antagonists. Nature, 311: 538-
544,

Hidalgo, C. and Jaimovich, E. (1989). Inositol trisphophate and excitation-contraction coupling
in skeletal muscle, J. Bioenerg. Biomembr., 21: 267-282.

Hidalgo, C., Gonzalez, M.E. and Lagos, R. (1983). Characterization of the Ca**- or Mg?*-
ATPase of transverse tubule membranes isolated from rabbit skeletal muscie. The J.
Biol. Chem., 258: 13937-13945.

Hidalgo, C., Parra, C., Riquelme, G. and Jaimovich, E. (1986). Biochim. Biophys. Acta, 855:
79-88.

Hill, A.V. (1948). On the time required for diffusion and its relation to processes in muscle.
Proc. Roy. Soc. B., 135: 446453.

Hille, B. (1977). Local anesthetics: Hydrophilic and hydrophobic pathways for the drug
receptor reaction. J. Gen. Physiol., 69: 497-51S5.

Hille, B. (1988). lonic channels: Molecular pores of excitable membranes. In The Harvey
Lectures, 82, 1-23. Alan R. Liss, New York.

Hille, B. (1992). lonic Channels of Excitable Membranes, 2nd Edition. Sinauer Associates,
Inc., Sunderland, MA.

Hirning, L.D., Fox, A.P., McCleskey, E.W., Olivera, B.M., Thayer, S.A., Miller, R.J. and
Tsien, R.W. (1988). Dominant role of N-type Ca** channels in evoked release of

norepinephrine from sympathetic neurons. Science, 239: 57-61.



156

Hodgkin, A.L. and Horowicz, P. (1957). The differential action of hypertonic solutions on the
twitch and action potential of a muscle fibre. J. Physiol. (London), 136: 17P.
Hodgkin, A.L. and Horowicz, P. (1959). The influence of potassium and chloride ions on the

membrane potential of single muscle fibres. J. Physiol. (London), 148: 127-160.

Hodgkin, A.L. and Horowicz, P. (1960a). The effect of sudden changes in ionic concentrations
on the membrane potential of single muscle fibres. J. Physiol. (L. )ndon), 153: 370-385.

Hodgkin, A.L. and Horowicz, P. (1960b). Potassium co:cractures in s - ‘le muscle fibres. J.
Physiol. (London), 153: 386-403.

Hof, R.P., Riiegg, U.T., Hof, A. and Vogel, A. (1985). Stereoselectivity at the calcium
channel: opposite action of the enantiomers of a 1,4-dihydropyridine. J. Cardiovasc.
Pharmacol,, 7: 869-693.

Hondeghem, L.M. and Katzung, B.G. (1984). Antiarrhythmic agents: the modulated receptor
mechanism of action of sodium and calcium channel-blocking drugs. Annu. Rev.
Pharmacol. Toxicol., 24: 387-423.

Hondeghem, L.M. and Katzung, B.G. (1977). Time and voltage-dependent interactions of
antiarrhythmic drugs with cardiac sodium channels. Biochem. Biophys. Acta, 472: 373-
398.

Hosey, M.M. and Lazdunski, M. (1988). Calcium channels: Molecular pharmacology, structure
and regulation. J. Membr. Biol., 104: 81-105.

Hosey, M.M., Barhanin, J., Schmid, A., Vandaele, S., Prasienski, J., O’Callahan, C., Cooper,
C. and Lazdunski, M. (1987). Photoaffinity labelling and phosphorylation of a 165-
kilodalton peptide associated with dihydropyridine- and phenylalkylamine-sensitive
calcium channels. Biochem. Biophys. Res. Commun., 147: 1137-1145.

Howarth, J.V. (1957). The effect of hypertonic solutions on the velocity of shortening of the



157
frog's sartorius. J. Physiol. (London), 137: 23-24P.

Howell, J.N. (1969). A lesion of the transverse tubules of skeletal muscle. J. Physiol.
(London), 201: 515-533.

Howell, J.N. ard Jenden, D.J. (1967). T-tubules of skeletal muscle: morphological alterations
which interrupt excitation-coniraction coupling. Fed. Proc., 26: 553.

Hui, C.S., Milton. R.L. and Eisenberg, R.S. (1983). Elimination of charge movement in
skeletal muscle by a calcium antagonist. Biophys. J., 41: 178a.

Hui, C.S., Milton, R.L. and Eisenberg, R.S. (1984). Charge movement in skeletal muscle fibres
paralyzed by the calcium-entry blocker D-600. Proc. Natl. Acad. Sci. USA, 81: 2582-
2585.

Huxley, A.F. (1959). Local activation in muscle. Ann. NY Acad. Sci., 81: 446-452.

Huxley, H.E. (1964). Evidence for the continuity between the central elements of the triads and
extracellular space in frog sartorius muscle. Nature, 202: 1067-1071.

Huxley, A.F. and Taylor, R.E. (1955). Function of Krause's membrane. Nature, 176: 1068.

Huxley, A.F. and Taylor, R.E. (1958). Local activation of striated muscle fibres. J. Physiol.
(London), 144: 426-441.

Hymel, L., Inui, M., Fleischer, S. and Schindler, H. (1988). Purified ryanodine receptor of
skeletal muscle SR forms Ca®"-activated oligomeric Ca’>* chammels in planar biolayers.
Proc. Nam. Acad. Sci. USA, 85: 441-445.

Hymel, L., Striessnig, J., Glossmann, H. and Schindler, H. (1988). Purified skeletal muscle
1,4-dihydropyridine receptor forms phosphorylation-dependent oligomeric calcium
channels in planar bilayers. Proc. Natl. Acad. Sci. USA, 85: 4290-4294.

lkemoto, N., Antoniu, B. and Kim, D.H. (1984). Rapid calcium release from the isolated

sarcorlasmic reticulum is triggered via the attached transverse tubular system. J. Biol.



158
Chem.. 259: 13151-13158.

Idefonse, Mi. and Roy, G. (1972). Kinetic properties of the sodium current in striated muscle
fibres on the basis of the Hodgkin-Huxley theory. J. Physiol. (London), 227: 419-431.

lidefonse, M., Fosset, M., Lazdunski, M., Renaud, J.F. and Rougier, O. (1985). Excitation
contraction coupling in skeletal muscle: evidence for a role of slow Ca®* channel
activators and inhibitors in the dihydropyridine series. Biochem. Biophys. Res.
Commun., 129: 904-909.

Imagawa, T., Smith, J.S., Coronado, R. and Campbell, K.P. (1987). Purified ryanodine
receptor from skeletal muscle sarcoplasmic reticulum is the Ca?* -permeable pore of the
calcium release channel. J. Biol. Chem., 262: 16636-16643.

Inui, M., Saito, A. and Fleischer, S. (1987). Purification of the ryanodine receptor and identify
with feet structure of junctional termincl cisternae of sarcoplasmic reticulum from fast
skeletal muscle. J. Biol. Chem., 262: 1740-1747.

Jaimovich, E. (1991). Chemical transmission at the triad: [P;? J. Muscle Res. Cell Motil., 12:
316-320.

Janis, R.A., Sarmiento, J.G., Maurer, S.C., Bolger, G.T. and Triggle, D.J. (1984).
Characteristics of the binding of [H-3}nitrendipine to rabbit ventricular membranes -
modification by other Ca* * channel antagonists and by the Ca* * channel agonist Bay K-
8644. J. Pharmacol. Exp. Ther., 231: 8-1S.

Janis, R.A., Silver, P.J. and Triggle, D.J. (1987). Drug action and cellular calcium regulation.
Adv. Drug Res., 16: 309-589.

Jay, S.D., Elis, S.B., McCue, A.F., Williams, M.E., Vedvick, T.S., Harpold, M.M. and
Campbell, K.P. (1990). Primary structure of the y subunit of the DHP-sensitive calcium

channel from skeletal muscle. Science, 248: 490-492.



159
Jay. §.D.. Sharp, A.H. . Kahl, S.D.. Vedvick. T.S., Harpold, M.M. and Campbell, K.P.

(1991).  Structural characterization of the dihydropyridine-sensitive calcum channel o,
subunit and the associated 6 peptides. J. Biol. Chem., 266: 3287-3293.

Johnson, J.D. (1983). Allosteric interactions among drug binding sites on calmodulin.
Biochemical and Biophysical Research Communications, 112; 787-793.

Johnson, J.D., Charlton, S.C. and Potter, J.D. (1979). A florescence stopped flow analysis of
Ca** exchange with troponin C. J. Biol. Chem., 254: 3497-3501.

Jordan, P.C., Bacquet, R.J., McCammon, J.A. and Tran, P. (1989). How electrolyte shielding
influences the electrical potential in transmembrane ion channel. Biophys. 1., §5: 1041-
1052.

Julian, F.J. (1971). The effect of calcium on the force-velocity relation of briefly glycerinated
frog muscle fibres. J. Phvsiol. (London), 218: 117-145.

Kass, R.S. (1987). Voltage-d., ...« *: =.~dulation of cardiac calcium channel current by optical
isomers of Bay K 83 = *!izi-;ons for channel gating. Circ. Res., 61 {Suppl. 1]: 1-5.

Kass, R.S., Arena, J.P. and Chin, S. (1991). Block of L-type calcium channels by charged
dihydropyridines: Sensitivity to side cf application and calcium. J. Gen. Physiol., 98:
63-75.

Kaumann, A.J. and Uchitel, O.D. (1976). Reversible inhibition of potassium contractures by
optical isomers of verapamil and D-600 on stow muscle fibres of the frog. Naunyn-
Schmiedeberg’s Arch. Pharmacol., 292: 21-27.

Kawata, H. and Hatae, J. (1990). Dependence of contractile response by some calcium
antagonists on external calcium in the skeletal muscie. Jpn. J. Physiol., 40: 337-350.

Kemell, D. (1965a). High-frequency repetitive firing of cat lumbosacral motoneurones

stimulated by long-lasting injected currents. Acta Physiol. Scand., 6S: 74-86.



160

Kernell. D (1965b). The limits of firing frequency in cat lumbosacral motoneurones possessing
different time course of afterhyperpolarization. Acta Physiol. Scana.. 65: 87-100.

Kerr, L.M. and Sperelakis, N. (1982). Effects of the calcium antagonists Bepridil (CERM-1978)
and verapamil on Ca**-dependent slow action potentials in frog skeletal muscle. J.
Pharmacol. Exp. Ther., 222: 80-86.

Kerr, L.M. and Sperelakis, N. (1983). Ca"-dependent slow action potentials in normal and
dystrophic mouse skeletal muscle. Am. J. Physiol., 245: C415-C422.

Kim. K.C., Caswell, A.H., Talvenheimo, J.A. and Brandt, N.R. (1990). Isolation of a terminal
cisternae protein which may link the dihydropyridine receptor to the junctional foot
protein in skeletal muscle. Biochemistry, 29: 9281-9289.

Kirber, M.T., Walsh, J.V. Jr. and Singer, J.J. 1988. Stretch-activated ion channels in smooth
muscle: a mechanism for the initiation of stretch-induced contraction. Pfliigers Arch.,
412: 339-45.

Kirsch. G.E.. Nichols, R.A. and Nakajima, S. (1977). Delayed rectification in the transverse
tubules origin of the late after-potential in frog skeletal muscle. J. Gen. Physiol., 70: 1-
21.

Kokate, T.G., Heiny, J.A. ind Sperelakis, N. (1992). Stimulation of the slow calcium current
in bullfrog skeletal muscle fibres by cAMP and cGMP, submitted for publication in J.
Biophysics.

Kokubun, S., Prod’hom, B., Prozig, H. and Reuter, H. (1986). Studies on Ca channels in intact
cardiac cells: voltage-dependent effects and cooperative interactions of dihydropyridine
enantiomers. Mol. Pharmacol., 30: 571-584.

Kotsias, B.A. and Muchnik, S. (1985). Frequency-dependent effect of verapamil on rat soleus

muscle. Experientia, 41: 1538-1540. .



161
Kostsias. B.A.. Muchnik, S. and Obejero Paz, C.A. (1986). Co*". low Ca’* and verapamil

reduce mechanical activity in rat skeletal muscles. Am. J. Physiol., 250: C40-46.
Kretsinger, R.H. (1980). Structure and evolution of calcium-modulated proteins. CRC Crit.
Rev. Biochem., 8: 119-174.
Lai, F.A., Erickson, H.P., Rousseau, E., Liu, Q.Y. and Meissner, G. (1988). Purification and

reconstitution of the calcium release channel from skeletal muscle. Nature, 331: 315-

319.

Lamb, G.D. (1986). Components of charge movement in rabbit skeletal muscle. The effects of
tetracaine and nifedipine. J. Physiol. (London), 376: 85-100.

Lamb, G.D. (1991). Ca?** channels or voltage-sensors? Nature, 352: 113.

Lamb, G.D. and Walsh, T. (1987). Calcium currents, charge movement and dihydropyridine
binding in fast- and slow-twitch muscles of rat and rabbit. J. Physiol. (London), 393:
595-617.

Langer, G.A., Frank, J.S. and Philipson, K.D. (1982). Ultrastructure and calcium exchange of
the sarcolemma, sarcoplasmic reticulum and mitochondria of the myocardium.
Pharmacol. Ther., 16: 331-376.

Lannergren, J. and North, J. (1973). Tension in isolated frog muscle fibres induced by
hypertonic solutions. J. Gen. Physiol., 61: 158-175.

Lansmann, J.B., Hess, P. and Tsien, R.W. (1986). Blogkade of current through single calcium
channels by Cd**, Mg®*, and Ca’>*. Voltage and concentration dependence of calcium
entry into the pore. J. Gen. Physiol., 88: 321-347.

Lansman, J.B., Hallam, T.J. and Rink, T.J. (1987). Single stretch-activated ion channels in
vascular endothelial cells as mechanotransducers? Nature, 325: 811-13.

Lau, Y.H.. Caswell, A.H. and Brunschwig, J.P. (1977). Isolation of transverse tubules by



162
fractionation of triad junctions of skeletal muscle. J. Biol. Chem., 252: 5565-5574.

Lea. T.J.. Griffiths, P.J., Tregear. R.T. and Ashley, C.C. (1986). An examination of the ability
of InsP, to induce Ca*" release and tension development in skinned muscle fibres of frog
and crustacea. FEBS Let., 207: 153-161.

Lee, K.S. (1987). Potentiation of the calcium-channel currents of internally perfused mammalian
heart ceils by repetitive depolarization. Proc. Natl. Acad. Sci. USA, 84: 3941-3945.

Lee, K.S. and Tsien, R.W. (1983). Mechanism of calcium channel blockade by verapamil,
D600, diltiazem and nitrerdipine in single dialysed heart cells. Nature, 302: 790-794.

Liddel, E.G.T., Sherrington, C.S. (1925). Recruitment and some other factors of reflex
inhibition. Proc. R. Soc. London B, 97: 488-518.

Liu, Q.Y., Lai, A., Rousseau, E., Jones, R.V. and Meissner, G. (1989). Muitiple conductance
states of the purified calcium release channel complex from skeletal sarcoplasmic
reticulum. Biophys. J., §5: 415-424.

Llinas, R.R., Sugimori, M. and Lin, J.W. (1989). Blocking and isolation of a calcium channel
from neurons in mammals and cephalopods utilizing a toxin fraction (FTX) from funnel
web spider poison. Proc. Natl. Acad. Sci. USA, 86: 1689-1693.

Locke, F.S. and Rosenheim, O.T. (1907). Contributions to the physiology of the isolated heart.
J. Physiol. (London), 36: 205-220.

Lopez, E. (1982). Post-tetanic potentiation and inhibition in single fibres isolated from frog
semitendinosus muscle. Japanese Journal of Physiology, 32: 103-119.

Lugnier, C., Folienius, A., Gerard, D. and Stoclet, J.C. (1984). Bepridil and flunarizine as
calmodulin inhibitors. Eur. J. Pharmacol., 98: 157-158.

Liittgau, H.C. and Spiecker, W. (1979}. The effects of calcium deprivation upon mechanical and

electrophysiological parameters in skeletal muscle fibers of the frog. J. Physiol.



163
(London), 296: 411.

Lingau, H.C.. Gottschalk, G. and Berwe, U. (1986). The effect of calcium and calcium
antagonist on excitation-contraction coupling. Can. J. Physiol. Pharmacol., 60: 717-723.

Martonosi, A.N. (1984). Mechanisms of Ca*" release from sarcoplasmic reticulum of skeletal
muscle. Physiol. Rev., 64: 1240-1320.

Marwaha, J. and Treffers, R.C. (1980). Actions of a calcium antagonist, the D-600. on
electrical and mechanical properties of frog skeletal muscle.  Prog. Neuro-
Psychopharmacol., 4: 145-152.

Mas-Oliva, J. and Nayler, W.G. (1980). The effect of verapamil on the Ca*" -transporting and
Ca’*-ATPase activity of isolated cardiac sarcolemmal preparations. Br. J. Pharmacol..
70: 617-624.

Mathias, R.T., Levis, R.A. and Eisenberg, R.S. (1980). Electrical models of excitation-

contraction coupling and charge movement in skeletal muscle. J. Gen. Physiol., 76: 1-

McCleskey, E.W. (1985).  Calcium channels and jfitracellular calcium release are
pharmacologically different in frog skeletal muscl¢. J. Physiol. (London), 361: 231-249.

McCobb, D.P. and Beam, K.G. (1991). Action potential wave form voltage-clamp commands
reve2 striking differences in calcium entry via low and high voltage-activated calcium
channels. Neuron, 7: 119-127.

McDonald, T.F., Pelzer, D. and Trautwein, W. (1984;. Cat ventricular muscle treated with
D600: characteristics of calcium channel block and unblock. J. Physiol. (London), 352:
217-241.

McDonald, T.F., Pelzer, D. and Trautweir, W. (1989). Dual action (stimulaticn, inhibition) of

D600 on contractility and calcium channels in guinea pig and cat heart cells. J. Physiol.



164
(London). 414: 569-586.

Meissner. G. (1975). Isolation and characterization of two types of sarcoplasmic reticulum
vesicles. Biochim. Biophys. Acta., 389: 51-68.

Miledi. R., Parker, I. and Zhu, P.H. (1982). Calcium transients evoked by action potentials in
frog twitch muscle fibres. J. Physiol. (London), 333: 655-679.

Miledi. R., Parker, I. and Zhu, P.H. (1984). Extracellular ions and excitation-contraction
coupling in frog twitch muscle fibres. J. Physiol. (London), 351: 687-710.

Miller. R.J. and Freedman, S.B. (1984). Minireview: Are dihydropyridine binding sites voltage
sensitive calcium channels? Life Sci., 34: 1205-1221.

Miller. M.J., Shannon, K. and Reid, M.B. (1989). Effect of nifedipine on the contractile
function of the rat diaphragm in vitro. Life Sci., 45: 2419-2428.

Milligan, J.V. (1965). The time course of the loss and recovery of contracture ability in frog
striated muscle following exposure to Ca-free solutions. J. Gen. Physiol., 48: 841-858.

Mines. G.R. (1913). On functional analysis by the action of electrolytes. J. Physiol. (London),
46: 188-235.

Mitra. R. and Morad, M. (1986). Two “vpes of calcium channels in guinea pig ventricular
myocytes. Proc. Natl. Acad. Sci. USA, 83: 5340-5344.

Miyamoto, H. and Racker, E. (1982). Mechanism of calcium release from skeletal sarcoplasmic
reticulum. J. Membrane Biol.. 66: 193-201.

Mocre, H-P. H. and Raftery, M.A. (1980). Proc. Natl. Acad. Sci. USA, 79: 4509-4513.

Naito, K., McKenna, E., Schwartz, A. and Vaghy, P.L. (1989). Photoaffinity labeling of the
purified skeletal muscle calcium channel antagonist receptor by a novel benzothiazepine,
{"H}azidobutyryl diltiazem. J. Biol. Chem., 264: 21211-21214.

Nakajima, S. and Gilai, A. (1980a). Action potentials of isolated single muscle fibres recorded



165
by potential sensitive dyes. J. Gen. Physiol., 76: 729-750.

Nakajima. S. and Gilai, A. (1980b). Radial propagation of muscle action potential along the
tubular system examined by potenial-sensitive dyes. J. Gen. Physiol.. 76: 751-762.

Nakajima. S., Nakajima, Y. and Pzachey. 1.D. (1969). Speed of repolarization and morphology
of glycerol treated muscle fibres. J. Physiol. (London), 200: 115-116P.

Nakajima, S.. Nakajima, Y. and Peachey, L.E. (1973). Speed of repolarization and morphology
of glycerol treated frog muscle fibres. J. Physiol. (London), 234: 465-480.

Nakayama, H., Taki, M., Striessnig, J., et al. (1991). [dentification of 1,4-dihydropyridine
binding regions within the o, subunit of skeletal muscle Ca** channels by photoaffinity
labeling with diazepine. Proc. Natl. Acad. Sci. USA, 88: 9203-9207.

Narahashi, T., “oore, J.W. and Scott. W.R. (1964). Tetrodotoxin blockage of sodium
conductance increase in ludster giant zxans. J Gen. Physiol., 47: 965-974.

Narahashi, T., Tsunoo, A. and Yoshii, M. (1S:™). Characterization of two types of calcium
channels in mouse neuroblastoma cells. J. Physiol. (London), 383: 231-249.

Nastuk, W.L. and Hodgkin, A.L. (1950). The electrical activity of single muscle fibers. 1. Cell
Comp. Physiol., 31. 39-74.

Natori, R. (1954). The property and contraction process of isolated myofibrils. Jikeikai Med.
J., 1: 119-126.

Naylor, W.G., Mas-Oliva, J. and Williams, A.J. (1980). Cardiovascular recefitors and calcium.
Circ. Res., 46 (Suppl. 1): 161-166.

Nicola Siri, L., Sdnchez, J.A., Stefani, E. (1980). Effect of glycerol treatment on the calcium
current of frog skeletal muscle. J. Physiol. (London), 30S: 87-96.

Niedergerke, R. (1955). "Local muscular shortening by intracellularly applied calcium®. J.

Physiol. (London), 128: 12-13.



166

Noble. S.J. an Shimoni, Y. (1981). The calcium and frequency dependence of the slow inward
current staircase in frog atrium. J. Physiol. (London). 310: 57-75.

Noda, M.. Shimizu, S.. Tanabe, T.. Takai, T.. Kayano, T.. Ikeda, T., Takahashi. H..
Nakayama, H. Kanaoka, Y., Minamino, N., Kangawa, K., Matsuo, H., Raftery, M.A..
Hirose, T., lnayama, S.. Hayashida, H., Miyata, T. and Numa, S. (1984). Primary
structure of Electrophorus electricus sodium channel deduced from cDNA sequence.
Nature, 312: 121-127.

Novotny. I. and Vyskocil, F. (1966}. Possible role of Ca ions in the resting mciabolism of frog
sartorius muscle during potassium depolarization. J. Cell Comp. Physiol., 67: 159-168.

Nowycky, M.C., Fox, A.P. and Tsien, R.W. (1985). Three types of calcium channel with
different agonist sensitivity. Nature, 316: 440-443.

Nunoki, K.. Florio, V. and Catterall, W.A. (1989). Activation of purified calcium channels by
stoichiometric protein phosphoryiation. Proc. Natl. Acad. Sci. USA, 86: 6816-6820.

Ohkusa. T.. Carlos, A.D., Kang, J-J.. Smilowitz, H. and Ikemoto, N. (1991). Effects of
dihydropyridines on calcium release from the isolated mer.orane complex consisting of
the transverse tubule and sarcoplasmic reticulum. Biochem. Biophys. Res. Commun.,
178: 271-276.

Oota, 1.. Kosaka, 1. and Nagai, T. (1976). Role of superficially membrane-bound calcium on
excitation-contraction coupling in frog skeletal muscie. Jpn. J. Physiol., 26: 117.

Oz. M.A. and Frank, G.B. (1990). Organic calcium channe! blocking drugs and calcium free
solution effects on tetanic responses in frog's skeletal muscle. Proc. Can. Fed. Biol.
Soc.. 33: 017,

Oz, M. and Frank, G.B. (1991). Decrease in the size of tetanic responses produced by

nitrendipine or by extracellular ~alcium ion removal without blocking twitches of action



167
potentials in skeletal muscle. J. Pharmcol. Exp. Ther., 257: 575-581.

Oz. M. and Frank, G.B. (1992). An effectual method for the intracellular recording of
repetetive action potential trials lasting several seconds in frog toe muscle fibres.
Submitted to Experientia.

Oz, A.M,, Dunn, S.M.J. and Frank, G.B. “Ca’" efflux studies in rabbit t-tubule membrane
preparations in the range of late after potentials during contractions. The proceedings of
the Third International Symposium on Excitation-Contraction Coupling in Skeletal,
Cardiac and Smooth Muscle will be published by Plenum Publishing Corporation.

Palade, P.T. and Almers, W. (1985). Slow calcium and potassium currents in frog skeletal
muscle: their relationship and pharmacological properties. Pfliigers Arch., 405: 91-101.

Palade, P., Dettbarn, C., Brunder, D., Stein, P. and Hals, G. (1989). Pharmacology of calcium
release from sarcoplasmic reticulum. J. Bioenerg. Biomembr., 21: 295-320.

Pang, D. and Sperelakis, N. (1984). Uptake of calcium antagonistic drugs into muscles as
related to their lipid solubilities. Biochem. Pharmacol., 33: 821-826.

Parmacek, M.S. and Leiden, 1.M. (1991). Structure, function and regulation of troponin C.
Circulation, 84: 991-:003.

Peachey, L.D. (1965). The sascoplasmic reticulum and transverse tubules of the frog’s sartorius.
J. Cell Biol., 25: 209-231.

Pelzer, D.P., Pelzer, S. and McDonald, T.F. (1990). Properties and regulation of calcium
channels in muscle cells. In: Reviews of Physiology, Biochemistry and Pharmacology.
Blaustein, M.P., Creutzfeldt, O., Grunicke, H., et al., Heidelberg, Berlin: Springer-
Verlag, p. 209-262.

Perez-Reyes, E., Kim, H.S., Lacerda, A.E., Horne, W., Wei, X., Rampe, D., Campbell, K.P.,

Brown, A.M. and Birnbaumer, L. (1989). Induction of calcium currents by the



168

expression of the a, subunit of the dihydropyridine receptor from skeletal muscle.
Nature. 340: 233-236.

Pizzaro, G.. Fitts, R.. Rodriguez. M., Uribe, I. and Rios, E. (1988). The voltage sensor of
skeletal muscle excitation-contraction coupling: a comparison with Ca*" channels. In:
The Calcium Channel Structure, Function and Implications. M. Morad, W. Nayler, S.
Kazda and M. Schramm, eds. Berlin: Springer-Verlag, p. 138-158.

Porter, K.R. and Palade, G.E. (1957). Studies on the endoplasmic reticulum. [II. Its form and
distribution in striated muscle cells. J. Biophys. Biochem. Cytol., 3: 269-300.

Porzig, H. (1990). Pharmacological modulation of voltage-dependent calcium channels in intact
cells. In: Reviews of Physiology, Biochemistry and Pharmacology. Blaustein, M.P.,
Creutzfeldt, O., Grunicke, H., etal., eds. Heidelberg, Berlin: Springer-Verlag, p. 209-
262.

Potter. J.D. and Gergely, J. (1975). The calcium and magnes:um binding sites of troponin and
their role in the regulation of myofibrillar adenosinetriphesohatase. J. Biol. Chem., 250:
4628-4633.

Regulla, S., Schnieder, T., Nastainczyk, W., Meyer, H.E. and Hofmann, F. (1991).
Identification of the site of interaction of the dihydropyridine calcium channel blockers
nitrendipine and azidopine with the calcium-channel e, subunit. EMBO J., 10: 45-49.

Rhodes, D.G., Sarmiento, J.G. and Herbette, L.G. {1985). Kinetics of binding of membrane-
active drugs to receptor sites. Diffusion limited rates for a membrane bilayer approach
of 1,4-dihydropyridine calcium channel antagonist to their active site. Mol. Pharmacol.,
27: 612-623.

Rich, T.L., Langer, G.A. and Klassen, M.G. (1988). Two components of coupling calcium in

single ventricular cell of rabbits and rats. Am. J. Physiol., 254: H937-H946.



169

Ringer. S. (1983). A further contribution regarding the influence of different constituents of the
blood on the contractions of the heart. J. Physiol. (London), 4: 29-42.

Rfos, E. and Brum, G. (1987). [uvolvement of dihydropyridine receptors in excitation-
contraction coupling in skeletal muscle. Nature, 325: 717-720.

Rios, E. and Pizarro, G. (1991). Voltage Sensor of Excitation-Contraction Coupling in St eletal
Muscle. Physiol. Rev., 71: 849- 898.

Rivet, M., Cognard, C. and Raymond, G. (1989). The slow inward calcium current is
responsible fo- a part of the contraction of patch-clamped rat myoballs. Pfliigers Arch.,
413: 316-318.

Roed, A. (1991). Selective potentiation of subtetanic and tetanic contractions by the calcium-
channel antagonist nifedipine in the rat diaphragm preparation. Gen. Pharmac., 22: 313-
318.

Rojas, E., Nasser-Gentina, V., Luxoro, M., Pollard, M.E. and Carrasco, M.A. (1987). InsP,-
induced Ca** release from the SR and contraction in crustacean muscle. Can. J. Physiol.
Pharmacol., 65: 672-679.

Rosenblatt, M., Hidalgo, C., Vergara, C. and lkemoto, N. (1981). immunological and
biochemical properties of transverse tubule membranes isolated from rabbit skeletal
muscle. J. Biol. Chem., 256: 8140-8148.

Rubin, R.P., Weiss, G.B. and Putney, J.W._ Jr. (1985). Calcium in biological systems. Plenum
Press, New York.

Riiegg, J.C. (1988). Calcium in Muscle Activation. 2nd Edition. Berlin: Springer-Verlag.

Ruth, P., Roéhrkasten, A. Riel, M., Bosse, E., Regulla, S., Meyer, H.E., Flockerzi, v. and
Hofmann, F. (1989) Primary structure of the £ subunit of the DHP-sensitive calcium

channel from skeletal muscle. Science, 245: 1115-1118.



170

Saito. A.. Inui. M., Radermacher. M., Frank. J. and Fleischer, S. (1988). Ultrastructure of the
Ca’ release channel of the sarcoplasmic reticulum. J. Cell Biol., 107: 211-21$.
Sanchez, J.A. and Stefani, E. (1978). Inward calcium current in twitch muscle fibres of the

frog. J. Physiol. (London). 283: 197-209.

Sanchez, J.A. and Stefani, E. (1983). Kinetic properties of calcium channels of twitch muscle
fibres of the frog. J. Physiol. (London), 337: 1-17.

Sandow, A. (1947). Latency relaxation and a theory of muscular mechano-chemical coupling.
Ann. N.Y. Acad. Sci., 47: 895-929.

Sandow, A. (1952). Excitation-contraction coupling in muscular response. Yale J. Biol. Med.,
25: 176-201.

Sandow, A., Krishna, M., Pagala, D. and Sphicas, E.C. (1975). Excitation-contraction
coupling: cffects of “zero"-Ca** medium. Biochim. Biophys. Acta., 404: 157-163.

Sanguinetti, M.C. and Kass, R.S. (1984). Voitage-dependent block of calcium channel current
in the calf cardiac Purkinje fibre by dihydropyridine calcium channel antagonists. Circ.
Res., 55: 336-348.

Sanguinetti, M.C. and Kass, R.S. (1985). Regulation of cardiac calcium channel current and
contractile activity by the dihydropyridine Bay K8644 is voltage-dependent. J. Mol.
Cell. Cardiol., 16: 667-670.

Sarmiento, G.J., Colvin, R.A., Janis, R.A., Messineo, F.C. and Katz, A.M. (1984).
Biochemical effects of nitrendipine on membranes from skeletal and cardiac muscle. In:
Nitrendipine. Scriabine, A., Vanov, S. and Deck, K. eds., Urban & Schwarzenberg,
Baltimore-Munich. p. 53-67.

Schneider, M.F. and Chandler, W K. (1973). Voltage dzpendent charge movement in skeletal

muscle: a possibie step in excitation-contraction coupiing. Nature, 242: 244-246.



171

Schouten. V.J.A. and Morad. M. (1989). Regulation of Ca** current in frog ventricular
myocytes by the holding potential, cAMP and frequency. Pfliigers Arch.. 415: 1-11.

Schramm, M., Thomas, G.. Towart, R. and Franckowiak, G. (1983). Novel dihydropyridine
with positive inotropic action through activation of Ca channels. Nature, 303: 535-537.

Schwartz, A.. Grupp. LL., Grupp. G.. Williams, J. and Vaghy, P.L. (1984). Effects of
dihydropyridine calcium channel modulators in the heart: Pharmacological and
radioligand binding correlations. Biochem. Biophys. Res. Commun., 125: 387-394.

Schwartz, L.M., McCleskey, E.W. and Almers, W. (1985). Dihydropyridine receptors in
muscle are voltage-dependent but most are not fun.tional calcium channels. Nature, 314:
747-751.

Singh, Y.N. and Dryden, W.F. (1988). Sites of action of dihydropyridine drugs in the mouse
hemidiaphragm muscle. Eur. J. Pharmacol., 148: 247-255.

Smith, J.S., Coronado, R. and Meissner, G. (1985). SR contains adenine nucleotide-activated
calcium channels. Narure, 316: $46-449.

Smith, J.S., Coronado, R. and Meissner, G. (1986). Single channel measurements of the Ca*"
release channel from skeletal muscle SR. J. Gen. Physiol., 88: 573-588.

Smith, J.S., McKenna, E.J., Ma, J.J., Vilven. ., Vaghy, P.L., Schwartz, A. and Coronado, R.
(1987). Calcium channel activity in a purified dihydropyridine-receptor preparation of
skeletal muscle. Biochemistry, 26: 7182-7188.

Smith, J.S., Imagawa, T., Ma, J., Fill, M., Campbell, K.P. and Coronado, R. (1988). Purified
ryanodine receptor from rabbit skeletal muscle is the calcium-release channel of
sarcoplasmic reticulum. J. Gen. Physiol., 92: 1-26.

Solandt, D.Y. (1936). The effect of potassium on the excitability and resting metabolism of

frog's muscle. J. Phy:r)iol. (London), 86: 162-170.



1n

Somlyo, A.V., Shuman, H. and Somlyo. A.P. (1977). Elemental distribution in striated muscte
ani the effects of hypertonicity. Electron probe analysis of cryo sections. J. Celi Biol.,
74: 828-857.

Somlyo, A.V., Gonzdler-Serratos, H.. Shuman, H., McClellan, G.. Somlyo, A.P. (1981).
Calcium release and ionic changes in the sarcoplasmic reticulum of tetanized muscle. An
electron probe study. J. Cell Biol., 90: 577-5%4.

Somlyo, A.V., McClellan, G., Gonzalez-Serratos, H. and Somiyo. A.P. (1985). Electron probe
x-ray microanalysis of post tetanic Ca’~ and Mg*" movements across the sarcoplasmic
reticulum in situ. J. Biol. Chem., 260: 6801-6807.

Somlyo, A.P., Walker, J.W., Goldman, Y.E., Trentham, D.R., Kobayashi, S., Kitazawa, T.
and Somlyo, A.V. (1988). Inositol trisphosphate, calcium and muscle contraction. Phil.
Trans. R. Soc. Lond. B., 320: 399-414.

Spiecker, W., Melzer, W. and Littgau, H.C. (1979). Extracellular Ca** and excitation-
contraction coupling. Nature, 280: 158.

Stanfield, P.R. (1970). The effect of the tetracthylammonium ion on the delayed currents of frog
skeletal muscle. J. Physiol. (London), 209: 209-229.

Stanfield. P.R. (1977). A caicium dependent inward current in frog skeletal muscle fibres.
Pfliigers Arch. 368: 267-270.

Stefani, E. and Charandini, D.J. (1973). Skeletal muscle: dependence of potassium contractures
on extracellular calcium. Pfliigers, Arch., 343: 143-150.

Stefani, E. and Schmidt, H. (1972). A convenient method for repeated intracellular recording
of action potentials from the same muscle fibre without membrane damage. Pfligers
Arch., 334: 276-278.

Stein, P. and Palade, P. (1988). Sarcoballs: direct access to sarcoplasmic reticulum Ca*



173
channels in skinned frog muscle fibers. Biophys. J., 54: 357-363.

Stephenson. D.G. and Williams, D.A. (1981). Calcium-activation force responses in fast- and
slow-twitch skinned muscle fibres of the rat at different temperatures. J. Physiol.
(London), 317: 281-302.

Striessnig, J., Moosburger, K., Goll, A., Ferrv D.R. and Glossmann, H. (1986).
Stereoselective photoaffinity labelling of the purified 1,4-dihydropyridine receptor of the
voltage-dependent calcium channel. Eur. J. Biochem., 161: 603-609.

Striessnig, J., Glossmann, H. and Catterall, W.A. (1990). dentification of a phenylalkylamine
binding region within the a, subunit of skeletal muscle Ca** channels. Proc. Natl. Acad.
Sci. USA, 87: 9108-9112.

Su, J.Y. (1988). Intracellular mechanisms of verapamil and diltiazem action on striated muscle
of the rabbit. Naunyn-Schmiedeberg's Arch. Pharmacol., 338: 297-302.

Suzuki, S. and Sugi, H. (1978). Ultrastructural and physiological studies on the longitudinal
boudy wall muscle of dolabella auricularia. II. Localization of intracellular calcium and
its translocation during mechanical activity. J. Cell Biology, 79:467-478.

Swandulla, D. and Armstrong, C.M. (1988). Fast deactivating calcium channels in chick sensory
neurons. J. Gen. Physiol., 92: 197-218.

Takeshima, H., Nishimura, S., Matsumoto, T., Ishida, H., Kangawa, K., Minamino, N.,
Matsuo, H., Ueda, M., Hanaoka, M., Hirose, T. and Numa, S. (1989). Primary
structure and expression from complementary DNA of skeletal muscle ryanodine
receptor. Nature, 339: 439-445.

Talo, A., Stern, M.D., Spurgeon, H.A., Isenberg, G. and Lakatta, E.G. (1990). Sustained
subthreshold-for-twitch depolarization in rat single ventricular myocytes causes sustained

calcium channel and sarcoplasmic reticulum calcium release. J. Gen. Physiol., 96: 1085-



174
1103.

Tanabe, T., Takeshima, H., Mikami, A., Flockerzi, V., Takahashi, H., Kanagawa, K., Kojima,
M., Matsuo, H., Hirose, T. and Numa, S. (1987). Primary structure of the receptor for
calcium channel blockers from skeletal muscle. Nature, 328: 313-318.

Triggle, D.J. and Janis, R.A. (1987). Calcium channel ligands. Annu. Rev. Pharmacol.
Toxicol., 27: 347-369.

Tsien, R.W. and Tsien, R.Y. (1990). Calcium channels, stores, and oscillatiogs. si#nu. Rev.
Cell Biol., 6: 715-60.

Tsien, R.W., Lipscombe, D.. Madison, D.V., Bley, K.R. and Fox, A.P. (1988). Multiple types
of neuronal calcium channels and their selective modulators. Trends Neurosci., 11: 431-
438.

Tsien, R.W., Ellinor, P.T. and Horne, W.A. (1991). Molecular diversity of voltage-dependent
Ca®* channels. TIPS, 12: 349-354.

Turner, P.R., Westwood, T., Regen, C.M., Steinhardt, R.A. (1988). Increased protein
degradation results from elevated free clcium levels found in muscie from mdx mice.
Nature, 33§: 735-38.

Uehara, A. and Hume, J.R. (1985). Interactions of organic calcium channel antagonists with
calcium channels in single frog atrial cells. J. Gen. Physiol., 85: 621-647.

Vighy, P.L., Johnson, J.D., Matlib, M.A., Wang, T. and Schwartz, A. (1982). Selective
inhibition of Na*-induced Ca®* release from heart mitochondria by diltiazem and certain
other Ca** antagonist drugs. J. Biol. Chem., 25: 6000-6002.

Valdivia, H. and Coronado, R. (1990). Internal and external effects of dihydropyridines in the
calcium channel of skeletal muscle. J. Gen. Physiol., 95: 1-27.

Van Der Kloot, W. (1969). The steps between depolarization and the increase in the respiration



175
of frog skeletal muscle. J. Physiol. (London), 204: 551-569.

Van Der Kloot, W. and Kita, H. (1975). The effects of the "calcium-antagonist™ verapamil on
muscle action potentials in the frog and crayfish and on neuromuscular transmission in
the crayfish. Comp. Biochem. Physiol., 50C: 121-125.

Vaughan Williams, E.M. (1959). A method of mounting micro-electrodes for intracellular
recording from contracting muscle. J. Physiol. (London), 147: 3 P.

Vergara, J. and Delay, M. (1986). A transmission delay and the effect of temperature at the
triadic junction of skeletal muscle. Proc. R. Soc. Lond. Ser. B. Biol. Sci., 229: 97-110.

Vergara, J., Rapoport, S.1I. and Nassar-Gentina, V. (1977). Fatigue and post tetanic potentiation
in single muscle fibres of the frog. Am. J. Physiol., 232: C185-C190.

Vergara, J., Tsien, R.Y. and Delay, M. (1985). Inositol [1,4,5]-trisphosphate: a possible
chemical link in excitation-contraction coupling in muscle. Proc. Natl. Acad. Sci. USA,
82: 6352-6356.

Viires, N., Pavlovic, D. and Aubier, M. (1991). Multiple effects of Bay K8644 and nifedipine
on isolated diaphragmatic fibres in vitro. Am. J. Physiol., p. 841-846.

Villereal, M.L. and Jamieson, G.A. (1988). Epidermal growth factor stimulates calcium influx
via voltage-sensitive calcium channels in cultured human fibroblasts. J. Cell Biochem.,
159 (Suppl. 12A): abs.

Vilven, J. and Coronado, R. (1988). Opening of dihydropyridine calcium channels in skeletal
muscle membranes by inositol trisphosphate. Nature, 336: 587-589.

Volpe, P., Salviati, G., Divirgilio, F. and Pozzan, T. (1985). Inositol [1,4,5)-trisphosphate
induces calcium release from sarcoplasmic reticulum of skeletal muscle. Nature London,
316: 347-349.

Vos, E.C. and Frank, G.B. (1972a). The threshold for potassium-induced contractures of frog



176

skeletal muscle. Potentiation of potassium-induced contractures by pre-exposure to
subthreshold potassium concentrations. Can. J. Physiol. Pharmacol., 50: 37-44.

Vos, E.C. and Frank, G.B. (1972b). Events occurring in the region of the wreshold for
potassium-induced contractures of frog skeletal muscle. Changes in elasticity and oxygen
consumption. Can. J. Physiol. Pharmacol., 50: 179-187.

Walsh, K.B., Bryant, S.H. and Schwar.z, A. (1986). Effect of calcium antagonist drugs on
calcium currents in mammalian skeletal muscle fibres. J. Pharmacol. Exp. Ther., 236:
403-407.

Walsh, K.B., Bryant, S.H. and Schwartz, A. (1988). Action of diltiazem on excitation-
contraction coupling in bullfrog skeletal muscie fibres. J. Pharmacol. Exp. Ther., 24S:
531-536.

Wang, T., Tsai, L.I. and Schwartz, A. (1984). Effects of verapamil, diltiazem, nisoldipine and
felodipine on sarcoplasmic reticulum. Eur. J. Pharmacol., 100: 253-261.

Weiss, G.B. and Bianchi, C.P. (1965). The effect of potassium concentration on Ca* uptake in
frog sartorius muscle. J. Cell. Comp. Physiol., 65: 385-392.

Williams, J.H. (1990). Effects of low calcium and calcium antagonists on skeletal muscle
staircase and fatique. Muscle and Nerve, 13: 1118-1124.

Williams, J.H. and Barnes, W.S. (1989). The positive inotropic effect of epinephrine on skeletal
muscle: A review. Muscle and Nerve, 12: 968-975.

Williams, J.S., Grupp, L.L., Grupp, G., Vaghy, P.L., Dumont, L., Sczartz, A., Yatani, A.,
Hamilton, S. and Brown, A.M. (1985). Profile of the oppositely acting enantiomers of
the dihydropyridine 202-791 in cardiac preparations: Receptor  binding,
electrophysiological and pharmacological studies. Biochem. Biophys. Res. Commun.,

131: 12-21.



177
Williams. J.H. and Ward, C.W. (1991). Dihydropyridine effects on skeletal muscie fatigue. J.

Physiol. (Paris), 85: 235-238.

Winegrad, S. (1965). Autoradiographic studies of intracellular calcium in frog skeletal muscle.
J. Gen. Physiol., 48: 455-479.

Winegrad, S. (1970). The intracellular site of calcium activation of contraction in frog skeletal
muscle. J. Gen. Physiol., §5: 77-88.

Yamaguchi, D.T., Hahn, T.J., Kiien, A.l, Kieeman, C.R. and Muallem, S. (1987).
Parathyroid hormone-activated calcium channels in an osteoblast-1 ike clonal osteosarcoma
cell line. J. Biol. Chem., 262: T711-7718.

Yatani, A., Brown, A.M., and Schwariz, A. (1986). Bepridil block of cardiac calcium and
sodium channels. J. Pharmacol. Exp. Ther., 237: 9.

Yatani, A., Codina, J., Imoto, Y., Reeves, J.P., Birnbaumer, L. and Brown, A.M. (1987). A
G-protein directly regulates mammalian calcium channels. Science, 238: 1288-1292.

Yatani, A., Imoto, Y., Codina, J., Hamilton, S.L., Brown, A.M. and Birnbaumer, L. (1988).
The stimulatory G-protein of adenylate cyclase, G,, also stimulates dihydropyridine-
sensitive Ca** channels: Evidence for direct regulation independent of phosphorylation
by cAMP-dependent protein kinase or stimulation by a dihydropyridine agonist. J. Biol.
Chem., 263: 9887-9895.

Zachar, J. (1971). Electrogenesis and contractility in skeletal muscle cells. University Park
Press, Baltimore and London.

Zacharova, D. and Zachar, J. (1967). The effect of external calcium ions on the excitation-
contraction coupling in single muscle fibres of the crayfish. Physiol. Bohemolov., 16:
191-207.

Zernig, G. and Glossmann, H. (1988). A novel 1,4-dihydropyridine-binding site on



178

mitochondrial membranes ..om guinea-pig heart, liver and kidney. Biochem. J., 253:
49-58.
Zot, A.S. and Potter, J.D. (1987). Structural aspects of troponin-tropomyosin regulation of

skeletal muscle contraction. Ann. Rev. Biophys. Biophys. Chem., 16: 535-559.



