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ABSTRACT

. | Beside its traditional hypercalcaemic action, parathyroid hormone (PTH) also
produces vasodilatory and cardiotonic effects which are extracellular calcium
dependent. In addition, P’I‘H has been reported to affect the transmembrane calcium
movement in synaptosomes obtained from rat brain. The occurrence of PTH-like
immunoreactivity has also been demonstrated in the central nervous system (CNS).
Therefore, this endogenous circulating peptide may play an important role in the
modulation of voltage- and time-dependent calcium channels (VDCC) in both the
cardiovascular and nervous systems.

In the present study the whole-cell version of the patch clamp technique was
used to identify the two types of VDCC in three cell preparations. The separation
of the transient (T) channel current from the long-lasting (L) one was achieved in
NIE-115 cells by the use of different culture media. In this way, predominant]y. T
or L channel currents could be expressed selectively. In rat tail artery smooth muscle
cells, T and L channel currents were identified. Their existence had not been
previously reported in cells from this particular vessel. The two types of VDCC in
neonatal rat ventricular myocytes were also characterized in detail in order to extend
our knowledge of this cell preparation.

The active synthetic bovine PTH peptide, bPTH-(1-34), used in the present
study was demonstrated to have no effect on T channel currents in these three cell

preparations. However, bPTH-(1-34) inhibited L channel currents in N1E-115 cells



and rat tail artery smooth muscle cells without any change in the normalized
conductance curve, while L channel currents in neonatal rat ventricular myocytes
were enhanced with a negative shift in the normalized conductance cuive. These
effects of bPTH-(1-34) were concentration-dependent.  An inactivated (oxidized)
preparation of bPTH-(1-34) had no effect on L channel currents in N1E-115 cells.
bPTH-(3-34), by itself, had no effect on L channel currents in vascular smooth
muscle or ventricular muscle cells. However, pretreatment of cells with bPTH-(3-34)
abolished the effect of subsequently applied bPTH-(1-34) on L channel currents.
The kinetics of L channel currents were not changed by bPTH-(1-34) in vascular
smooth muscle cells or N1E-115 cells. However, bPTH-(1-34) decreased the rate of
activation and bPTH-(3-34) increased the rate of inactivation of L channel currents
in ventricular myocytes. The exposure of these myocytes to bPTH-(3-34) prior to the
application of bPTH-(1-34) also eliminated the changes in the activation rate of L
channel currents induced by bPTH-(1-34). Wash-out studies revealed that the effect
of bPTH-(1-34) on L channel currents was reversible within 5 min in vascular smooth
muscle cells but not in ventricular myocytes. The effects of bPTH-(1-34) on the
contraction of single vascular smooth muscle cells and ventricular myocytes were also
studied. bPTH-(1-34) inhibited KCl-induced coniraction of single smooth muscle
cells but resulted in contraction in ventricular myocytes. These results of the effects
of bPTH-(1-34) on cell contraction further suggest the functional relevance of bPTH-
(1-34) effect on L channel currents observed in patch clamp studies.

It was also found, in the present study, that dibutyryl cAMP (db-cAMP), when

applied to the bath solution, mimicked the effects of bPTH-(1-34) on L channel



currents in both smooth muscle cells and ventricular myocytes. Sequential
application of db-cAMP and bPTH-(1-34) did not lead to a synergistic increase in L
channel currents in ventricular myocytes, or a synergistic decrease in smooth muscle
cells. The lack of the synergistic effects of dbo-cAMP and bPTH-(1-34) indicated that
these two agents acted. on the same final sites. Furthermore, the intracellular
infusion of 100 pM Rp-cAMPs, a cAMP antagonist, prior to the application of
bPTH-(1-34) totally abolished the <ffects of bPTH-(1-34) on L channel currents in
both vascular smooth muscle cells and ventricular myocytes.

PTH is the first identified endogenous peptidergic VDCC modulator which
has opposite effects on L channel currents in vascular smooth muscle cells and

ventricular myocytes.

Specific Aims

1. Characterization of voltage-dependent calcium channel currents in
neuroblastoma cells, vascular smooth muscle cells and ventricular myocytes

(Chapters 3,4,5).



2. Investigation of the effects of PTH on voltage-dependent calcium
channel currents in neuroblastoma cells, vascular smooth muscle cells and ventricular

myocytes (Chapters 6,7,8,9).

3. Delineation of the mechanisms of PTH effects on voltage-dependent
calcium channel currents in vascular. smooth muscle cells and ventricular myocytes,
especially the role of cAMP in the modulation of PTH effects on voltage-dependent

calcium channel currents (Chapter 10).
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CHAPTER 1

Introduction and Literature Review

Ion channels are macromolecules which span the plasmalemma to provide
an aqueous route for the passage of ions. The charged character of ions would
otherwise prohibit their movement through the membrane’s lipid environment. lon
flux through such channels is a passive process, which requires only that channels
are open for ions to descend electrochemical gradients into or out of the cell. At
least three types of changes can open ion channels, i.e. changes in membrane
potentiai (voltage-dependent channels); occupation of channel-associated receptors
by drugs, neurotranmitters, or hormones (receptor-operated channels); or changes
in the surface area of the cell membrane (stretch-activated channels).

Among the most widely distributed and important ion channels, voltage- and
time-dependent Ca*™ channels, which are referred to as calcium channels in this
thesis, are activated by membrane depolarization. Multiple types of calcium
channels have been identified in different excitable and non-excitable cells. The
criteria for classifying calcium channels are the single-channel properties, voltage-
and time-dependence, ionic selectivity and pharmacological sensitivity.

The pharmacological modulation of calcium channels by synthetic

compounds is very important in both their characterization and purification, and
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therapeutic use. In addition, the modulation of these channels by endogenous
hormones and neurotransmitters plays a pivotal role in many important
physiological processes. Recently, it has been demonstrated that endogenous agents
can increase or decrease calcium channel currents in various excitable cells. Many
facets of the modulation of calcium channels by these endogenous agents, such as
the channel specificity, tissue selectivity and the role of second messengers, have not
been completely elucidated.

Multiple target tissues of parathyroid hormone (PTH) have been identified.
In addition to bone, kidney and gut, vascular smooth muscle and cardiac muscle can
also respond to PTH (see review by Mok er al., 1989a). Althongh it has been
suggested that PTH-induced cardiovascular effects are mediated, at least partly, by
the influx of calcium ions (Pang er al., 1988a; Bogin et al., 1981), direct
electrophysiological evidence at the single cell level is not available. Both the
cardiovascular effects of PTH and activities of calcium channels in myocardial cells
have been shown to be modulated by cAMP. It is, therefore, important to
determine whether cAMP mediates the cardiovascular effects of PTH and the
modulation of calcium channels.

In this chapter, the classification of calcium channels in neurons, vascular
smooth muscle cells and cardiac myocytes, the cardiovascular and neuronal effects
of PTH and its underlying mechanisms, and the role of cAMP in the mediation of
calcium channels and PTH effects are reviewed. Extending from this literature

review, the objectives of this thesis are stated.



1. Voltage-dependent calcium channels
1.1. Neuronal cells
1.1.1. Classification of calcium channels

Muiltiple subtypes of calcium channels have been identified in neurons
(Bossu et al.,1985; Nowycky et al., 1985; Penner and Dreyer, 1986; Fox er al.,1987).
In neurones of the dorsal root ganglion (d.r.g.) (Nowycky er al., 1985), three types
of calcium channels have been reported. Long-lasting (L) channels are activated
by strong depolarizations, inactivate slowlyand are highly sensitive to Cd**. Ba**
is more permeable than Ca** through L type calcium channels. In contrast, the
transient (T) channels are activated by weak depolarizations, inactivate quickly and
are less affected by Cd**. The T channel has a similar permeability to Ba** and
Ca**. A third type of calcium channel, the neuronal (N) channel, differs from L
channels since this macroscopic current is transient inactivated as well as resistant
to modulation by dihydropyridines. The N channel differs from T channels in that
it is activated by strong depolarizations and blocked by a low concentration of
Cd**. N channels are present only in certain neurones, and are localized at motor
nerve terminals, cell bodies and growth cones of sympathetic neurons. L channels,
however, are predominantly localized on cell bodies (Tsien et al., 1988). In
sympathetic neurons, such as rat superior cervical ganglion neurons and bullfrog
sympathetic neurons, only N and L channels are identified. T channel currents are
suggested to be absent (Miller et al., 1988).

Different types of calcium channels can also be distinguished by their
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pharmacological sensitivities. L channel currents are sensitive to dihydropyridines,
such as nifedipine and Bay K-8644. However, relative high concentrations of
dihydropyridines are needed to affect neuronal L channels as compared to other
tissues (Miller er al., 1988). @-CT, (conotoxin) can block both N and L channels
in neurons.  However, N channels are peculiar in their insensitivity to
dihydrop).'ridines and sensitivity to Cd**, respectively (Dascal, 1990). Traditionally,
T channels were believed to be resistant to dihydropyridines. However, felodipine
has been reported to block both T and L channels (Van Skiver ez al.,1989). Other
agents used to block neuronal T channel currents include 1-octanol (Llinas, 1988),
amiloride (Tang et al., 1988), chlorpromazine (Ogata and Narahashi, 1990) and
nicergoline (Takahashi and Akaike, 1990).

Using the patch clamp technique (Hamill er al., 1981), Narahashi er al.
(1987) demonstrated the existence of two types of calcium channels in
neuroblastoma NIE-115 cells. One advantage in using N1E-115 cells is the easy
electrophysiological separation of the T channel currents from the L channel
currents. Hence, NI1E-115 cells represent a useful model for studying different
types of calcium channels, and examining the effects of drugs and hormones in a
homogeneous system where biochemical, physical and electrophysiological
measurements can be correlated (Freedman et al., 1984a; Quandt and Narahashi,
1684). NI1E-115 cells contain tyrosine hydroxylase which catalyses the formation of
L-Dopa, the first step in norepinephrine synthesis (Amano et al., 1972). In this

regard, N1E-115 cells (Tsunoo er al.,1986) can be utilized as a model to study the
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effects of PTH or other hormones and drugs on neurotransmitter release from

nerve terminals.

1.1.2. Physiological functions of calcium channels in neurons

One of the most important roles of Ca** channels in neural cells is to
provide .a route for the entry of Ca** into nerve terminals to effect
neurotransmitter release. Neurotransmitter release is specifically dependent on
Ca™* entry rather than on depolarization alone (Zucker and Lando, 1986).
Ultrastructural studies of the neuromuscular junction have indicated that
neurotransmitter vesicles are arranged along specialized regions (active zones) of
the presynaptic membrane, which contain electron-dense particles (Atwood and
Lnenicka, 1986). It has been proposed that active-zone particles represent
voltage-dependent Ca™* channels (Pumplin er al., 1981).

N and L channels both require relatively strong depolarizations for opening
and may be considered as contributors to "high-voltage-activated” neuronal functions
such as d'endritic spiking or neurotransmitter release.

Dihydropyridine-sensitive L channels are found in all neurons. Their voltage
dependency and kinetics seem well-suited for transforming the time integral of
membrane depolarization into an intracellular Ca** signal for triggering the cellular
response. One example of such voltage-response transduction is the release of
substance P from d.r.g.neurons (Rane et al., 1987).

The distribution of N channels has received less attention than the
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distribution of the other types of calcium channels since the discovery of this
channel is relatively recent. Nevertheless, available data is consistent with the
hypothesis that the expression of N-type channels may be limited to neuronal or
neurone-like membranes. Hence, N channels possess the properties of Ca* ™ entry
pathways underlying transmitter release from sympathetic neurones (Hirning et al.,
1986), motor nerve terminals (Quastel et al.,1986) and synaptosomes (Reynolds ez
al., 1986).

T channels are found along with L channels in a wide variety of neurons.
The voltage-dependence of T channels makes them a logical candidate for
generation of spontaneous depolarizations and for rebound excitation following
strong hyperpolarization. In addition, T channel activation may be important in
determining basal levels of hormone secretion (Cohen and McCarthy, 1987) and for
initiating near-threshold membrane phenomena, e.g.speeding up depolarization to
threshold after neuronal hyperpolarization (Yaari er al., 1986). The resting
potential of NI1E-115 cells ranges from -35 to -55 mV (Moolenaar and Spector,
1978) which is the voltage range of activation for T channels, so that T channels
probably activate near the resting potential of the cell. In some neurons, the T
channels contribute more than L channels to the total Ca** currents moving

through the cell membrane (Carbone and Lux, 1986).

1.1.3. Effects of neuropeptides and hormones on calcium channels in neurons

In neuronal preparations, enhancement of the inward Ca** current has been
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observed in response to peptides such as substance P (Murase er al., 1986),
calcitonin and calcitonin gene-related peptide (Nohmi er al., 1986). A variety of
excitatory amino acids, including putative neurotransmitters, have also been shown
to stimulate Ca** influx into brain slices and cultured neurons (Berdichevsky er al.,
1983; Wroblewski et al., 1985), although it remains unclear whether the Ca**
channel(s) that mediate these effects are voltage-dependent. Other
neuromodulators inhibiting calcium channels include dopamine (Paupardin-Tritsch

et al., 1985; Marchetti er al., 1986), serotonin (Dunlap and Fischbach, 1981),
gamma-amincbutyric acid (GABA) (Dunlap and Fischbach, 1981), the kappa-opioid

peptides dynorphin and neoendophin (Werz and MacDonald, 1985a), somatostatin

(Dunlap and Fischbach, 1981; Tsunoo et al., 1986), adenosine (Macdonald er al.,
1986) and prostaglandin E, (Mo et al., 1985). The inhibition was reported to be
specific for L channels in NG108-15 cells by somatostatin (Tsunoo er al., 1986), for
N channels in hippocampal neurons by adenosine (Madison et al., 1987), and for
T channels in Aplysia neurons by FMRF amide (Kramer er al.,1988). However, in
chick d.r.g.neurons the inhibition of T and L channels by dopamine has also been
observed (Marchetti et al., 1986).

The most completely understood transmitter effect isan inhibition of calcium
current in sensory neurons produced by «-adrenergic agonists (Dunlap and
Fischbach, 1981), an effect that probably underlies a form of adrenergic presynaptic
inhibition. Norepinepherine inhibited both T and L channel currents in d.r.g.

neurons (Bean, 1989a).
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Monosynaptic facilitation of transmitter release has been found in many
synapses (Hoshi er al.,1984). One possible mechanism for this synaptic facilitation
is that a specific calcium channel, i.e. facilitation calcium channel, is activated by
pre-depolarizations. Due to the inaccessibility of most presynaptic terminals,
studies of facilitation calcium channels have been carried out in some cases in
neurosecretory cells such as chromaffin cells (Artalejo er al., 1990). In bovine
chromaffin cells, Artalejo et al. (1990) have suggested that the release of dopamine
activates the D, receptor which in turn activates adenylate cyclase. The resulting
increase in CAMP activates protein kinase A which in turn activates facilitation
calcium channels. This cascade of events may form a positive feedback mechanism
which augments catecholamine release. This data suggests that in some cells of
neuronal origin facilitation calcium channels exist in addition to regular calcium
channels. These neuronal facilitation calcium channels may be modulated by

physiological stimuli in order to regulate the level of cell activation.

1.2 Vascular smooth muscle cells
1.2.1. Classification of calcium channels

In smooth muscle cells, calcium influx through the voltage-dependent calcium
channels plays an essential role in the regulation of excitation-contraction coupling
(Yoshino and Yabu, 1985; Droogmans and Callewaert, 1986). As early as 1969,
Anderson began to analyze inward calcium current in uterine smooth muscle strips.

Since then, our knowledge of calcium channels has expanded due to research using
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different types of multicellular smooth muscle tissues and voltage clamp techniques.
However, spatial non-homogeneity of voltage control during a clamp step as well
as the presence of a complex and large outward potassium current in the above
tissues impeded studies of the voltage-dependent calcium channels in smooth
muscle cells. The combination of the patch clamp recording technique (Hamill er
al.,1981) with single smooth muscle cell isolation techniques has removed some of
these obstacles. As a result, it has become clear that there are two types of calcium
channels coexisted in same smooth muscle cells, each with distinct features (Reuter,
1985).

Both T and L types of calcium channels have been identified in different
vascular smooth muscle cells, such as those from mesenteric artery (Bean et al.,
1986; Ohya and Sperelakis, 1989), ear artery (Benham er al., 1987b) and portal vein
(Ohya et al., 1988). However, L channels are still the main population of calcium
channels in vascular smooth muscle cells, and are more important than T channels
under physiological conditions (Ohya and Sperelakis, 1989). Using the patch clamp
technique, Toro et al. (1986) recorded only K* channel curreats but not any inward
currents in rat tail artery smooth muscle cells. These authors suggested the absence
of Ca** channels in this cell preparation. This report differs from the hypotheses
of other investigators since the results from tension assays and **Ca** uptake in this
tissue suggested the existence of calcium channels (Pang et al., 1985b, 1988a).

Bolton er al. (1985) have demonstrated the inward Ca*™* current in

whole-cell recording in guinea-pig and rabbit mesenteric artery smooth muscle cells,
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but they failed to demonstrate the existence of single calcium channel currents using
inside-out patch configuration. This is in agreement with the observation made by
Ohya et al. (1987) in which T-type Ca*™* channels retained their functional activity
in isolated membrane patches, whereas, L-type calcium channels deteriorated
rapidly.

To recapitulate, the presence of two kinds of Ca** channels has been
established in vascular smooth muscle cells. T channels have a smaller population
than do L channels. Different from neurons, a faster inactivation of L channel
currents is often observed in vascular smooth muscle cells. The current densities
of both T and L channels are smalier in vascular smooth muscle zells than in
neurons or cardiac muscle cells. Therefore, the recording of these smooth muscle
calcium channel currents is more difficult. The stability of Ca™™* currents differs in
various smooth muscle cells. Comparisons between results of cell-attached and cell-
free patch clamp recordings reveal that the "run down” of calcium currents in
smooth muscle cells is also due to a loss of some components of the biochemical

machinery of the cell interior, which keeps calcium channels active.

1.2.2. Physiological functions of calcium channels

The diversity of Ca** channels in smooth muscle cells may correspond to a
variety of cell functions. Sustained (L-type) Ca™™ channels probably supply Ca**
for contractile protein activation and intracellular storage sites, especially in

resistance arteries (van Breemen et al.,1987; Goldman et al.,1989). Different types
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and ratios of Ca** channels may, thus, be present in various smooth muscle cells
and account for their excitation-contraction coupling characteristics (Sturek and
Hermsmeyer, 1986). The function of T channels in vascular smooth muscle cells
is, to date, not clear. Smooth muscle cells of larger blood vessels do not generate
an action potential when they are depolarized. However, when an excitatory
junction potential exceeds the threshold in response to nerve stimulation, action
potentials can be elicited in smooth muscle cells of small arteries, such as the rabbit
ear artery (Droogmans et al.,1977). Both T and L channels may contribute to the

generation of action potentials in vascular smooth muscle cells.

1.2.3. The modulation of calcium channels by hormones and neurotransmitters.

The best known examples of endogenous modulators of calcium channels are
noradrenaline (NA) and endothelin.

In rabbit ear artery smooth muscle cells, NA increased L channel currents
in a concentration- and time-dependent manner. This effect of NA is reversible
and not mediated by a- or B- adrenoceptors. The inclusion of GTP in the pipette
solution enhanced the effect of NA on L channel currents. G proteins may be the
coupling factor between the binding of NA and the increase in L channel currents
(Benham and Tsien, 1988). The increase of calcium channel currents in single
smooth muscle cells from rabbit mesenteric artery by NA was further confirmed at
the singie channel level (Nelson e al., 1988). However, Droogmans et al. (1987)

reported that NA inhibited L channel currents in the same cell preparation and
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under the same e;;perimental conditions as in the report by Benham and Tsien
(1988). This inhibition of L channel currents by NA was explained as an activation
of a,-receptors. The reason for the difference between these results has still not
been resolved.

Endothelin, a twenty-one amino acid peptide, is, thus far, the most potent
naturally occurring vasoconstrictor (ECs, = 4 x 107° M) to be identified
(Yanagisawa et al., 1988). Results from patch clamp studies (Goto er al., 1989;
Silverberg er al., 1989) indicated that endothelin activated voltage-dependent
calcium channels in vascular smooth .muscle cells. In smooth muscle cells from
guinea-pig portal vein, endothelin enhanced both the nifedipine-sensitive and
resistant calcium channel currents (Inoue ef al.,1990). Interestingly, endothelin-
induced augmentation of calcium channel currents required a period of more than
5 min after the addition of the peptide to the bath for full development.
Furthermore, wash-out did not fully reverse the endothelin effect. In addition,
intracellular application of endothelin was less potent in increasing calcium channel
currents than was extracellular application. These observations lead Inoue et al.
(1990) to suggest that the effect of endothelin on calcium channels was mediated
by second messengers. The stimulation of protein kinase C was proposed as one
possible mechanism (Resnik er al., 1988). Forder et al. (1985) reported that the
activation of protein kinase C led to the contraction of vascular smooth muscle cells
by increasing calcium permeability. In contrast, other studies indicated that the

activation of protein kinase C inhibited calcium channels. For example, inward
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calcium channel currents in the A7r5 cell line from an embryonic rat aortic muscle
was inhit;ited by 10 nM vasopressin (Galizzi er al., 1987). The mechanism
underlying the vasopressin effect was postulated to be the following: vasopressin
activates phospholipase C which catalyses the formation of diacylglycerol; protein

kinase C is subsequently activated.

1.3. Calcium channels in myocardial cells
1.3.1. Classification of calcium channels

The first description of an L type calcium channel in cardiac tissue was
published in 1967 by Reuter. Since the sucrose gap method was the best available
technique at that time, the calcium conductance in cardiac tissue was simply
described as a single population of channels. In 1985, Nilius and co-workers
reported two types of voltage-dependent calciurp channels in cardiac cells. The
identification of T and L channels was confirmed using the whoie-cell version of the
patch clamp technique (Bean, 1985; Mitra and Morad, 1986). The dinydropyridine-
sensitive L channels are the predominant component in adult cardiac myocytes.
The cardiac T channel is not sensitive to dihydropyridine, but has been reported to
be sensitive to nickel and tetramethrin (Hagiwara er al., 1988). The relative
magnitude of the T current is small in adult ventricular cells, larger in atrial cells,
and largest in natural pacemaker cells (Tsien er al.,1987a, b). However, a larger
populatioﬁ and density of T channels than L channels has been reported in

embryonic chick ventricular myocytes (Kawano and DeHaan, 1990). T and L
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channel currents have different densities in different tissues. In addition, the
steady-state inactivation of L channels is different in vascular smooth muscle and
cardiac muscle cells. When the holding potential was shifted from -80 to -40 mV,
the L channel current was inactivated by approximately 50% in smooth muscle cells
but less than 10% in atrial cells (Bean, 1989a, b). The dihydropyridine sensitivity
of L channel currents is also different in cardiac cells and neurons. The peak of the
I-V relationship of L channels was shifted toward the negative direction by Bay K-
8644 in cardiac cells, but not in neurons (Wang et al., 1990a).

The third type of calcium channel was discovered by Rosenberg and Tsien
(1987) in cardiac sarcolemmal membranes. This channel opened at the normal
resting potential. Later, this background calcium conductance or B channel was
confirmed using the single channel recording technique in adult rat ventricular
myocytes (Coulombe et al., 1989). B channel currents were only detected at
negative potentials. This channel was not sensitive to inorganic blockers, such as

cobalt, cadmium or nickel. Bay K-8644 increased B channel currents.

1.3.2. Physiological function of calcium channels

Calcium currents appear to be highly significant for the generation of the
latter part of diastolic depolarization and the upstroke of the action potential in the
mammalian sinoatrial nodal preparation (Noma et al.,1983). The initial phase of
the pacemaker potential is generated mainly by a decaying conductance of the

delayed K* current but the latter phase is produced by an activation of T channel
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currents. It is also hypothesized that an increase in L channel currents but not T
channel currents triggers the upstroke of action which is responsible for the
isoproterenol induced positive chronotropic action (Hagiwara ef al., 1988). Since
T channels have not been found in the majority of adult ventricular myocytes, it is
suggested that T channels are not essential for the normal working myocardium.

B channel currents might be important for the resting calcium influx.

1.3.3. The modulation of calcium channels by hormones and neurotransmitters

B-.adrenergic agonists enhance the calcium current in cardiac muscle cells
(Reuter, 1967) and this effect is directly involved in the increased rate and strength
of the heart beat that is produced by sympathetic stimulation.

Isoproterenol, a B-adrenergic agonist, enhances the high-threshold and low-
threshold calcium channel currents in guinea pig ventricular myocytes (Mitra and
Morad, 1986). It is known that the formation of the transmitter- f-receptor complex
activates adenylate cyclase, which in turn increases cAMP content. Then, cAMP
phosphorylates a channel protein through cAMP-dependent protein kinase, and
opens channels (Tsien et al., 1986).

Using whole-cell recording, Binah et al. (1987) found that thyroid hormone
increased calcium channel currents in guinea pig ventricular myocytes. It is not
known whether this effect is induced by direct action of thyroid hormone on the
channel protein, or indirectly via an intracellular second messenger.

The enhancement of calcium channel currents by histamine was
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demonstrated in guinea pig ventricular myocytes (Hescheler et al., 19872). A
mechanism of cAMP-dependent phosphorylation of calcium channels was suggested
to be responsible since the effect of histamine could be abolished by Rp-cAMPs,
a blocker of the cAMP-dependent protein kinase.

Ono et al. (1989) reported that calcitonin gene-related peptide enhanced
calcium currents in frog and rabbit atrial myocytes. This effect was reversible and
mediated' by cAMP. A novel endogenous peptide with a low molecular weight,
isolated and purified from rat brain, increased L channel currents in guinea pig

ventricular myocytes (Callewaert et al., 1989).

2. The cardiovascular effect of PTH and the underlying mechanisms

2.1. The hypotensive effect of PTH

Although the hypercalcemic effect of PTH has been studied in detail and
firmly established, another important action of PTH, i.e. PTH-induced
cardiovascular effect, has not been widely recognized until recently. The
hypotensive and vasodilatory action of PTH was initially reported by Collip and
Clark in 1925, and then by Handler and Cohn in 1952, and Charbon in 1966. After
a series of carefully designed and executed experiments, Pang and his co-workers
(1988a), as well as other investigators (see review by Mok et al., 1989a),
demonstrated that PTH was indeed a vasodilator. This statement is supported by
several lines of evidence. 1) PTH induced hypotension could be elicited in many

different species of vertebrates including rat, dog, fish, bullfrog, water snake,
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chicken (Pang er al., 1980a, b) and cat (Lepak et al., 1987). 2) The hypotensive
action isgproperty of the PTH molecule itself rather than some contaminant (Pang
et al., 1985a). 3) The action of PTH produces a direct effect on blood vessels,
which is not mediated by other vasoactive substances such as histamine or
acetylcholine (Pang er al.,1980a; Yang et al.,1981), nor by adrenergic mechanisms
(Pang et al.,1981). The vasoactive effect of PTH is, in addition, not dependent on
an intact endothelial cell layer (Pang ez al., 1985b). 4) PTH is more effective in
relaxing resistance-type vessels than conduit vessels. Rat tail artery (Pang ef al.,
1985b) and dog coronary artery (Crass and Pang, 1980) were very sensitive to PTH,
while the rat and rabbit aortae were rather insensitive (Pang et al., 1984). S) The
vasodilatory action of PTH isrelated to the structure of this peptide molecule (Pang
et al., 1985a). The amino acids of PTH in positions 1 (serine/alanine for
human/bovine) and 2 (valine) are essential for the vascular action of PTH.
Hydrogen peroxide oxidation essentially destroyed the vascular action of PTH
(Kenny and Pang, 1982). 6) The effect of PTH on blood pressure is not secondary
to decreased cardiac output (Berthelot and Gairard, 1975), since PTH, by itself,
increased cardiac output. Wang er al. (1984) reported that bovine PTH [bPTH-(1-
34)] decreased arterial blood pressure and total peripheral resistance, and increased
cardiac output in a concentration-dependent fashion.

Further studies by Pang et al. (1988a) demonstrated that PTH could act as
a calciurp entry blocker in vascular tissues. In rat tail artery tension studies,

bPTH-(1-34) inhibited the vasoconstriction produced by 60 mM KCI. KCl has been
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shown to produce depolarization of vascular smooth muscle cells and thereby open
the voltage-dependent calcium channels in the membrane. In the presence of
bPTH-(1;34), the tissue contraction stimulated by Bay K-8644 was significantly
reduced. Bay K-8644 is a specific agonist of the long-lasting type of calcium
channels. Furthermore, bPTH-(1-34) significantly decreased the KCI-stimulated
%Ca** uptake in the rat tail artery tissues. The effects of PTH in these two assays

were extracellular calcium dependent and could be mimicked by D-600, a known

calcium entry blocker (Pang et al., 1984).

2.2. The cardiac effect of PTH

Using isolated spontaneously beating rat right atria, Tenner et al. (1983)
found that bPTH-(1-34) produced a concentration-dependent increase in beating
rate. Prior to any significant chronotropic response, an increase in cAMP level
occurred. Bogin et al. (1981) indicated that both bPTH-(1-34) and bPTH-(1-84)
produced an immediate and sustained significant rise in beat frequency in isolated
rat heart cells after 2 days of culture. They also reported that the PTH effect
appeared to be due to the augmentation of calcium entry into heart cells. The
evidence was as follows: 1) the calcium ionophore A23187 stimulated the heart cell
beating rate in a manner that was similar to the stimulation produced by
bPTH-(1-34); 2) the subsequent addition of bPTH-(1-84) to medium already
containing verapamil, a blocker of calcium channels, did not produce stimulation

of heart cells. When verapamil was added to PTH-stimulated heart cells, the
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beating rate declined within 1 min to the original baseline values. These
observations are similar to those of Larno er al. (1980) who used rat myocardial
cells cultured for 8 days. In addition to the vasodilation of canine vascular beds,
PTH also induced a positive chronotropic effect in Nickols and Cline's studies
(1983). In rabbit sinus node cells and guinea pig papillary muscles, Kondo er al.
(1988) reported that bPTH-(1-34) had a positive inotropic effect, which was
abolished by verapamil, a low calcium medium (0.12 mM), or methoxyverapamil
(Katoh er al., 1981). In voltage clamp experiments using the single sucrose-gap
method, bPTH-(1-34) caused an increase in the peak amplitude of the slow inward
current (+37%), while it did not affect the outward current (Kondo et al., 1988).
The interpretation of the above experiments was that PTH could act as a calcium
channel activator in cardiac tissues. Two mechanisms may be responsible for this
effect. First, the hormone may directly enhance calcium inward currents through
voltage-dependent calcium channels. Second, PTH-stimulated cAMP production

may indirectly modulate calcium channel currents.

2.3. The neuronal distribution and function of PTH

The effect of PTH on the calcium channels in neurones has not been
investigated to date. The existence of PTH-like immunoreactivity in brains and
other neural tissues of vertebrates has been demonstrated (Lack er al.,1988; Pang
et al.,1988b, c). However, the role of PTH in the central nervous system (CNS) is

not clear. One possible physiological function of PTH in the CNS might be to serve
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as a neurotransmitter or neuromodulator. By acting on specific PTH binding sites
on the membrane of nerve cells, the peptide might regulate the entry of calcium by
modulating the activities of second messengers or acting directly on calcium
channels. Fraser et al. (1988a,b) showed that Na* gradient-stimulated Ca**
transport was significantly increased by 55% above control values in the presence
of bPTH-(1-34), while bPTH-(3-34) itself had no effect. Although little information
regarding the Na/Ca exchanger in nerve cells is available (Satin, 1984; Nachsen,
1985; DiPolo and Beauge, 1990), it has beer suggested that the Na/Ca exchanger
is not essential in buffering [Ca™*], in normal or elevated resting [Ca**]; in Aplysia
neurons (Levy and Tillotson, 1988). Only under some pathophysiological
conditions, does the role of the Na/Ca exchanger become important in some
neurons (Fraser et al., 1988). In light of these reports, the contribution of the
Na/Ca exchanger to the PTH-mediated transmembrane movement of calcium
appears to be small under physiological conditions (Somlyo, 1987).

In other excitable cells such as cardiac myocytes, the Na/Ca exchanger is
involved in both calcium influx and efflux (Reuter and Seitz, 1968; Kalix, 1971;
Blaustein- and Oborn, 1975). In nonexcitable cells, the Na/Ca exchanger
participates only in calcium efflux (Barritt, 1982). Calcium entry through Na/Ca
exchanger in cardiac muscle did not affect significantly the rise rate of the normal
[Ca**); transient (Crespo et al., 1990), nor did calcium entry via the Na/Ca
exchanger affect on calcium-induced calcium release from sarcoplasmic reticulum

in cardiac cells under normal conditions (Lederer et al., 1990). However, the
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cardiac Na/Ca exchanger is important in calcium extrusion during repolarization
(Reeves and Hale, 1984; Lipp and Pott, 1988; Giles and Shimoni, 1989; Crespo et
al.,1990). The physiological importance of the Na/Ca exchanger in smooth muscle
cells is controversial. Nabel et al. (1988) reported the existence of a bidirectional
Na/Ca exchanger in cultured rat aortic vascular smooth muscle cells. These
authors suggested that this Na/Ca exchanger seemed to play a role in Ca‘**
homeostasis, especially under conditions of altered intracellular Na* or increased
[Ca*™],. Atnormal resting [Ca* "], levels, the sarcolemmal Ca-pump may be more
important in extruding Ca** from smooth muscle cells. Since the Na/Ca exchanger
is driven by two forces, namely [Ca**], and membrane potential (V ), the increase
in [Ca**];and membrane hyperpolarization willincrease th= net Ca** extrusion by
this co-transporter (Lauger, 1987; Nabel et al., 1988). However, Na/Ca exchange
seems to be insensitive to V, in vascular smooth muscle cells. Hence, Nelson er
al. (1990) speculated that the contribution of the Na/Ca exchanger to the overall

voltage dependence of [Ca™ "], in vascular smooth muscle cells is very small.

In summary, PTH may play an important role in the physiological regulation
of transmembrane movement of calcium. In vascular smooth muscle cells, PTH can
inhibit calcium entry upon depolarization. In cardiac cells, PTH has positive
chronotropic and inotropic effects which could be due to the increased slow inward
calcium current. In neuronal cells, PTH is also involved in the mediation of Ca**

transport.  All the evidence accumulated thus far suggests that PTH might be an
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endogenous calcium channel antagonist in some tissues such as vascular smooth
muscle, or an endogenous calcium channel agonist in other tissues such as cardiac
muscle. By having different effects on calcium channels in various tissues, PTH
may be able to regulate excitation-contraction and stimulation-secretion couplings
and coordinate the activities of different organ systems in our body. However, this
new hypothesis which envisions PTH as an endogenous peptidergic calcium channel

modulator needs direct electrophysiological evidence.

3. Therole of cyclic AMPin the modulation of voltage-dependent calcium channels
and the cardiovascular effect of PTH.

Voltage- and time-dependent calcium channels which are regulated directly
by the binding of a transmitter or a hormone to the channel protein have thus far
not been identified. However, a large body of evidence indicates that the hormonal
modulation of calcium channels is mediated by some second messengers, such as
cAMP and cGMP. Three distinct classes of protein kinases have been shown to
regulate Ca** currents in excitable tissues. They are cAMP-dependent protein
kinase (Tsien, 1983; Sperelakis and Wahlér, 1988), cGMP-dependent protein kinase
(Martins ez al., 1982; Wahler er al., 1990), and Ca**/diacylglycerol-dependent
protein kinase (protein kinase C) (Galizzi et al., 1987; Fish et al., 1988).
Furthermore, the direct action of G proteins on calcium channels has been
demonstrated in more and more cell preparations (Yatani et al., 1987a, 1988;

Loirand et al., 1990). In this brief review, the focus will be on the mediation of
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calcium channels by the cAMP pathway in neurons, smooth muscle cells and

ventricular myocytes.

3.1. The modulation of calcium channel currents by cAMP in neurons, vascular
smooth muscle and myocardial cells.

When Ca*™* currents are measured during internal perfusion of d.r.g.
neurons, the currents decrease with time. This “run-down” of calcium channel
currents can be prevented by including cAMP in the perfusate (Fedulova er al.,
1981), suggesting the existence of a cAMP-dependent modulation of calcium
channels. In addition, cAMP-dependent phosphorylation of calcium channel
proteins has been demonstrated directly in skeletal muscle (Curtis and Catterall,
1985).

Intracellular perfusion of CAMP directly enhanced Ca* ™ current in rat d.r.g.
neurons (Fedulova er al.,1985). Narahashi ef al. (1987) reported that cAMP alone
increased L channel currents and decreased T channel currents in N1E-115 cells.
The increase in calcium channel currents induced by NA in hippocampal granule
neurons (Gray and Johnston, 1987) was also proposed to be regulated by cAMP
because the direct application of a membrane-permeable analogue of cAMP or
forskolin mimicked the action of NA. cAMP-mediated phosphorylation of calcium
channels was also suggested to be involved in the stimulatory action of CGRP on
Ca** currents in rat d.r.g. neurons (Ryu er al., 1988).  Furthermore,

serotonin-induced enhancement of Ca** currents (Kramer er al., 1988) seems to
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result frqm an increase in cAMP (Levitan and Levitan, 1988), which presumably
activates calcium channel proteins (Levitan, 1985).

A rise in CAMP concentration causes relaxation of many types of smooth
muscle including vascular smooth muscle. Four mechanisms for this action have
been postulated, none of which excludes the others. cAMP may decrease the Ca**
available to the contractile proteins through: 1) increased Ca** sequestration into
intracellular storage sites (Mueller and van Breemen, 1979); 2) decreased Ca**
influx (Meisheri and van Breemen, 1982; Abe and Karaki, 1988, 1989); 3) increased
Ca** efflux (Scheid and Fay, 1984); or 4) inhibited myosin light chain kinase
activity (Adelstein er al., 1978; Conti and Adclstein, 1980).  The stimulation of p-
adrenoceptors can increase the cellular content of CAMP in smooth muscle cells
(Biilbring and Tomita, 1969). Further studies by Meisheri and van Breemen (1982)
indicated that isoproterenol and db-cAMP inhibited the “*Ca influx elicited by K-
depolarization in whole smooth muscle tissues of rabbit aorta. Using the patch
clamp technique, Droogmans et al. (1987) reported that 10 uM isoproterenol
inhibited L channel currents in single vascular smooth muscle cells from the rabbit
ear artery. In addition, the presence of cCAMP in the pipette solution was necessary
to inhibit the “run down” of inward currents of calcium channels in rat d.r.g.
neurones (Fedulova et al., 1985), while this was not the case in smooth muscle cells
(Kléckner and Isenberg, 1985b). However, some studies have suggested that
calcium channels in smooth muscle might not be controlled by cAMP (Ohya er al.,

1987a; Tomita, 1988). A direct effect of CAMP on voltage-dependent calcium
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channels,' especially in vascular smooth muscle cells, has not been completely and
convincingly determined. This uncertainty is due to many factors, such as the cell
preparation, the concentration of CAMP and the target protein kinases of cCAMP.
For example, both cAMP- and cGMP-dependent protein kinases can be activated
by cAMP (Lincoln et al., 1990). The activation of the former may result in an
increase in L channel currents while the activation of the latter may lead to the
inhibition of L channel currents. In primary cultured vascular smooth muscle cells,
both of these two protein kinases exist. However, only cAMP-dependent protcin
kinase could be detected in long-term cultured vascular smooth muscle cells
(Lincoln e al., 1990).

Actions of cAMP on cardiac muscle seem to differ from those observed with
smooth muscle (Ohya er al.,1987a). The Ca*™* current is increased by activation
of the cAMP-dependent phosphorylation of the Ca** channel or a closely
associated regulatory protein in cardiac myocytes (Osterrieder er al., 1982; Wahler
et al., 1990). Butyryl derivatives of CAMP increased the slow inward current in
cardiac Purkinje fibres (Tsien et al.,1972), and dibutyryl cCAMP enhanced fluxes of
“Ca** into heart cells (Meinertz er al.,1973). It is known that the activation of
B-adrenergic receptors by B-agonists leads to dissociation of G, into a, and Py-
subunits. The «,-subunit combined with 3TP and, consequently, activates the
catalytic subunit of adenylate cyclase. The subsequently increased intracellular
CAMP content results in an increase in Ca*™* current in cardiac muscle cells.

However, the increase in cCAMP content cannot explain all B-adrenergic effect on
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. cardiac calcium channels. In single channel studies, for example, with cardiac
myocytes from cow, cat and guinea pig, injection of cAMP did not affect the
amplitude of the single channel currents or the total number of channels. However,
the average currents were increased by a factor of 1.4 due to the increase in the
probability of the channel being open during depolarization (Bium et al., 1984).
The voltage dependence of B-adrenergic actions on cardiac calcium channels has
also be reported. Isoproterenol increased Ca*™ currents at +30 mV by two-fold,
but did not significantly increase Ca*™ currents at -20 or -10 mV (Bean 1985). In
this regard, the direct effect of G, on cardiac calcium channels is suggested. Yatani
et al. (1987a) observed the activation of cardiac Ca*™ channels by the addition of
preactivated G, or its « subunit, using membrane patches from guinea pig myocytes.
After incorporation into the phospholipid bilayer, the « subunit of G, directly
activated cardiac Ca** channels (Imoto, et al., 1988). Thus, the effect of B-
adrenergic agonists on cardiac Ca** channels is suggested to be mediated by two
mechanisms, a cCAMP-independent, membrane-confined mechanism and a CAMP-
dependent cytosolic component-required mechanism. Both of mechanisms require
the activation of G, (Schultz er al., 1990).

On the other hand, acetylcholine (Ach) and other muscarinic agonists
decrease the Ca™** current in cardiac myocytes. The direct inhibition of adenylate
cyclase activity via the Ach-induced activation of inhibitory G proteins (G, and/or
G,) (Hescheler er al., 1986; Nakajima et al., 1990) has been postulated. The

mediation by the cGMP pathway is another one of possible mechanisms for the
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muscarinic effects on cardiac Ca** currents (see review by Tsien, 1983;

Fischmeister and Hartzell, 1987; Sperelakis and Wahler, 1988).

3.2. The cAMP mediation of the PTH-induced cardiovascular effect.

Pang et al. (1984) reported that PTH simultaneously inhibited Ca** entry
and increased cAMP concentration in vascular smooth muscle cells. In both in vivo
and in vitrostudies, phosphodiesterase inhibitors such as 3-isobutyl-1-methylxanthine
(IBMX) potentiated, and phosphodiesterase simulators such as imidazole inhibited,
the vascular action of bPTH-(1-34). More direct evidence came from the
determination of the cCAMP concentration in rat tail artery, which increased in the
presence of bPTH-(1-34) in a time-dependent fashion. In addition, PTH relaxed
rabbit aortic strips and ring segments, and increased intracellular cAMP
concentrations in cultured rat and rabbit aortic smooth muscle cells. This evidence
suggested a mediation of the vasodilatory action of PTH by cAMP (Nickols, 1985).
Huang er al. (1983, 1984) also reported stimulation of cerebral artery membrane
adenylate cyclase by bPTH. In isolated perfused rat mesenteric vascular beds, the
cyclicnucleotide phosphodiesterase inhibitor, methylisobutylxanthine, dic not reduce
the contraction of the blood vessels by itself, but significantly enhanced the
vasodilatory action of bPTH-(1-34) (Nickols et al., 1986). It would appear that
PTH-stimulated cAMP production is related to the inhibition of vascular smooth
muscle cell contraction, or that these two events are temporally coupled.

Unfortunately, all these reports did not reveal whether increased cAMP itself would
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modulate the activity of calcium channels.

There was a marked and significant increment in cAMP production in
primary cultured rat heart cells within 30 sec of the addition of PTH to the
medium. Almost at the same time, tic slow inward calcium current (Kondo ef al.,
1988) and the beating rate (Bogin et al.,1981) were increased. Thus PTH elevates
CAMP levels in both vascular smooth muscle cells and cardiac cells. How can this
peptide block calcium channels in smooth muscle cells and increase calcium
channel currents in cardiac cells? The answer may, in part, be that PTH exerts its

influences on calcium channels through different pathways in various cell types.

4. Objectives

The hypothesis that forms the basis of this investigation is that PTH
modulates calcium channel currents. There are three types of evidence to support
this hypothesis. They are: 1) the dependence of the PTH effect on extracellular
calcium; 2) the modulation of “*Ca** uptake by PTH during KCl challenge; and
3) the modulation by PTH of inward currents via calcium channels in dispersed
single cells. The first two points have been firmly established by Pang and his co-
workers (1984, 1985a, 1988a). Their data suggest that PTH modulates calcium

channels. This hypothesis will be further explored in the present study.

4.1. Characterization of voltage-dependent calcium channel currents in
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neuroblastoma cells, vascular smooth muscle cells and ventricular myocytes.
The existence of calcium channels in rat tail artery smooth muscle cells has
not previously been demonstrated using electrophysiological techniques. This was
due to problems in the isolation of cells and the recording of currents (Toro et al.,
1986). Although several groups have reported the existence of T and L channels
in other vascular smooth muscle cell preparations, the first characterization of the
T and L channel currents in rat tail artery smooth muscle cells was by Wang er al.
(1989) (see Chapter 4). In neonatal rat ventricular myocytes, T and L channel
currents were not fully characterized. In addition, the separation of T from L
channel currents in neuroblastoma cells was not satisfactory due to overlap of the
steady-state inactivation potentials (Narahashi er al., 1987). Hence, experiments
were carried out to characterize further the T and L channel currents in these three

ccll preparations.

4.2. Investigation of the effects of PTH on voltage-dependent calcium
channel currents in neuroblastoma cells, vascular smooth muscle cells and
ventricular myocytes.

The cardiovascular effects of PTH are dependent on extracellular calcium
and can be blocked by calcium channel antagonists. PTH also affects the
intracellviar calcium level in neurons. However, there are no reports concerning

the PTH effect on different voltage-dependent calcium channels. Furthermore, it
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_is very important to determine whether PTH has the same effect on calcium
channels in different cell preparations, such as cardiac cells and vascular smooth

muscle cells. The results will aid our understanding of the tissue specificity of PTH

effects.

4.3. Delineation of the mechanisms of PTH effects on voltage-dependent
calcium channel currents in vascular smooth muscle cells and ventricular myocytes,

especially the role of cAMP in the modulation of PTH effects on voltage-dependent

calcium channel currents.

A temporal coincidence of cCAMP production and cardiovascular responses
in the presence of PTH has been demonstrated. The application of cAMP
mimicked PTH-induced vasoconstriction and its positive inotropic effect. However,
it is not known if the PTH-elicited cAMP production is directly related to the
cardiovascular responses to PTH. Furthermore, increased cAMP content enhances
calcium channel currents in myocardial cells but decreases the stimulated elevated
level of intracellular calcium in vascular smooth muscle cells. Hence, the present
study is also aimed at determining whether cCAMP is the second messenger which

mediates the PTH-induced tissue selective effect on L channels.
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CHAPTER 2

Methods

1. Cell preparation
1.1. Neuroblastoma cells (N1E-115).

Cells of the mouse neuroblastoma clone N1E-115 were cultured at 37°C in
a humidified atmosphere of 5% CO, in room air. The Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) containing 10% fetal calf serum (FCS, Gibco) was
changed every 3 or 4 days and the cells used before they became confluent. After
mechanical agitation, approximately 3x10% cells were replated per 35 mm tissue
culture dish. Four to six hours after replating, a Petri dish with attached cells in 3
ml bath "solution was mounted on the stage of an inverted phase contrast
microscope for recording calcium channel currents (Kimhi et al., 1976). N1E-115
cells which were cultured as described above were spheroidal in shape and had no
visible neural outgrowths. The mean diameter of these cells was approximately 25
pm. Predominately T channel currents were expressed in these cells.

In other experiments, the cells were grown and maintained at confluence for

3 to 4 weeks under the same culture conditions, but in addition, 2% DMSO was
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included in the medium. Three to five days before use, the cells were replated in
a culture dish and maintained in medium containing 2% DMSO (Moolenaar and
Spector, 1978). These cells differentiated more rapidly and usually had one to three

short neurites. Predominately L channels were detected in these cells.

1.2. Vascular smooth muscle cells from rat tail artery

Male Sprague Dawley rats (100-200 g body wt) were anaesthetized with
sodium pentobarbital (65 mg/kg wt ip), and the tail artery was dissected out and
immersed in cold low calcium (0.2 mM) Hank’s Buffered Saline Solution (HBSS,
Gibco). The blood was washed off the artery, and the connective tissue was then
removed. With the use of a dissecting microscope inside a laminar flow hood, the
artery was cut open longitudinally and placed in 4°C low calcium HBSS for 30 min.
After this incubation, the medium was changed to enzyme solution I, which was
composed of collagenase/dispase (1.5 mg/ml, Boehringer Mannheim GmbH),
elastase (0.5 mg/ml, Sigma type II-a), trypsin inhibitor (1 mg/ml, Sigma type I-s)
and bovine serum albumin (2 mg/ml, fatty acid-free, Sigma). The tissue was
incubated in this solution for 60 min. The medium was then changed to enzyme
solution 11 which was composed of collagenase (1 mg/ml, Sigma type II), trypsin
inhibitor (0.3 mg/ml, Sigma type I-S) and bovine serum albumin (2 mg/ml, Sigma).
Incubation in enzyme solution II also lasted 60 min. All incubations in enzyme
solutions were carried out in a CO, incubator (5% CO,and 95% room air at 37°C).

Usually two tail arteries were treated simultaneously in 5 ml of enzyme solution.
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The arteries were then triturated using a fire polished Pasteur pipette until the
medium turned cloudy. The cell suspension was stored in the refrigerator at 4°C
and the Ca*™ concentration of the suspension was increased in a stepwise fashion
over a 40 min period to 2.0 mM, after which the cells were placed in 35 mm culture
dishes in DMEM. To facilitate the attachment of the cells, FCS was excluded from
the medium (DMEM) for the first 4-6 hr of the culture. After this initial period,
10% FCS was added to the medium. The cells were cultured in a CO, incubator
at 37°C and were used within 8-36 hr after they were plated. The viability of the
cells was tested using trypan blue exclusion (Bagby er al., 1971; Ives er al., 1978).
In our preparations more than 95% of the cells did not take up the dye. These
cells contracted in the presence of norepinephrine (10 pM) as observed under phase

contrast optics (Nikon, Japan) (Marvin et al., 1979; Nakazawa et al., 1987).

1.3. Ventricular myocytes from neonatal rat

Neonatal rats (3 days old) were used in the present study. After
decapitation, the top 1/3 of the rat heart was discarded and the ventricles were
removed aseptically and incubated in Ca**-free HBSS for 1 hr at 4°C, and then
minced under a dissection microscope. Thereafter, two enzymatic methods were
used to disperse single ventricular myocytes. The quantity and quality of harvested
myocytes from these two methods were very similar.

Method I: The tissue was incubated at 37°C for 10 min with Ca**-free

HBSS containing trypsin (0.5 mg/ml, 1-300, United States Biochemical Co.). The
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tissue was then . “esh trypsin solution again for 10 min and was shaken
continucusly, “fex . .«c was digested with another enzyme solution containing
collagenase/dispase +1.5 mg/ml, Bi-hringer Mannheim Gmbh Co.), elastase (0.5
mg/ml, Sigma type 1I-a), trypsin inhibitor (1 mg/ml, Sigma type I-s) and bovine
serum albumin (2 mg/ml, fatty acid-free, Sigma) for 30 min at 37°C. The solution
was also gently agitated. The cell suspension was centrifuged at 1000 rpm for 5
min, and the supernatants discarded.

Method 11: The tissue was incubated at 37°C for 20 min with Ca™ *-free
HBSS containing trypsin (2 mg/ml, type-II, Sigma) and bovine serum albumin (2
mg/ml, fatty acid-free, Sigma). Then the plaque of tissue was exposed to the fresh
trypsin solution again for 15 min at a constant rotating speed. At the end of this
digestion period, the supernatant was collected and diluted in DMEM + 10% FCS,
and stored at +4°C. The remaining tissue pellet went into the next trypsin
digestion. This process was repeated four to five times. Finally, all of the cell
suspensions collected from above digestion steps were centrifuged at 1000 rpm for

5 min, and the supernatants discarded.

The remaining tissue fragments were triturated for 3 min and then filtered
through a nylon mesh with a pore size of 250 um and centrifuged again. The
filtrate was cultured at 37°C for two hours to exclude non-muscle cells (Polinger,
1970). The unattached cells were then seeded in culture dishes and grown in

DMEM supplemented with 10% FCS. These cells were used within 24 hours of
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dispersion. The harvested myocytes grew into a confluent beating monolayer after
a 24 hr incubation (37°C,5% CO,,95% humidified air). The voltage clamp studies
were carried out before the cell monolayer was formed. All the patch clamp
experiments were carried out on myocytes which were spherical or elliptical in

shape.

2. Patch clamp technique
2.1. Solutions.

The bath (extracellular) solution contained (mM): Tris,110; CsCL,5;
HEPES,20; glucose,30; BaCl,,20;KCl,5 and TTX,0.5 pM. In all experiments, Ba**
was used instead of Ca**. Incorporation of Tris in the bath solution caused less
leakage and better survival of the cells (Moolenaar and Spector, 1978). The
Na*-free bath solution containing 20 mM Ba** abolished inward currents carried
by sodium ions. It is also possible that some permeable ions other than Na* might
go through the Na* channels. The addition of 0.5 uM tetrodotoxin (TTX) to the
bath solution to effectively block Na* channels eliminated this possibility (Hagiwara
and Nakajima, 1965). Although Na™ currents were absent in the majority of
vascular smooth muscle cells (Twro et al.,1986; Tomita, 1988), the use of TTX in
the Na*-free bath solution effectively eliminated any inward current through sodium
channels.

In order to eliminate outward K* currents and to avoid Ca**-dependent

inactivation of the inward Ca** currents, 20 mM Ba** was used as the charge
4
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carrier for the inward current. Ba™** is more permeable than Ca*™* through L-type
calcium channels. Although Meech and Standen (1975) reported that barium was
effective in increasing the potassium conductance, most of the recent studies have
demonstrated that a high concentration of Ba** in the external solution blocked the
Ca**-activated K* channel (Armstrong and Taylor, 1980; Eaton and Brodwick,
1980; Benham er al., 1985). Furthermore, either zero or 10 mM K™ in the pipette
solution makes the contaminating K* currents negligible. In addition, a high
concentration of Cs* in the pipette solution blocks K channels (Kldckner and
Isenberg, 1985b). The influx of Ba** during repeated depolarization has been
reported to have no significant inhibitory effect on the Ca*™* channel (Brown eral.,
1981; Lee et al., 1985; Ohya et al., 1988).

Two kinds of pipette solutions were used in the study. The pipette
(intracellular) solution used for neuroblastoma cells was composed of CsCl 130
mM, HEPES 20 mM, glucose 5 mM, EGTA 4 mM, MgCl, 5 mM, ATP 2 mM and
cAMP 0.5 mM. Cesium is known to be able to block the outward K™ current
(Quandt and Narahashi, 1984), and the addition of ATP and cAMP to the pipette
solution with Mg** delays the run-down of the calcium channels (Fedulova et al.,
1985).

The pipette solution used for vascular smooth muscle cells and ventricular
cells contained (mM): Cs,-aspartate 75, EGTA 10, ATP 2, MgCl, 5, K-pyruvate 35,
K-succinate 5, glucose 25, HEPES 15, creatinphosphate-Na , 5, and creatin-kinase,

50 units/ml (Boehringer Mannheim Gmbh Co.). The advantage of the composition
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of this solution will be discussed in Chapter 4.

Since 10 mM EGTA was included in the Ca™**-free pipette solution, the
concentration of intracellular free calcium was estimated to be less than 10° M
(Hille, 1974; Hagiwara and Byerly, 1981; Stockbridge, 1987; Sada ef al.,1988). The
low concentration of intracellular calcium will help to decrease the calcium-induced
inactivation of calcium channel currents. However, the activity of some intracellular
calcium dependent enzymes including cAMP-dependent protein kinase, will be also
decreased, and in turn, the hormonal effects mediated by these enzymes may also
be decreased in the presence of low intracellular calcium levels.

Before use, all solutions were filtered through a filter with a pore size of 0.22
pm. The pH of both bath and pipette solutions was adjusted to 7.4 with HCI for
the bath, and CsOH for the pipette, solutions, respectively. The osmolality of both
solutions .was adjusted to 320 mOsm.

In order to check the effectiveness of the inhibition of outward K* channel
currents in some experiments, 20 mM TEA w s also included in the bath solution.
TEA blocks delayed rectifier and Ca™**-activated K™ channcls (Moolenaar and
Spector, 1978; Fishman and Spector, 1981; Hugues et al., 19%2). There was no
measurable change in the inward currents recorded with TIA in the solution. At
the end of most experiments, 2 mM La*** was added to the bith solution and the
recorded inward currents were completely eliminated. In addition, 4 mM EGTA,
which was included in the bath solution in some cases, also eliminated the recorded

inward currents. Finally, in some experiinents high concentrations of Ba*™* (50
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~mM) or different concentrations of Ca** (2.5 or 20 mM) were used in Na* iree
bath solutions. Under these conditions, the inward current amplitudes were
increased or decreased and the apparent reversal potentials varied, correspondingly.
The above manipulations insured that the inward currents recorded in the prsent

study reflected calcium channel activity.

2.2. Whole-cell recording
2.2.1. Recording and off-line analysis of current records

In experiments with neuroblastoma cells, the recording and analysis of
current records was accomplished using a digital oscilloscope (Nicolet Co., Model
206) and its associated disk drive. Test pulses were generated with the use of a
digital stimulatcr.

In experiments using vascular smooth muscle cells and ventricular myocytes,
the current traces were digitized using a personal computer system. Two software
packages were used to analyze data. 1). VCAN, version 1.2. (software package
provided .by Dr. J. Dempster, University of Strathclvde, Glasgow) was used to drive
the DT2801A interface (Data Translation, Inc.). 2). pClamp, version 5.5.(software
rackage purchascd from Axon Instruments, Inc.) was used to drive the TL-1 DMA
interface (Axon Instruments, Inc.). Depolarization pulses were generated by a

personal computer through a digital-to-analog converter.

2.2.2. Procedures of current recording.
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Pipefte: The pipeite for recordings in : “uroblastoma cells was made of
borosilicate thick wall glass capillary tubes (OD=1.2 mm, ID=0.6 mm) and had a
tesistance of 8-10 M'Q. The pipette for recordings in vascular smooth muscle cells
and ventricular myocytes was made of borosilicate thin wall glass capillary tubes
{OD=1.2 mm, ID=0.9 mm) and had a resistance of 2-8 M'Q. These pipettes were
pulled by a two stage electrode puller (Narishige, PP-83, Japan) and firepolished
using a microforge (Leitz, Wetzlar).

Space clamp: The diameter of neuroblastoma cells cultured in the medium
without DMSO was approximately 25 um. After culture in medium with 2%
DMSO for one month, the cells sprouted several short neurites. In order to obtain
a good space clamp, cells with a diameter approximately 36 pm and a neurite length
less than the soma diameter were chosen (Tsunno er al.,1986). After the culture
medium was replaced by the recording bath solution with 20 mM Ba**, almost all
of the primary cultured vascular smooth muscle cells and ventricular myocytes were
spherical in shapc -vith a diameter of approximately 20 - 40 um. An optimal space
clamp wa.s, therefore, usually obtained. An acceptable temporal and spatial clamp
was evident from the following observations. 1) The capacitive current settled
within 2-6 msec, fast enough to separate it from the slow inward calcium currents.
Furthermore, the capacitive current recorded under patchk clamp conditions had an
exponential decline. 2) The activation, inactivation (T-type), and slow inactivation
(L-type) segments of inward current at a fixed test pulse did not show any abnormal

notches which was a sign of a poor spatial clamp. 3) The current vs voltage (I-V)
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rclationships of predominantly T or L channel currents were smooth and
bell-shaped. No abrupt changes of inward current corresponding to the direction
of either hyperpolarization or depolarization were observed (Colatsky et al.,1979).

There was a slow contraction observed during the sequential depolarizing
stimulation of the vascular smooth muscle cell. During that time, the cell became
smaller and more spherical. This progressive cell contraction did not pull the cell
away from the pipette or the bottom of the Petri dish, and the membrane current
was not significantly altered as demonstrated by stable recording over a 20 min
period.

Compensation of leakage current,capacitivc transient and series resistance:
At the beginning of the experiment, the junction potentiai betwecn th~ pipette and
the bath solution was zeroed by adjusting tiie pipette current to zero. In the
presence of 2 mM La*** the current vs voltage (I-V) relationship of the leakage
current is linear, for which the intracellular Cs* may be partially responsible.
Lincar lcakage and capacitive currents were subtracted with the use of Axopatch-1B
electronics, or software (VCAN or pClamp), or by using currents elicited from a
small hyperpolarizing pulse at the beginning and the end of the experiment. In
most of the experiments described in this thesis, unless otherwise indicated, pClamp
was used to subtract leakage and capacitive currents.

The accuracy of the voltage clamp over the whole cell membrane is affected
by the product of the magnitudes of series resistance and of ii:>2 membrane currents.

In case of a large series resistance, a deviation of the membrane potential from the
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command voltage is present. In neuroblastoma and vascular smooth muscle cells,
series resistance compensation was not employed because the peak inward currents
measured with 20 mM Ba** as the charge carrier were usually small (less or about
200 pA) and the series resistance was usually less than 10 megohms (estimated
using Axopatch compensation). The voltage error due to series resistance was,
hence, less than 2 mV. In cases where the voltage error was greater than 2 mV,
especially in N1E-115 cells, series resistance compensation was used (Hodgkin and
Huxley, 1952a). In ventricular myocytes, the optimum ompensation of serics
resistance was made electronically, using the Axopatch-1B. Ii- .. compensation was
not satisfactory, the data from the cell were not used.

Seal and penetration: The standard gigaohm seal, whole-cell version of the
patch clamp technique was used to measure whole-cell inward currents (Hamill er
al. 1981). A Petri dish with attached cells was mounted on the stage of an inverted
phase contrast microscope (Nikon, Japan) and monitored using a vidco camera
(IVC,GX-S 700). Currents were filtered with a 4-pole Bessel filter at a cutoff
frequency of 5 KHz. The pipette, which hzd a small positive internal pressure in
order to keep the tip clean, was pushed onto the cell surface by using a three
dimensional micromanipulator (Narishige, Japan). A tight seal (gigaseal) between
the membrane and the tip of the pipette (10 to SO gigaohm) was obtained by the
application of suction through the pipette. Further suction disrupted the membrane
under thc «i: f the pipette, and then the pipette solution dialysed th: cell. Liuring

the process of forming a gigaohm seal between the tip of the pipette and the
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membrane patch, some vascular smooth muscle cells or ventricular myocytes
contracted to such a degree that a g:gaohm seal could not be achieved. These cells
could not be used. The experiments were carried out at room temperature
(20-22°C) in order to insure a longer survival time of impaled cells and a better
time resolution of the fast membrane currents (Moolenaar and Spector, 1978). The
currents were amplified by an Axopatch-1B (Axon Instrument, Inc., USA)
patch-clamp amplifier, or by a List EPC-7 (List-Electronic, FRC) amplifier, with a
0.5 gigaohm feedback resister. In most cases, pulses of 200 msec duration were
applied at intervals of 5 to 10 sec to allow complete recovery of calcium channel
activity after inactivation.

Run-dowm: The decline of calcium channel currents with time (“run-down")
is @ universal phenomenon in patch-clamp studies. In the present study, much
effort was devoted to exclude the interference of "run-down" of calcium channel
currcnts.  In vascular smooth muscle cells and neuroblastoma cells, immediately
after the cell was voltage clamped, the inward current increased, possibly as the
~csult < f the outward K™ current being blocked by a high concentration of Cs* in
the pipette and Ba*™" in the bath (Armstrong and Taylor, 1980; Quandt and
Narahasni, 1984). This transient increase in the amplitude of calcium channel
currents was absent in ventricular myocytes. A ielatively stable period of calcium
channel currents was observed in a latter phase in all three cell preparations. If the
current magnitude did not change from the third to the fifth minute after the

rupture of the cell membrane, the rate of "run-down" of the inward current was
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usually negligible for 20 min or longer (Wang er al. 1989; Pang er al., 1990). Cells
which had stable inward currents from the third to fifth minute after penetration
of the membrane were used. If the current decayed too quickly, it was difficult to
distinguish "run-down" of the current from the inhibitory or excitatory effect of the
agents. Cells which had a fast decline of inward currents within this period were
discarded.

At the end of the fifth minute, peak currents of calcium channels were
recorded and the I-V relationship was plotte 3 as the control. Different agents were
then added directly to the bath solution and the change in the inward curient was
monitored continuously. One to three min were required for the agents to be
distributea evenly throughout the bath solution. Hence, I-V relationships of
calcium channels were obtained after at least 3 min exposure of the cell to each
agent to obtain a stable response of the calcium channel currents. When the
recorded lamplitude of the inward currents was 5% higher or lower than that
obtained at the previous recording (30 second interval), an increase or decrease,
respectively, in the amplitude of the inward current was recognized. In some cells
the bath solution was changed to wash out the tested agent in order to determine
whether the effects of these agents are reversible. This procedure further excluded
the influence of "run-down" of calcium channel currents. No allowance, hence, was
made for the spontaneous decline of the inward current in measuring the effect of
various agents on the calcium channel current. In an attempt to investigate the

specificity of the effect of an agent on L channel currents, a dihydropyridine
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antagonist or an agonist was, in some cases, applied before or after the application
of the agent to the same cell.

Current Fitting:  In vascular smooth muscle cells, it is difficult to fit the
kinetics of L channel currents exponentially. Hence, in some cases, the half times
(T,,,) of inactivation and activation of L channel currents were used (Bean, 1985;
Cavalie er al., 1985; Malecor, i988). The half times of activation and inactivation
are the times at which L channel currents reach 50% or decline to 50% of the peak
current amplitude.

In atrial cells, the inactivation of T, but not L, channel currents was fitted
with a least-squares single exponential equation (Bean, 1985). L channel currents
in guinea-pig ventricular cells showed a two exponential time course of inactivation
(Markwardt and Nilius, 1990). However, Ochi and Kawashiwa (1990) reported that
the mean currents of calcium channels in guinea-pig ventricular cells decayed with
a single-exponential time course. Cohen e al. (1987, 1988) were also able to fit the
L channel currents in rat ventricular myocytes to a single exponential equation. In
the present study, L channel current traces in neonatal rat ventricular myocytes
were fitted well in a bi-exponential mode with a least squares residual (R) larger
than 0.9, generating, in most cases, single time constants for activation and
inactivation, respectively. The fitting procedure produces the best fit by using
algorithms that minimize the icast squares error between data points and calculated

fit points. If a satisfactory fit could not be achieved, i.e.,either an R value less than

0.8 or termination of the fitting procedure by the computer indicating the data
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being out of the fitting range, the data was not used.

2.2.3. The separation of T channel currents from L channel currents
Three methods were used to separate T channel currents from L channel
currents, i.e. culture method, electrophysiological and pharmacological separation.
Culture method: In neuroblastoma cells, after culturing cells in the medium
with 2% DMSO for one month, L channel currents became the predominant
componeﬁt and T channel currents were almost completely eliminated.
Electrophysiological method: Two procedures were used ::» separate T and
L channel currents. The peak amplitude of the inward current evoked from a
holding potential of -80 mV was taken as the sum of the T and L channel currents
or total currents. The amplitude of the L channel current was detected at the end
of a 200 msec test pulse and the T current was determined by subtraction of the L
channel current from the total currents. Otherwise, subtraction of the amplitude
of L channel currents recorded at a holding potential of -40 mV from the amplitude
of total currents recorded at a holding potential of -80 mV was used to obtain the
amplitude of T channel currents. The results from these two methods are similar.
Pharmacological method: A variety of synthetic compounds have been
classified as calcium antagonists and agonists (Fig. II-1). Some of them have been
widely used clinically to treat certain cardiovascular and brain disorders (Olivari et
al., 1979; Kimura and Kishida, 1981; Overweg et al., 1984). Different types of

calcium channels have different pharmacological sensitivities. It is known that



46
phenylalkylamines (e.g. D-600) and dihydropyridines (e.g. nifedipine) selectively
block slow calcium channels in myocardium and skeletal muscle (Tsien et al.,1987),
while diphenylpiperazines (e.g. flunarizine) have no detectable action on slow
calcium channels in myocardium (Godfraind, 1987). There are few studies on the
selective inhibition of T channel currents by synthetic calcium channel blockers.
In the present study, dihydropyridines are used to inhibit or increase L channel
currents, respectively. D-600 is also used to examine the sensitivities of T and L

channel currents in neuroblastoma cells.

2.2.4. Temperature control

After dissociation, the vascular smooth muscle cells were replated onto 25
mm cover slips. These cells were studied 8 to 36 hrs after replating. The cover slip
with the attached cells was fitted into a thermally controlled chaniber. The
temperature of the extracellular solution in the chamber was maintained using a
temperatu.re controller (TC-102 Medical Systems Corp.). This controller maintains
temperature in the range of 30° to 45°C +0.2°C. At temperatures below 30°C, the
temperature of the extracellular solution was adjusted by electrically heating or
cooling the chamber and measuring the temperature using a thermistor placed near
the centre of the chaniber. The temperature coefficient, Q,,, was used to measure
the temperature sensitivity of calcium channels (Kimura and Meves, 1979):

10/(T ,-T))
Qi = (X/X))
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where X is the value of the relative amplitude of calcium channel currents at the
lower absolute temperature T, and X, is that at the higher absolute temperature

T,.

3. Morphological studies

Immediately after isolation, single vascular smooth muscle cells from rat tail
arteries and single ventricular myocytes from neonatal rat ventricles were seeded
on glass éoverslips (22 mm round, Fisher). These cells were cultured in DMEM +
10% FCS at 37°C in humidified air with 5% CO,. Ten to twelve hours prior to the
experiments, the DMEM + 10% FCS was replaced by fresh DMEM without FCS.
The contraction of vascular smooth muscle cells and ventricular myocytes were
monitored using a phase contrast microscope (Nikon, Japan) or the monitor screen
associated with a video camera (JVC, GX-S 700). Furthermore, the morphological
changes in the cells during the experiment were photographed at defined time
intervals and taped continuously through a video camera recorder (Philips, HQ *).
Since the shape of vascular smooth muscle cells and ventricular myocytes are
irregular, sph~idal, oval or elongated, the photographic area of the cells was used
as the parameter to evaluate the contraction of these cells. The primary aim of the
morphological studies was to determine the PTH effecis in the absence of cell
dialysis. In regard to this purpose, electrical measurements (current clamp or
voltage clamp) were not carried out in the cells used for morphological

observations. Consequently, cell capacitance was not used to measure cell surface
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area. The photographic area of a single cell was estimated by digitizing the cell
outline on the photograph using a digitizing tablet and Sigmascan software (Jandel,
1JSA). Cell contraction causes a significant reduction in muscle cell size.

After the Petri dish was removed from the incubator, the culture medium was
aspirated and the cells were rinsed twice with recording solutions. "he coverslip
with attached cells was then mounted on the stage of the microscope. The cell
shape was monitored continuously for 10 to 20 min until the temperature of the
culture medium was equal to room temperature (20° to 24°C). This was the

temperature at which all the measurements were carried out.

3.1. Experimental protocols for smooth muscle cells

After the areas of single smooth muscle cells in the culture medium were
recorded, modified Tyrode solution was used to perfuse cells. The composition of
the modified Tyrode solution is as follows: 90 mM NaCl, 60 mM KCl, 3.6 mM
CaCl,, 1.2 mM MgCl,, 10 mM glucose and 10 mM HEPES. The pH of this solution
was adju;ted to 7.4 using NaOH and the osmolality was adjusted to 320 mOsm.
The area of the cells was monitored continuously for 10 min after cell contraction
was induced by the KCI challenge. In another series of experiments, 1 pM bPTH-
(1-34) was added to the modified Tyrode solution to perfuse the cells. The changes

in the cell area were cbserved for the ensuing 15 min.

3.2. Experimental protocols for ventricular myocytes
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During the experiment, FCS-free DMEM was used as the bath solution. The

quiescent myocytes were directly exposed to 1 uM bPTH-(1-34). The changes in
the cell area in the absence and then presence of bPTH-(1-34) were recorded. In
some cases, at the end of the experiment, nifedipine was added to the same dish.

When the spontaneous beating of single ventricular cells was being measured,
ventricular cells were used 18 to 40 hrs after being cultured. The beating of
ventricular myocytes was observed under low power (40x or 60x) phase contrast
microscoﬁy and counted with a stopwatch either on site or on the monitor screen
by replaying the video tape. The beating rate (times/min) was taken as a mean
value of 3 separate measurements. Control beating was normalized as 100%.
"Sham" controls were performed by adding the bathing solution that did not contain

PTH or any other agents.

4. Materials

PTH fragments, including bPTH-(1-34), bPTH-(3-34) and bPTH-(7-34), were
purchased from Bachem Inc. (Torrance, CA, USA). They were dissolved in
distilled water and 15 ul fractions of the stock solution of 2.43 x 10*M were stored
at -80°C. Oxidation of bPTH-(1-34) was carried out with H,0, (Pang et al., 1983).

Bay K-8644 (Calbiochem) was dissolved in absolute ethanol to make a 2 x
10°M stock solution. Nifedipine (Sigma) was dissolved in acetone and LaCl,
(Sigma) was dissolved in distilled water. D-60C lbiochem) and flunarizine

(Sigma) were dissolved in DMSO and diluted f1 ' . ethanol.
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Dibutyryl adenosine 3’:5’-cyclicmonophosphate (db-cAMP) and imidazole
were purchased from Sigma. Rp-cAMPs was from Biolog life Science Institute
(FRG). |
The required concentration was obtained in a 3 ml bath dish by adding 5 to
15 ul of stock solution to the dish. In the control experiments, the same volume of
either bath solution, ethanol or acetone was added to the bath dish. The final
concentration of solvents, ethanol (0.27%) and acetone (0.3%), when added to the
bath solution had no detectable effect on the magnitude or kinetics of the inward
current. The final concentration of bPTHs in the bath was achieved by a single
addition in order to avoid possible desensitization of the cell to the peptide. Only
one experiment was conducted per dish. The wash-out protocol was executed to
examine the reversibility of the effects of the agents on calcium channel currents.
Satisfactory washout of the agents from the bath solution was obtained with a

perfusion rate of approximately 1 ml/10 sec.

5. Statistics

Unless original traces or single experiments are shown, values are expressed
as means i+ SE. The data from studies on the peak inward current amplitude are
expressed as either absolute values or percentage of the pre-drag conirol condition.
In most cases, it is the peak inward current that is used in the figures. The paired
Student’s t-test or group t-test was used for comparison between mean values of the

control and those obtained after drug administration. In the case of multiple
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comparisons, analysis of variance in conjunction with the Newman-Keul’s multiple

range test was applied. Values of p < 0.05were considered statistically significant.
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CHAPTFER 3

Characteristics of voltage-dependent calcium chinnnels

in neuroiiastoma cells

INTROUUCTION

The ncuroblastoma (NIE-115) cell is a useful madel for studying the
characteristics of calcium channels and for examining the cffects of drugs and
normones (Freedman er al.,1984a; Quandt and Narahashi, 1984). Although many
studies utilizing voltage clamp rechniques had demonstrated a single population of
calcium channel currents in NiE-115 cells (Moolenaar and Spector, 1978; Bolsover,
1986), two types of voltage-depencent calcium channel currents were not
demonstrated until 1987 (Narahashi er al., 1987). The type I channel is
characterized by an inward current which, upon depolarization, activates and
inactivates quickly. The type II chonnel is cha-acterized by an inward current which
is activated at n:cre positive potentia’s than the type I channel and shows little or
no inactivation. The type II channel activity is increased by an clevation of the

intracellular level of CAMP, whiie the iype i channel is not significantly affected.
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In the present study, two types of cazium channels in N1E-115 neuroblastoma cells
arc described as T and L channels. The T channel is similar to the type I and the
I. channel 10 the type 11, as de :<d t - Nara“ashi er al. (1987). Following the
nomenclature  of several previous publications from this laboratory (Pang er al.,
1990 Wang et al., 1990a), the terms T and L channels are used in this thesis for
consistency. Since he activation ranges for T ar1 L channels in neuroblastoma
cells overlap, it is difficult to study the characteristics of these two channels
independenily.  Further manipulation is required in order to isciate cells with

predominantly T o: L channel currents.

RESULTS

NIE-115 cells cultured in media with or without 2% DMSO had a different
morphological appearance (Fig. IlII-1). The cells cultured in DMEM without
DMSO had a smooth surface and were spheroidal in shape (Fig. III-1A). Cells .
cultured in DMEM with 2% DMSO differentiated more rapidly. After culture in
DMEM with 2% DMSO for approximately one month, N1E-115 cells started to
sprout. Simultaneously, the viability of cells decreased and the cell membrane
became more leaky. Hence, it is not easy to obtain cells which expressed
predominantly L channels. A typical cell with predominantly L channels is shown
in Fig. III-1B. The soma of this cell has three visible neural outgrowths (neurites).

Detailed culture methods are described in Chapter 2.
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Transient inward Ba'* currents (T channel currents).

Fig. 111-2 shows the current records (leakage not corrected) and the associated
current-voltage (I-V) relationship in one cell cultured in medium without 2%
DMSO. Step depoiarizations from a holding potential of -80 mV to potentials more
positive than -50 mV activated an inward curre..' which peaked at test poten ials
in the range of -20 to -10 mV. This inward current activated (time to peak, 3 to 20
msec) and inactivated quickly (halt tiine, 40 to 70 msec), and completely inactivated
at the ¢nd of ¢ 200 msec pulse. The reversal potentials for this current ranged

between +40to +60 mV.

Long-lasting inward Ba** currents (L channel currents).

In cells cultured for more than one month in medium containing 2% DMSO,
depolarizations to potentials more positive than -20 mV elicited a long-lasting
inward Ba** current (holding potential -40 mV). During the 200 mscc test pulse
this current did not inactivate appreciably. Iﬁcreasing the test pulse to 400 mscc
did not reveal any additiornal inactivation. The peak inward current occurred at
+10to +20 mV. Fig. IlI-3 shows the original L channel current records (lcakage
corrected) and the associated I-V relationship in one cell. These findings arc
almost the same as reported by Narahashi er al. (1987). The reversal potentials for
L channel currents also ranged between +40and +60 mV.

Some of the cells which were cultured in media containing DMSO for less than

3 weeks occasionally expressed both types of inward currents. This is also
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consistent with the results reported by Narahashi er al. (1987). Fig. 111-4 shows the
I-V relationship of T and L channel- which were expressed in the same cell. The

T and L channels of these cells had the same I-V relationships as those in cells with

predominantly T or L channels.

The selective amplification o L channel currents by Bay K-8644.

Day K-8644 can enhance calcium or barium currents by means of increasi.
the frequency of opening and prolonging the mean open time of the single Ca**
channel (Fox er al., 1984a; Kokubun and Reuter, 1984). Bay K-8644 acts
specifically on L channels and has no effect on T channels, as reported for neuronal
cells by Nowycky er al. (1985) and cardiac cells by Hess er al. (1984). Detailed
observations regarding the actions of Bav K-8644 on different calcium channeis in
NIE-115 cells have not been reported.

The experiment illustrated in Fig. III-5 shows that Bay K-8644 at a
concentration of 1 pM almost doubled the L channel currents. Bay K-8644 at a
conentralion of 5 M increased the amplitude of the L channel currents by a
factor of nearly two (184% as compared to the control value of 100%, p< 0.05)
(Fig. 1[1-6). Tail currents through the L channel (Fig. III-5) were also enhanced.
In N1E-115 ceils, Bay K-8644 did not shift the I-V relationship as has been reported
by Hess er al. (1984), and no change in activation and inactivation Kkinetics were
observed (Fig. I1I-5). In most of the cells studied, an increase in leakage current

occurred in the presence of Bay K-8644. As shown in Fig. III-5, 8ay K-8644 had
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»

nn effect on T channcl currents in N1E-115 cells. Similar resuns were reported in

neuronal cells (Nowycky et al., 1985) and in cardiac cells (Bean, 1985).

The seicctive inhibition of L channel currents by nifedipine.

Nifedipine selectively blocked L channel currents in neuroblastoma cells while
T channel currents were unaffected. These results are in agreement with those
reported by Loirand et al. (1986) and Bean - 4.(1986). Fig.11-7 shows the effect
of nifedipine on T and L channel currents at a concentration of 10*M. In six cclls,
the amplitude of L channel currents was reduced to 65 6% (p<0.05). In another
four cells, the amplitude of L channel currents was reduced to 1614% (p<0.05)in
response to 3x10°M nifedipine. The time course and I-V relationships of L. channcl
currents were not changed by nifedipine. Comparison of peak inward T channel
currents before and 5 to 10 min after the application of nifedipine showed no

significant differences (p>0.05) (Table III-1).

The effezt of D-600 on T and L channe! orrrents

It has been reported that D-600 only blocked the L channel but had no effect
on the T channel. In the present study, it was found that D-600 blocked both the
T and L channels to almost the same degree (Fig. I1I-8). In the case of T channel
currents, D-600 at the concentrations of 5 x 10 M and 10*M dccreased the
amplitudes of peak currents to 66% and 13%, respectively. Fig. I1I-9 shows that thc

inward currents were decreased as the concentration of D-600 was increased and
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were completely blocked in the presence of 2 mM La***. The basic shapes of the

1-V plots of T channcl currents were unchanged in the presence of D-600.

The effects of calcium channel antagonists and agonists on the T and L

channel currents are summarizes! in Table III-1.

DISCUSSION

Calcium channel currents in neuroblastoma cells.

In order to study the currents through Ca*™ channels in NI1E-115 cells
quantitatively, it is important to eliminate currents through K* and Na* channels.
Several manipulations were used to ensure that the inward currents measured were
via calcium channels. The composition of the bath solution and pipette solution
was chosen to eliminate any possible contamination of sodium and potassium
channel currents (see Chapter 2). 2 mM La***, an inorganic blocker of calcium
channels, or 4 mM EGTA, an chelator of divalent cations (Ca** and Ba*"),
completely eliminated the inward currents, which demonstrated that the inward
currents were either via the calcium channels or were carried by Ca**/Ba **. The
organic Ca** channel antagonists nifedipine and D-600 blocked the inward
currents. These results helped to identify the Ca** channels. In brief, the inward

currents in the presunt studies were verified to be the barium inward current via
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calcium channels.

The manipulation of diiferent culture conditions described in this chapter
casily separated the NIE-115 cells with predominantly T channel currents from
those with predominantly L channel currents. This method facilitated the study of
L or T channel currents ir-iividually. The success of the separation of T and !.
channel currents by the -1 - method is substantiated by patch clamp studics.

1) Electrophysiological evidence: The threshold potential for the activation
of thc T chaniel was about -50 mV, and the maximum amplitude of T channel
currents was obtained at poteutials positive to -10 mV with an extrapolated reversal
potential ‘from +40 to +60 mV. Inactivation was rapid. The propertics of this T
channel are comparable to those variousiv described as type I (Narahashi er ai.,
1987), transient-type (Nowycky er al., 1985), SD channel (slowly deactivating)
(Armsirorz and Matteson, 1985), LVA channel (low-voltage activated) (Carbone
and Lux, 1984), Ca I channel (Fox and Krasne, 1984b) or fast channel (Feculova
et al., 1985).

The L channel has been well characterized in different tissues, such as in
pituitary cells (Matteson and Armstrong, 1986; Cohen and McCarthy, 1987),
hippocampal neuronal cells (Yaari ez al.,1986), Neanthes egg cells (Fox and Krasne,
1984), rat d.r.g. neurons (Fedulova er al., 1985), vascular smooth muscle cells
(Sturek and Hermsmeyer, 1986), skeletal muscle cells (Cognad e al., 1986), cardiac
muscle cells (Nilius e al., 1985) and neursblastoma cells (Tsunoo er al., 1984;

Narahashi et al., 1987). Consistent with other reports, the L channel observed in
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this chapter was clectrophysiologically different from the T channel. It w
activated by stronger depolarizations, i.e. more than -20 mV, and the peak current
amplitude occurred at membrane potentials from 10 to +20 mV. This current
did not inactivate appreciably.

2) Pharmacological evidence: In agreement with the report by Freedman and
Miller (1984b), Bay K-8644 enhanced L channel currents in NIE-115 cells.
However, the presence of this calcium agonist did not shift the peak of the
current-voltage plots. This is similar to the results of Yatani et al. (1987b) using the
isolated smooth muscle cells of the dog saphenous vein. Nifedipine, however,
blocked L channel currents in N1E-115 cells without affecting the kinetics. This has
also been reported for smooth muscle cells (Bean er al., 1986). As expected,
neither Bay K-8644 nor nifedipine affected the T channel currents. La***and D-
600 block both of these two channels. A detailed analysis of this aspect is
presented later.

The above electrophysiological and pharmacological characterization strongly
suggest the existence of two independent populations of calcium channels rather
than a single channel type with two modes of behaviour.

N channel currents have been reported in sympathetic neurons (see review by
Miller er al.,1988). However, in N1E-115 cells, a tumor line of sympathetic ganglia
neuron, N channel currents have not been identified (Ogata and Narahashi, 1990;
Audesirk er al., 1990). The difference in expression of different types of calcium

channel between a normal sympathetic neuron and a tumor line of sympathetic
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neuron is obvious. T channel currents can be identified in NIE-115 cells but not
in normal sympathetic neurons (see review by Miller er al., 1988). Hence, the
absence of N channels in NIE-115 cells can be envisioned. The dihydropyridine
sensitivity of L channel currents in N1E-115 cells also helps to scparate L. from N
channel currents. However, the existence of N channels in NIE-115 cells during
various stages of differentiation .annot be w«..mpletely excluded. Some of the
reasons are the difficulty of separauoi of L from N channel currents based on the
kinetics of inactivation and the failure to use @-conotoxin as a selective blocker for

N channel currents (see review by Hess, 1990).

Selective'modifications of L channel currents by dihydr-nyridines.

It has been reported that the dihydropyridine compound Bay K-8644, a
nifedipine analogue (Fig. II-1), enhanced Ca*™* entry or Ca**-dependent evenis
(Freedman and Miller, 1984b) in neuroblastoma cells. In cell-attached patch
recording of single Ca'* chuanel activity, Bay K-8644 strongly increased the
frequency of long opening of single channels in neuronss (Fox et al., 1984). This
chapter presents the first report of the selective modification of L channel currents
. in N1E-115 cells by Bay K-8644 using the whcle-cell version of the patch clamp
technique. The effect of Bay K-8644 on NIE-115 cells may be due to either an
increase in the probability of the channel being open by prolonging the mean open
time (Hess er al., 1984; Martha et al., 1985) or an increase in the probability of

re-opening of closed channels (Brown et al., 1984) rather than an increase in the
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amplitude of the single channel current. The increased amplitude of the tail
currents (Fig. IlI-5) in the presence of Bay K-8644 may also be due to an
cnhancement by the agonist of the probability that the Ca** channel will be open
(Droogmans and Callewaert, 1986).

The most significant structural difference betwecin Day K-8644 ar * nifedipine
is that the ester group of nifedipine at position 3 of it .ibyuropyridine ring is
substituted by a NO, group to form the Bay K-8644 molecule (Fig. II-1). Godfraind
(1982) indicated that the nifedipine-evoked inhibitions of rat ;lorta and mesenteric
artery contraction and “*Ca** uptake can be related to blockad: of calcium entry
through channels opened during depolarization or zeceptor-response conpling.
Further s'tudies using the ;&tch clamp *=chnique show that, in smooth muscle cells
of rat portal vein and mesenteric artery, L-channels could be blocked by nifedipine
but T channels were insensitive to this drug (Bean et 7l.,1986; Loirand e al.,1986).
So far no electrophysiological study on the effect of nifedipine on the two types of
calcium channels in N1E-115 cells is available. The results shown in this chapter
demonstrated that nifedipine selectively blocked the L channel current whereas the
kinetics of this channel current were not changed. The T channel was unaffected
by nif dipine or Bay K-8644.

The L channel possesses three drug binding sites which are specific for
dihydropyridines, phenylalkylamines and benzothiazepines (Ruth eral.,1985; Triggle
and Janis, 1987). It is not surprising that D-600, a phenylalkylamine, blocked L |

channels. The comparison between nifedipine and D-600 shows that, although both
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block the L channel, only D-600 is effective in blocking the T channel At
concentrations of 50 and 100 uM, D-600 reduced the T channel currents to 66%
and 13%, respectively. In contrast, it has been reported (Moolcnaar and Spector,
1979) that T channel currents and Ca"* spikes or the prolonged
after-hyperpolarization in N1E-115 cells cannot he blocked by 20 pg/ml verapamil
or I 600 (approximately 35 uM). The discrepancy between their results and ours
may be due to .different culture conditions. In their experiments, the cells were
‘majntained iﬁ confluence for 3 to 4 weeks, treated with trypsin and grown in 2%
DMSO-containing medium. These conditions were diiierent from the conditions
used in the present study when the T channel was under investigation. In addition,
the concentrations of D-600 used were different.

There are several explanations for the observation that high concentrations
of calcium antagonists were needed to affect L or T channel currents in N1E-115
cells (i.e. 10 to 100 uM). First, the distribution of the subtypes  of
voltage-dependent calcium channels shows a larger degree of tissue selectivity. The
sensitivities of these channels to antagonists in different tissue preparations may
also be differézt. The calcium channels in neuronal tissue have been reported to
be quite insensitive to organic calcium channel blockers {Louvel er al., 1986).
Gurney and Nerbonne (1984) reported that 100 pM nifedipine had no effect on
calcium channel currents in cultured chick ciliary neurons or in rat superior cervical
ganglion cells where the existence of L channels was well documented (sec review

by Miller et al.,1988). Usually, D-600 and verapamil block Ca** currents or Ca**
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spikes only at high concentrations (> 100 puM) in nervous tissue. Douglas and
Toraskevich (1982) used 10 pM D-600 in rat pars intermedia cells but this
concentration could not inhibit £a** spikes. In view of these reports, the
concentration range from 10 to 100 pM used to block T or L ¢'.annels in N1E-115
cells is acceptable. In addition, different solvents can alter the effectiveness of
dihy .- pyridines on L channel currents. In the present study, acetone was used to
dissolve nifedipine. Using DMSO as the solvent, nifedipine can block L channels
in N1E-115 ceils by 50% at a concentration of 0.1 pM (Wu LY, Wang R, Karpinski
E, Pang PKT, unpublished observation, 1990). Second, there is controversy
regarding the site(s) of action of calcium channel antagonists. For example,
Heschler er al. (1982) pointed out that D-600 inhibited the Ca** channel from the
internal surface of cardiac muscle cell, whereas Ohya ef al. (1987b) demonstrated
that D-600 blocked Ca** channels in smooth muscle cells from the outer surface.
If the site(s) of action of D-600 and nifedipine were located on the inside surface
of the N1E-115 cell membrane, there is no doubt that a higher concentration would
be needed for drug permeation to the inner surface of the cell. Third, in the
present study, the selective inhibition of L channel currents by nifedipine can clearly
be demonstrated using this concentration range (10 to 100 pM). This selective
inhibition eliminated the possibility of a nonspecific action of higher concentrations

of the antagonist on the calcium channe] currents.
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Fig. III-1. Morphological appearance of N1E-115 cells cultured in different culture
media. A. Cells were cultured in DMEM without DMSO. These cell expressed
only T channel currents. A cell and pipette (whole cell configuration) is shown in
the right top corner. B. One cell was cultured in DMEM with 2% DMSQ. This
cell expressed only L channel currents. Phase contrast photomicrographs were

taken the day of channel recording. Bar represents 50 pm.
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Fig. III-2. Current records (A) and the associated current-voltage relationship (B)
in an N1E-115 neuroblastoma cell which expressed predominantly T channcls. The
holding pbtentia] was -80 mV and the magnitude of the test potentials are indicated
beside each current record (A). Zero current levels are indicated by the dashed
lines. The original current records are not leakage or transient corrccted. The

current-voltage relationship is leakage corrected.
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Fig. III-3. Current records (A) and the associated current-voltage relationship (B)
in an N1E-115 neuroblastoma cell which expressed predominantly L channels. The
holding potential was -40 mV and the magnitudes of test potentials are indicated
beside each current record (A). Zero current levels are indicated by the dashed
lines. The original current records are leakage and transient corrected. This cell

was cultured for 4 weeks in a medium with 2% DMSO.
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Fig. III-4.  Current records (A and B) and the associated current-voltage
relationships (C, D) in an N1E-115 cell which expressed both T and L channcls.
A. The holding potential was set at -80 mV. The original current records (lcakage
and transient corrected) are shown with the magnitude of the test potential
indicated beside each current record. Zero current levels are indicated by the
dashed lines. These current records contain both T and L channel componcnts.
The I-V relationship is shown in C (open circles). B. The holding potential was
shifted to -40 mV in the same cell as in A. The current elicited was a characteristic
L channel current. The corresponding I-V relationship is shown in C (filled circles).
Subtraction of the L channel I-V relationship from the total I-V relationship results
in the I-V relationship of the T channel current, shown in D (filled squarcs).
Shown for comparison in D as filled circles is the L channel I-V relationship. This

cell was cultured in a medium with 2% DMSO for 3 weeks.
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Fig. III-S. Different effects of Bay K-8644 (1 uM) on T anc L channel currents in
N1E-115 cells. A. Records before and 5 min after application of Bay K-8644. The
holding potentiai was -80 mV. B. Records before and S min after Bay K-8644.
The holding potential was -40 mV. The L channel current and tail current were

increased by Bay K-8644. Leakage currents have been subtracted from the original

current records.
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Fig. lII-6. The sensitivities of T and L channels in N1E-115 cells to Bay K-8644.
The peak inward currents in the presence of 5 pM Bay K-8644 wcre measured 5
to 7 min after the drug was given and are expressed as the I,.,,. The corresponding
value of the control (I;qyro peax) Was 1.00. In the experiments with T channcls, n=6;

for L channels, n=8. Values are means : SE. * indicates p < 0.05.
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Fig. I1I-7. The effects of nifedipine on the peak inward currents of T and L.
channels in N1E-115 cells. Nifedipine at two different concentrations inhibited L
channel currents, but not T channel currents. The amplitude of the inward currents

in the absence of nifedipine was taken as 100%. * indicates p<0.05.
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Fig. III-8. The effects of D-600 on the peak inward currents of T and L channcls
in NIE-115 cells. D-600 at two different concentrations inhibited both L and T
channel currents. The amplitude of the inward currents in the absence of D-600

was taken as 100%. * indicates p<0.05.
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Fig. II1-9. The effect of D-600 on T channel currents in one N1E-115 cell. I-V
relationships of T channel currents is constructed from the same ccll. The lcakage
currents have been subtracted. D-600 decreased the amplitude of the T channcl

current but did not change the I-V relationship.
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CHAPTER 4

Characteristics of voltage-dependent calcium channels

in rat tail artery smooth muscle cells

INTRODUCTION

Since the development of the patch clamp technique and the first success in
the isolation of smooth muscle cells (Bagby et al., 1971), knowledge of the
distribution, structure, and function of voltage-dependent calcium channels in single
vascular smooth muscle cells has advanced. Thus far, two types of time- and
voltage-dependent calcium channels have been identified in arterial smooth muscle
cells, including those from rabbit ear artery (Benham et al., 1987), rat mesenteric

artery (Bean er al., 1986), and guinea pig aorta (Cafferey et al., 1986). The
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transient (T) current, which activates quickly and then inactivates, may contribute
to the generation of smooth muscle cell action potentials. The long lasting (L)
current, which displays little or no inactivation, is thought to be important for
excitation-contraction coupling. The distribution of these calcium channels in
various arterial vascular beds may be related to the different functional roles of
these arteries.

Studies by Pang et al. (1984) in which strips of the rat tail artery were used
have suggested indirectly the existence of voltage-dependent calcium channels in
these smooth muscle cells. They reported that D-600 and bPTH-(1-34) inhibited
the tension elicited by KCI in rat tail artery strips. The action of KCI has been
ascribed to the depolarization of the cell membrane, which in turn activates surface
membrane calcium channels (Hurwitz ez al.,1980; Brading et al., 1983; Huddart and
Butler, 1983; Karaki, 1987; Langton and Huddart, 1987). The contraction of
smooth muscle from the rat tail artery in the presence of a high concentration of
KCl, hence, is initiated by the opening of voltage-dependent calcium channels. In
addition, calcium-induced calcium release from sarcoplasmic reticulum may also
participate in the maintenance of contractile activity due to the KCl challénge (see
review by van Breemen and Saida, 1989).

Using the Ca* uptake technique, Pang et al. (1984) found that KCI stimulated
calcium uptake by rat tail artery in vitro and that D-600 decreased this effect.

However, there is no electrophysiological evidence demonstrating the existence of
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calcium channels in smooth muscle cells from the rat rail artery. The present study
was undertaken to determine whether calcium channels exist in single smooth
muscle cells from rat tail artery and, if they dq exist; to investigate the electrical
properties and pharmacological characteristics of these channels. By combining the
whole cell configuration of the patch-clamp technique with short-term primary
culture, a fast-inactivating calcium channel current and a separate slow-inactivating
and dihydropyridine-sensitive calcium channel current have been identified. Two
types of calcium channels in rat tail artery smooth muscle cells were also reported
by Bolzon et al. (1988).

The characteristics of the two types of calcium channel currents in rat tail
artery smooth muscle cells are consistent with other reports using smooth muscle
cells from rabbit ear artery (Benham et al., 1987; Aaronson er al., 1988) and
saphenous vein (Yatani et al.,1987bj. In all of the above reports the experiments
were carried out at room temperature (20°-25°C). Since the characteristics of
calcium channels at in vivo temperature may not be the same as those at room
temperature, it isimportant to examine calcium channel currents in vascular smooth
muscle cells at different temperatures and to compare the temperature dependence
of calcium channel currents reported for other preparations. The temperature
dependence of L channel currents in ventricular myocytes (Cavalie et al.,1985) and
neurons (N1E-115 cells) (Narahashi et al., 1987) have been well documented.

Therefore, the study of the temperature dependence of L channel currents in my
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thesis was focused on vascular smooth muscle cells because of the lack of
knowledge concerning this type of cell preparation.

It has been reported that some dihydropyridines affected L channels in a
temperature-dependent  manner (Hosey and Lazdunski, 1988). In addition, the
binding of antagonists to calcium channel receptors in vascular smooth muscle has
been shown to be temperature-dependent (Papaioannou et al., 1986). Hence, an
understanding of the temperature dependence of L channels in smooth muscle cells
will also help elucidate the mechanism(s) of pharmacological regulation and may
facilitate the biochemical purification of L channel proteins. Hence, in this chapter,
the temperature dependence of the amplitude, the half-times of activation and

inactivation, the current-voltage relationship and the "run-down" of the L channel

currents are also described.

RESULTS

Morphology of freshly dispersed smooth muscle cells

Immediately after harvest, the smooth muscle cells were spheroidal or oval in
shape (Bean ef al.,1986), 14-32 um long and 14-24 pm wide in the central portion.
Dispersed cells attached to the dish during the first 6 hr of culture. After 2-3 days
they spread out and became elongated and spindle shaped.

In our preparation, almost all the harvested cells were smooth muscle cells.
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The evidence to support this statement is as follows. 1) The cell cytoplasm was
phase dense and homogeneous and had smooth and bright borders as observed with
phase contrast microscopy (Chamley-Campbell et al., 1979). 2) The cells did not
contract spontaneously but had a good contractile response when touched by
electrodes or exposed o 10 uM norepinephrine (Ives er al., 1978; Nakazawa er al.,
1987). Usually, the stimulated cells were fully and evenly contracted with bulbous
projections (Fay and Delise, 1973) and at times they pulled away from the dish
bottom. 3) All these oval or round cells were stained red in a manner similar to
their parent tissue by Masson’s trichrome stain (Marvin er al., 1979). Although
fibroblasts were also present, they accounted for less than 1% of the total cell
population. These cells were flat and irregular with phase-lucent cytoplasm and a
large clear nucleus. They did not contract in the presence of mechanical or
cher~ical stimulation. These cells were stained blue by Masson’s trichrome method.
Hence the fibroblasts were distinct from the smooth muscle cells.

In light of these morphological observations we chose only those oval or round

cells for recording membrane currents in our experiments.

Calcium channel currents.
Inward currents were elicited using depolarizing pulses from two holding
potentials (-80 and -40 mV). Fig. IV-1A shows a series of records of inward

currents carried by barium ions in a smooth muscle cell. The holding potential was
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-80 mV. The time course of this current was characterized by fast activation and
fast inactivation. It reached a peak within 20 msec and decayed with a half time
of about 40 msec. In 5 other cells which expressed predominantly T-channels, the
half time of the decay was 46.4 + 9.6 msec (X +SE). This current activated at a
membrane potential of -50 mV and the peak inward current occurred at -20 to -10
mV. The I-V relationship corresponding to the records in Fig. IV-1A is shown in
Fig. IV-1B. In this I-V plot, the peak inward current occurs at 0 mV. This is
because another type of Ca*t+ channel, the L channel, was also present in this cell
and the I-V relationship is the sum of the two components. The major component
of this inward current is similar to the T channel reported in other types of vascular
smooth muscle (Bean er al., 1986; Caffery et al., 1986; Benham et al., 1987). The
peak inward currents were 38.4 + 7.03 pA in 14 cells (20 mM Ba™** as charge
carrier) in which the majority of the current was via T channels and the current
reversed at +50 mV.

Fig. IV-2A shows a series of records of inward currents from a smooth muscle
cell in which the holding potential was -40 mV. These records show a current
which inactivates with a very slow time course with a half time of greater than 150
msec. As the test potential became more positive the time course of inactivation
became faster. In 19 other cells the half time of inactivation was 156 + 8.6 msec.
This current was activated at a membrane potential of -20 mV and the peak inward

current occurred at +10to 20 mV.
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To exclude the possibility that inactivation of the L-channel was due to the
superimposition of a small amount of outward current carried by K* through K*
channels or Ca** channels (Palade and Almers, 1985) on the inward current, two
manipulations were used. TEA-Cl (20 mM) was added to the bath solution to
inhibit any remaining K* currents. In addition, the internal solution was made
K-free to eliminate K* moving through Ca™* channels. This was accomplished by
using succinic acid instead of the potassium salt. These manipulations did not alter
the slow inactivation. It is evident, then, that the slow inactivation of inward
currents is one of the intrinsic properties of this calcium channel when Ba**is used
as the charge carrier. Similar slowly inactivating, L-type, calcium channels have
been found in other smooth muscle cells (Bean et al., 1986; Benham er al., 1987;
Droogmans et al., 1987).

The peak amplitudes of L-type calcium channel currents were 25.79 +5.74 pA
(n = 33). A complete separation of L-type calcium channels from T-type calcium
channels was difficult. The proportion of two types of calcium channels varied with
dispersal procedures, culture media composition and time. Sometimes mostly T-type
or L-type calcium channels were observed in a single cell while at other times both
types of calcium channel currents could be seen at a holding potential of -80 mV.
Fig. IV-3 shows both T- and L-type calcium channels superimposed. When the
holding potential was maintained at a value more negative than -70 mV, both T-

and L-type channel currents were recorded. The total current amplitudes could be
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measured as the peak values and the L-channel current magnitudes were defined
as the value obtained at 200 msec. The T-type calcium channel was obtained from
the total inward currents by subtracting the L-type channel current. When the
holding potential was more positive than -60 mV, T channels were gradually
inactivated and only L channels remained.

Calcium current could be demonstrated in almost all the smooth muscle cells
of the rat tail artery preparations that were examined. In a total of 63 cells that
were studied, 55 cells showed active calcium channel currents. The cells with
predominantly L-type channels accounted for 60% and those with predominantly
T-type channels represented 25% of the total cell population with calcium channels.
Both T and L channels have also been observed in the same cells using two

different holding potentials (-80 and -40 mV) sequentially.

Run-down of calcium channels

In the experiments described above, CsCl was used (130 mM) as the main
charge carrier inside the pipette and 0.25 mM cyclic AMP was also included, since
a stable calcium channel current had been successfully recorded for longer than 30
min in neuroblastoma cells using this solution. However, it was found that this was
not the case for these smooth muscle cells. Both types of calcium channels were
either difficult to detect or small and could be maintained for less than 5 min. In

view of the rapid equilibration between the cytoplasmic and pipette solutions,
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Caffery and co-workers (1986) suggested that the "run-down" of calcium channel
currents was due to the loss of some critical "materials" for the operation of these
channels. To prolong the recording, Cs,-aspartate was used instead of CsCl and
cAMP was omitted from the pipette solution since cAMP did not prevent the
"run-down" of calcium currents in the smooth muscle cells (Ohya er al., 1987a).
K-pyruvate and K-succinate were added to support the citric acid cycle.
Phosphocreatine and creatine phosphokinase were used to facilitate the process of
energy yield and utilization. As a result, in the present study, the amplitude of both
T and L channel currents was increased and the inward currents could be
maintained for at least 20 min. In most cells, immediately following the penetration
of the cell, calcium channels were not seen. One to three minutes later, the inward
currents emerged and within the following S min the inward currents increased and
reached their peak. At the end of the 20 min recording period, the relative
amplitudes of inward calcium channel currents were 0.90 + 0.33 for the
predominantly T componeut and 0.94 1 0.45 for the predominantly L component,
taking the peak amplitude at the start of recording as 1.00. The change in calcium
channel currents with time is shown in Fig. IV-4. In several cells, the calcium

channel currents were maintained for about 2 hr.

Inactivation Characteristics.

Analysis of steady-state inactivation was carried out to determine ‘the
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inactivation characteristics of T- and L-type calcium channels. Thosc cells with
predominantly T channels were depolarized to -20 mV from holding potentials
ranging from -100 mV to -30 mV. In cells having predominately L channels, the
holding potentials were varied from -100 mV to -10 mV with test pulses to either
0 or 20 mV. Membrane potential was first held for at least 2 sec to reach a quasi
steady-state and was then followed by a test pulse of 1 sec. The peak current
amplitudes during the test pulse were measured at each holding potential and
normalized to the current measured at the most negative holding potential. The
data were plotted as a function of holding potential and fit by the Boltzmann
distribution of the form: I = I_, [l + exp(V - V,)/k]™, where V is the holding
potential, V, is the test potential at which one-half of the Ca*™ channels are
inactivated, and k is the slope.

Fig. IV-5 shows the resulting inactivation curves of T- and L-type calcium
channels and representative current records. The curve (filled circles) was obtained
from the T channel in one cell. The slope of the fitted curve is 6.9 mV and V, is
-50.5mV. The T channel was inactivated at potentials positive to -30 mV. Similar
steady-state inactivation curves were measured in other four cells. The inactivation
curve for one cell which had predominately L channels is shown (open circles) in
Fig.IV-5 (V, = -28.6mV, k = 8.2mV). Similar inactivation curves were obtained

in 3 other cells with predominately L channels.
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Sensitivity of L-type calcium channels to dihydropyridines

The present data showed that both T- and J.-type calcium channels were
blocked by La*** (Fig. IV-6a), while only the L channel was sensitive to the 1,4
dihydropyridine derivative, Bay K-8644 (Fig. IV-6B, upper panel). Although the
composite inward currents for some cells shown in the lower panel of Fig. IV-6B
also increased in response to Bay K-8644, that was only due to the increase of the
L channel component. After subtraction of the non-inactivating current (i.e. the
remaining current at the end of the 200 msec test pulse) the T-type channel current
showed no change in the presence of Bay K-8644 (Bean e al., 1986).

The effects of Bay K-8644 on the L-type calcium channel had several features.
1) Bay K-8644 increased the L-type calcium currents by more than two-fold. Fig.
IV-7A shows one example in which Bay K-8644 amplified the inward currents at all
test pulses and possibly increased the rate of inactivation. Fig. IV-7B shows that
this agent (5 pM) displaced the peak of the I-V plot in the negative direction by i0
mV at 5 min and by 20 mV at 10 min. 2) Bay K-8644 shifted the steady-state
inactivation and activation curves for L channels. Fig. IV-8 shows the changes
elicited by 5 min Bay K-8644 treatment at a concentration of 5 pM in one cell. The
steady-state activation curve of mostly L-type calcium channels in this cell was
marked as open circles and plotted as relative peak amplitudes against test pulses.
The curves were fitte¢ with the Boltzmann equation, 1 =1_, [l + exp(V, - V)/k] *,

where V, = -36mV and k = 4.8mV. The L channel current activated at -20 mV
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and saturated at +20 mV in the absence of Bay K-8644 and the steady-state
activation and inactivation curves crossed at -10 mV. In the presence of Bay K-8644,
the steady-state inactivation curve moved 10 mV negative to that of the control and
the activation curve (V,, = -10.8mV, k = 4.8 mV) shifted in the same direction by
the same magnitude as did the inactivation curve. These two curves crossed at a
point between -10 and -20 mV and the overlap range was still small. In addition,
Bay K-8644 did not change the slopes of either the inactivation or activation curves.
3) Bay K-8644 seemed to unmask the "quiescent” calcium channels. In 12 cells,
observations lasting 10 min under whole-cell patch clamp conditions failed to show
any inward current. However, following addition of Bay K-8644 (5 uM), L-type
calcium channels became detectable in 10 of these 12 cells.

Furthermore, L channel currents in vascular smooth muscle cells were

sensitive to dihydropyridine antagonists, such as nifedipine (Fig. IV-9).

Temperature dependence of L channel currents

The effect of temperature on the amplitudes of the peak inward L channel
currents was first studied at three different temperatures (Fig. IV-10). The
diameters of cells studied at 22°C, 32°C and 36°C were 18.0 +0.8,17.9 £+ 1.0 and
18.4 + 1.0 pm, respectively. There was no statistically significant difference in sizes
among the groups of cells studied at the various temperatures (P > 0.05). With the

membrane potential held at -40 mV, the peak L channel current at 22°C was 70.0
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+ 10.8 pA (n = 17) which was significantly smaller than the peak L channel current

of 212.8 +31.7pA (n = 10) at 32°C (p < 0.05). At 36°C the peak inward current
was 184.6 + 42.0 pA (n = 8) which was also significantly larger' than that at 22°C
(p <0.05). Since cell capacitance was not measured in this group of experiments,
the changes in the current amplitude at different temperature are only qualitative
and cannot be related to the current density.

Fig.IV-11A shows the original L channel inward current recorded at 22°C and
32°C in the same cell. The elevation in temperature caused an increase in both the
amplitude and the time course of activation and inactivation. When the I-V
relationships of L channel currents at different temperatures were compared in the
same celi, no significant shift could be found (Fig. IV-11B). The activation
threshold, the maximum potential at which the peak inward current occurred and
the bell-shape of the I-V plots were the same at 22°C and 32°C.

To exclude the possible recruitment of channels other than the L type at
higher temperatures, the effect of a specific L channel antagonist and an agonist
(nifedipine and Bay K-8644, respectively) were tested at different temperatures.
The inward current was almost completely blocked by 1 pM nifedipine at 32°C. A
similar result with nifedipine was also obtained by Hering et al. (1988). When Bay
K-8644 was added to obtain a final concentration of 5 uM at 32°C, the inward
current was enhanced (Fig. IV-12A) (Yatani er al., 1987b; Wang er al., 1989).

Subsequent application of 2 mM La***completely blocked the inward current (Fig.
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IV-12A). These results show that an increase in temperature resulted in an
increase of mainly the L-type calcium channel currents.

When the temperature was increased from 22° to 35°C, the amplitude of the
inward currents increased progressively. However, when the temperature was above
35°C, the amplitude of the inward currents decreased. This is shown in Fig. IV-
12B. The temperature coefficient, Q,, of peak currents was 2.20 £+ 0.25(n = 8)
and 0.56 +0.14 (n = 3) from 22° to 35°C and 36° to 40°C, respectively. Maximum
current amplitude occurred at approximately 35°C.

In order to estimate the half-times of activation and inactivation, the duration
of voltage-clamp depolarization was prolonged to 500 msec in another group of
cells. Figs. IV-13A and 13B show the half-times (T,) of inactivation and
activation.

The T, of activation at 23°C was two times larger than that at 36°C (Fig. IV-
13B) (P < 0.05). The decrease in the T,, of inactivation at 36°C was also
significant (Fig. IV-13A) (P < 0.05). The L channel current kinetics were voltage
dependent. The T,, of activation was 18 msec at a potential of -20 mV and
decreased to 6 msec at +50 mV. At the higher temperature of 36°C the T, of
activation was shorter and not as strongly voltage dependent as it was at the lower
temperature  (i.e. the slope was less steep). Fig. IV-13A shows the T, of
inactivation plotted as a function of voltage at 23°C and 36°C. At the higher

temperature the T, of inactivation decreased at all voltages and the U-shaped
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voltage dependence seen at 23°C became much broader, and had a shape similar
to that reported by Bean (1985). The half-times of activation and inactivation were
more difficult to measure at membrane potentials more positive than +50 mV
because of the small inward currents generated.

At room temperature (22°C), the L channel current could be recorded for 20
min without run-down. During this time, the amplitude of the L channel currents
declined at a rate of less than 2% per minute (Wang et al., 1989). However, at
36°C, the L channel currents declined more than 50% within 5 min, and only 3 of
10 cells could be sustained for longer than 10 min with a 2% per minute rate of
decline. As the temperature was increased, the leakage current also increased.
This temperature-induced rundown of calcium channel currents in vascular smooth
muscle cells was not consistent with results obtained in ventricular cells. Within 15
min, Walsh er al. (1989) found no difference between the rundown at room

temperature and that at 32°C.
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DISCUSSION

The classification of calcium channels into T and L types has been suggested
to be a over simplification in vascular smooth muscle cells (Bolton et al., 1988). In
vascular émooth muscle cells, T and L channel currents can be separated by their
voltage-dependent  activation and inactivation. However, variation of holding
potentials, under some circumstances, did not give satisfactory separation of T and
L channels (Aaronson et al.,1988). Nevertheless, in the present study, both T and
L types of calcium channel currents are satisfactorily observed and separated in
87% of the smooth muscle cells tested using the whole-cell voltage clamp technique.
These two types of calcium channel currents are comparable in size,
current-voltage relationships, and kinetics to those observed in earlier studies with
other smooth muscle cells from the mesenteric arteries of guinea-pig (Bolton et al.,
1985), rabbit (Worley e al., 1986) and rat (Bean er al.,1986), and from rabbit ear
arteries (Benham et al., 1987; Droogmans et al., 1987), rabbit (Ohya et al., 1988)
and rat portal vein (Hermsmeyer er al., 1976), rat azygous vein (Sturek and
Hermsmeyer, 1986) and rat tail artery (Bolzon er al., 1988). However, this is the
first report demonstrating the existence of voltage dependent calcium channels in
smooth muscle cells of rat tail artery using the whole-cell patch clamp technique.
Calcium mobilization is necessary for excitation-contraction coupling and electrical

activities in smooth muscle cells of rat tail artery. Voltage-dependent calcium
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channels provide an important pathway for calcium entry. The successful recording
of voltage-dependent calcium channels in the present study may be attributed to the
following manipulations. Cells in short-term culture (8-36 hr) were used in the
present study. In agreement with other reports using vascular smooth muscle cells
from rabbit aorta (Ives et al.,1978) and from saphenous vein (Yatani er al.,1987b),
the smooth muscle cells from rat tail artery were spherical or oval in shape. The
rounded shape of cells may be a result of cell contraction during the dissociation
process. However, these cells seemed healthy. Their surface looked smooth and
did not have a "floury and fluffy" appearance. During this period of time, these
cells were very sensitive to mechanical and chemical stimulation. Presumably, the
cells maintained their functional state with intact calcium channels. According to
my data, the calcium channels were most easily detected and were sustained for the
longest time when the cells were cultured for a period of approximately 24 hr. If
the culture time was longer than 72 hr, the detection of calcium channels became
much more difficult. It is possible that the longer culture time may transform the
functional contractile state of smooth muscle cells into the proliferative state.
Consequently, the cells can no longer be induced to contract and the calcium
channels can not be demonstrated (Chamley-Campbell et al.,1979). The time lapse
of this phenotypic modulation of smooth muscle cells differs with the tissue source.

The alteration of channel properties due to enzyme damage is another

important consideration (Hermsmeyer et al.,1976). In the present experiments a
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collagenase/dispase mixture was used. The advantage of dispase is that it maintains
the integrity of cell membranes during the 1 hr incubation. In the preliminary
trials, collagenase with elastase or protease alone produced a low yield of
responsive cells. The addition of DNAase I, DNAase II and hyaluronidase did not
significantly improve either the cell harvest or the inward current amplitude. The
recording conditions also affect the detection of calcium channel currents. For
example, Ohya et al. (1987b) reported that ATP in the pipette solution, at a
concentration similar to that used in the present study, augmented the calcium
channel currents by a factor of two in the smooth muscle cell myoballs of rabbit
intestine. Using CsCl, ATP and cAMP in the internal solution, inward Ca*™
channel currents could be recorded. These currents were usually small in amplitude
and ran down very quickly. The addition of Cs,-aspartate, K-pyruvate, K-succinate,
phosphocreatine-Na , and creatine phosphokinase to the internal solution increased
the amplitude by more than two fold and prolonged the time during which the
Ca** channel currents could be measured. Further experiments are needed to
answer the question of whether the recording of Ca** channel currents is related
to the presence of phosphocreatine and creatine phosphokinase in the pipette
solution. The presence of Cs,-aspartate and other components in the pipette
solution may contribute to the decreased "run-down" of calcium channel currents
in the present study. Cs,-aspartate may also have a significant buffer capacity for

intracellular calcium although the accumulation of free calcium in the cytosol is not
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likely due to the use of calcium-free bath solution with high concentration of
barium, and the inclusion of EGTA in the pipette solution. In addition, calcium
channel currents could not be found immediately following the penetration of the
cell membrane. This is due to the existence of the outward K* currents, which
overlap the small inward Ca*™* channel currents, as suggested in a previous study
by Toro et al. (1986). This is perhaps the reason why Toro er al. (1986) could not
identify the Ca*™* currents in tail artery smooth muscle cells during their
electrophysiological studies of these cells. After the cell is fully dialysed by the
pipette solution and the K* currents are completely blocked by a high concentration
of Ba** in the bath solution and Cs™ in the pipette solution, the detection of the
inward currents is possible. The recently developed permeabilization method using
nystatin in the pipette solution (Forn and Marty, 1988) makes it possible to record
calcium channel currents without disruption of the native cytoplasmic composition.
Using this method in smooth muscle cells from rat tail artery may facilitate the
studies of calcium channels in this cell preparation under more physiological
conditions.

As previously reported (Hess et al., 1984; Bean et al., 1986; Caffery et al.,
1986), Bay K-8644 selectively amplified the L-type calcium channel current. The
multiple effects of this dihydropyridine can be described as follows: 1) It increased
slowly inactivating inward currents more than two-fold. 2) This enhancement was

more significant at test pulses ranging from 0 to +20 mV. 3) It stimulated the
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L-type calcium channels to open at a more negative pntential, i.e. when the
activation threshold potential had been lowered. 4) It shifted the half-inactivation
potential and half activation potential in the direction of hyperpolarization. 5) It
shifted the peak of the I-V plot toward negative potentials by 10 to 20 mV. 6) It
activated those calcium channels which initially were undetectable. 7) The
augmentation of L-channel currents by Bay K-8644 was time-dependent. The
maximum amplification occurred between 3 to 10 min after Bay K-8644 treatment
and the current then declined toward the original level.

All of the above considerations point to the conclusion that calcium channels
are present in rat tail artery smooth muscle cells. Since the resting potential of rat
tail artery smooth muscle cells has been reported to range from -30 to -56 mV
(Hermsmeyer, 1983; Bryant et al., 1985), T channel currents at this membrane
potential may be strongly inactivated. It is, therefore, suggested that T channels
may not be important under physiological conditions. L channels would be essential
in carrying inward current during action potential and providing the pathway for the
extracellular calcium entry during sustained depolarization. The finding of calcium
channels in rat tail artery is important because this small diameter artery, being
very sensitive, is often used in pharmacological assays of vasoactive substances. The
presence of calcium channels in its smooth muscle cells will provide the opportunity
to study the cellular mechanisms involving regulation of calcium entry through

specific voltage- and time-dependent channels. The present study is of particular
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importance since calcium channels could not be préviously demonstrated in the
vascular smooth muscle cells of the rat tail artery.

The effect of temperature on calcium channel currents in ventricular myocytes
(Cavalie er al., 1985) and skeletal muscle (Walsh er al., 1986) has been reported.
In the present study, a temperature-dependence of both the amplitude and kinetics
of L channel currents in vascular smooth muscle cells are described for the first
time. The Qo of the amplitude of the L channel current was 2.2 + 0.25 in the
temperature range of 22° to 35°C. This compares to a Q,, (I, amplitude) of 2.96
reported for ventricular myocytes (Cavalie er al., 1985) and 2.3 £ 0.1 for a slow
calcium current in neurones of Lymnaea stagnalis (Byerly et al., 1984). In skeletal
muscle fibers, Walsh et al. (1986) found that increasing the temperature from 22°
to 32°C doubled the calcium current amplitude, which corresponded to a Q,, value
of approximately 2.

Since the movement of calcium into the cell via calcium channels is involved
in excitation-contraction coupling, increased inward L channel currents at higher
temperatures should in turn lead to an increase in the intracellular calcium
concentration and maximal contraction force. Peiper (1984), however, reported that
in vascular smooth muscle from the rat portal vein the maximal contraction force
was weakly temperature dependent whereas the kinetics were strongly temperature
dependent with a Qo of 1.8 - 2.0. The temperature dependence of calcium

channels in the plasma membrane of their preparation was not known. Since the
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rat tail artery has characteristics similar to those of a resistance blood vessel and
since the calcium required for excitation-contraction coupling in this type of smooth
muscle cell comes from extracellular rather than intracellular sources, one could
speculate that the maximum contraction force in this preparation would follow the
temperature dependence of the inward calcium current.

Ionic channels are water-filled pores. The conductance of an open channel
was believed to be relatively temperature insensitive with a Q,, of only 1.2to 1.5,
corresponding to an activation energy of 5 kcal/mol, which indicated a simple
aqueous diffusion (Hille, 1984). A Q,, larger than 2 for the conductance of ionic
channels would indicate that temperature-sensitive enzymatic reactions are an
integral part of the conductance mechanisms. However, recent studies have
revealed more complicated characteristics of the temperature sensitivity of the
conductance of ion channels. At a certain range of temperatures, not only calcium
channel conductance, as shown in the present study, but also sodium channel
(Kimura and Meves, 1979) and potassium channel (Hagiwara and Yoshii, 1980)
conductances were strongly temperature dependent with a Q,q larger than two. As
suggested by Cavalie and co-workers (1985), the high value of Q,, for the
conductance of calcium channels, specifically in rat tail artery smooth muscle cell
L channels, could indicate that calcium channels are regulated by a celiular
metabolic mechanism which is temperature dependent. It isalso possible that some

of the current changes (particularly those with respect to amplitude) which are
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reported ‘here may not be entirely controlled by the underlying kinetics but rather
by the ion transfer process as may be the case in squid axon sodium channels
(Cohen and Landowne, 1974; Kimura and Meves, 1979). It should be noted that
the Q,q is a thermodynamic concept which can only be used under completely
homogenous reaction conditions (fully reversible) and does not involve any
membrane delimitated reactions.

At temperatures greater than 35°C (36° to 40°C), the Q,,of current amplitude
was 0.56 + 0.14 with the maximum current occurring at 35°C in rat tail artery
smooth muscle cells. The mechanism which may be responsible for the reduced
currents at temperatures higher than 35°C remains open to speculation. In rat
cardiac membrane fragments, prolonged ischemia at 37°C decreased the density of
dihydropyridine binding sites, while no such change was detected during ischemia
at 22°C. These results led Gu et al. (1988) to speculate that internalization of
calcium channel proteins at higher temperatures was involved. It is also possible
that the conductance of an open channel is governed by a sequence of reactions and
one of these reactions may become rate limiting at 35°C (Fischbach and Lass,
1978). If calcium activated potassium channels were activated at a higher
temperature, the calcium channel currents might be masked. Given the fact that
the inward charge carrier is Ba** and the outward charge carrier Cs*, this
possibility is not very likely although it cannot be completely ruled out yet. In

addition, at temperatures greater than 35°C the L channels in smooth muscle cells
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of rat tail artery may become inactivated due to more rapid dephosphorylation.
The temperature at which the maximum current occurs varies with the preparation.
In vascular smooth muscle cells, the maximum current appeared at 35°C, while in
neuroblastoma cells (Narahashi et al.,1987) the maximum current. occurred at 30°C.
In ventricular myocytes (Cavalie er al., 1985), the temperature dependence of the
slow inward calcium channel current was continuous from 21° to 37°C. These

differences may be due to the different temperature sensitivities of various tissues

as related to their physiological functions.
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Fig. IV-1. T-type barium currents in one vascular smooth muscle cell. Some L-type
current is also present. This cell was cultured for 22 hr after isolation. A.Original
current records were recorded 8 min after the cell was voltage clamped. The
holding potential (HP) was -80 mV, and test pulses are denoted beside each record.
Zero current levels are designated by dotted iines. Leakage currents have been
subtracted. Capacitive currents have also been subtracted but subtraction was
imperfect. B. Current-voltage relationship for a single celi. Peak inward current
occurred at 0 mV and the inward current reversed at +50 mV. I, current; E,

potential; Em, membrane potential.
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Fig. IV-2. L-type barium currents in one vascular smooth muscle cell cultured for
24 hr after isolation. A. Current records were obtained 5 min after the cell was
voltage clamped. Holding potential was -40 mV, and test pulses are denoted beside
each record. Zero current levels are designated by dotted lines. As in Fig. IV-1,
leakage and capacitive currents (incomplete) are subtracted. B. Current-voltage
relationship for a single cell. The L-type current was activated at -20 mV witk -
peak inward current at +20 mV. This current reversed at +50 mV. 20 mM Ba**

was used in the bath solution. See Fig. IV-1 for abbreviations.
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Fig. IV-3. Separation of two types of calcium channel currents in one vascular
smooth muscle cell. Barium currents were evoked using a test pulse to -20 mV
from various holding potentials (HP). Test pulses from holding potentials varying
from -100 mV to -60 mV evoked both T- and L-type calcium channel currents. T
channel currents were inactivated when holding potentials became more positive
than -S0 mV while L channel currents could still be detected. L channel currents
were measured as the current values at 200 msec from the start of the test pulse.

Dashed lines are the zero current levels. Records are leakage corrected.
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Fig. 1V-4. Stability of calcium channel currents in primary cultured vascular smooth
muscle cells. Time zero was taken when inward currents emerged (1 or 3 min after
penetration of cell membrane). Currents (I) peaked at about 5 min. This was the
case for both T-type and L-type calcium channels. Each point represents the mean
and vertical bars represent SE. The L-channel component was not subtracted from

predominantly T-type calcium channel currents.
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Fig. IV-5. Steady-state inactivation of T- and L-type calcium channels in vascular
smooth muscle cells. A. Steady-state inactivation of L-type calcium channels in one
cell (open circles); steady-state inactivation of T-type calcium channels in another
cell (filled circles). Continuous curves were fitted by the equation I =1_, [1 +
exp(V - V,)/k]"'. For the cell with predominantly T channel currents, V, = -50.5
mV and k = 6.9 mV. In the cell with predominantly L channel currents, V, =
-28.6mV and k = 8.2mV. B. Current records used to generate the steady-state
inactivation of T channel currents (filled circle). C. Currents used to generate the
steady-sta'te inactivation of the L-channel current (open circles) in a cell with

predominantly L channel currents. In both B and C peak current values were used.
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Fig. IV-6. The sensitivity of two types of calcium channel currents to La*** and
Bay K-8644 in vascular smooth muscle cells. Current records are shown below test
pulses. Current records are corrected for leakage and capacitive currents. A. The
bottom current record was obtained by depolarizing the cell membrane to -20 mV.
In this cell, both T- and L-type calcium channels coexisted. The middle current
record showed only L-type calcium channel activity when the holding potential was
set to -40 mV. The upper current record was recorded 2 min after the addition of
La*** (2 mM final concentration). Cell: ST0327A. B. Modulation of calcium
channel currents by Bay K-8644 (5 uM final concentration). The upper current
records show (holding potential -40 mV) that Bay K-8644 increased L-type calcium
channel currents by a factor of 4.6. Cell: ST0226C. In the lower current records
(holding potential -80 mV) Bay K-8644 increased the inward current in a cell with
predominantly T-channels by about 60 %, but this increase was due to the efiect

of Bay K-8644 on the L-channel component. Cell: ST0327A.
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Fig. 1V-7. Modulation of L-type calcium channel currents by Bay K-8644 in
vascular smooth muscle cells. A.Inward currents obtained before and after addition
of Bay K-8644 (final concentration of 5 uM). Holding potential (HP) was -40 mV.
Test pulses are indicated beside each trace (mV). B.Current voltage relationships
obtained before (filled squares), 5 min (filled circles) and 10 min (open squares),

respectively, after treatment with Bay K-8644.
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Fig. IV-8. Bay K-8644 shifted steady-state inactivation and activation curves of L
channels in vascular smooth muscle cells. The filled circles and squares indicate the
steady-state inactivation curves in the absence and then presence of Bay K-8644,
respectively. The open circles and squares represent the steady-state activation
curve in the absence and then presence of Bay K-8644, respectively. The final
concentration of Bay K-8644 was 5 uM. Solid curves represent data fitted to
cquations of the forms I =1 ,,[1 + exp(V - V,)/k] T (inactivation) and I =1 , [1

+ exp (V, - V)/k] ! (activation).
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Fig. IV-9. The inhibition of L channel currents in one vascular smooth muscle cell
by nifedipine (0.5 pM). The holding potential was set at -40 mV. Test pulses are
indicated beside each current trace. Dashed lines represent zero current level.

Leakage currents and capacitive transients have been corrected from original traces.
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Fig. 1V-10. The amplitude of L channel currents in vascular smooth muscle cells
at three different temperatures. * indicates a significant difference between the
groups compared (p<0.05),while aindicates differences which were not significant

(p>0.05). The number of cells in each group has been indicated on the figure.
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Fig. IV-11. Effect of temperature on L channel currents in vascular smooth muscle
cells. A.Inward currents were elicited from a holding potential of -40 mV at two
temperatures (22°C and 32°C) in the same cell. All current traces were corrected
for capacitive and leak currents. The test potentials are marked beside each trace.
Note the difference in the calibration of the current amplitudes at 22°C and 32°C.
B. The cu.rrent-voltage (I-V) relationships of L channels at 22°C and 32°C are taken

from the same cell as in A.
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Fig. IV-12. Effects of dihydropyridines on L channel currents in vascular smooth
muscle cells at various temperatures.  A. The effect of dihydropyridines on L
channel currents at 32°C. The currents were recorded from two different cells,
shown in (a) and (b), with the test potential to +20 mV from a holding potential
of -40 mV. The control traces were shown as the lowest one in (a) and the top one
in (). 1 pM nifedipine was followed by 2 mM La*** which completely blocked
the inward current in (a). 5 uM Bay K-8644 increased the inward currents by
twofold in (b). The capacitive and leakage currents were subtracted in (a) and (b).
The dashed line represents the zero current level in (b). B. Logarithm of the
relative amplitude of L-type Ca™**-channel currents as a function of temperature.
The inward currents were recorded at a tost potential of +10 mV from a holding
potential of -40 mV. The number attached to each data point indicates the
sequence of recording. The open squares represent the steps of increasing
temperature and the filled squares the steps of decreasing temperature. The

straight lines are fitted by eye.
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Fig. IV-13. Temperature- and potential-dependent activation and inactivation of
L channel currents in vascular smooth muscle cells. In A and B data points are
mean values of 6 (filled circles) or 7 (open circles) cells, and vertical bars represent
the standard errors. The peak amplitude of L chanrel currents was measured at
+10 mV from a holding potential of -40 mV. Filled circles represent the value

measured at 23°C and open circles at 36°C. The smooth curves are fitted by eye.



134

CHAPTER 5

Characteristics of voltage-dependent calcium channels

in neonatal rat ventricular myocytes

INTRODUCTION

Using the whole-cell or single channel recording technique, two types of
voltage-cependent calcium channels have been identified in guinea pig ventricular,
dog atrial, frog atrial and rabbit sinoatrial cells (Bean, 1989a, b). Different critcria
or a combination of criteria have been employed to separate the various types of
cardiac calcium channels. Variation of holding potentials can handily distinguish
T and L channels from each other. The kinetics of various tvpes of calcium channel
currents is also different. It is well known that the inactivation of calcium channel
currents has a joint dependence: it is both -alcium- and voltage-dependent (Lee er
al., 1985). When Ba** or Sr** is used as the inward charge carrier, the
inactivation of L channel currents is significantly reduced in g:inea pig ventricular
cells (Hess er al.,1986; Hadley and Hume, 1987), rat ventricu'ar myocytes (Mitchell

et al.,1983; Josephson et al.,1984), and canine atrial myocytes (Bean, 1985). The
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inactivation kinetics of T channel currents, however, remains the same with Ba**
or Ca** as the charge carrier. A higher sensitivity of L channels to
dihydropyridines, and T channels to nickel and tetramethrin (Hagiwara et al.,1988)
has made the pharmacological dissection of L and T channel currents feasible. A
detailed description of the characteristics of cardiac calcium channels can be found
in scveral recent reviews (Bean, 1989a, b; Hess, 1990; Pelzer er al., 1990).

In addition to the above electrophysiclogical and pharmacological
characteristics of cardiac T and L channels, the distribution, characteristics and
functional importance of calcium channels are also different during different
developmental stages of cardiac myocytes. Although the existence of L channels
in nconatal rat ventricular cells has been established (Tsien et al., 1986), typical T
channels have not been fully described or characterized except for a brief
description by Rampe er al. (1989). Cohen and Lederer (1987. 1988) characterized
L channel currents in neonatal rat ventricular cells. Their research concentrated
on L channel currents and the holding potential was set at -50 mV. T channel
currents were not studied in this report.

The activation of L channels is mainly responsible for extracellular calcium
entry upon depolarization. L channels and sarcoplasmic reticulum compose the
fundamental link in excitation-contraction coupling in adult rat ventricular myocytes
(Cohen and Lederer, 1988). However, in neonatal rat ventricular cells, L channels

are more important in triggering ceil contraction since the sarcoplasmic reticulum
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is poorly developed at a very carly stage (Cohen and Lederer, 1988; Kilborn and
Fedida, 1990). 7 he absence of a functional sarcoplasmic reticulum has also been
demoenstiated in immature heart cells (Boucek er al., 1985). T channels, on the
uther hand, have been related to the electrical excitability of cardiac myocytcs.
Mainly distributed in atrial cells (Bean, 1989a, b), T channels contribute very little
to the total calcium channel currents in ventricular cells (Nilius ef al., 1985).

When a comparison was made between adult and neconatal rat ventricular
myocyte, it was found that L channels had a higher density and slower ini. tivation
kinetics in neonatal rat ventricuiar cells than in adult ones (Cohen and Lederer,
1988). The calcium-dependent mechanism has been suggested to be partially
responsible for the more rapid inactivation of L channel currents in adult rat
ventricular cells (Cohen and Lederer, 1988). However, in neonatal rat ventricular
cells, the changes in intracellular calcium concentration failed to correlate with
inactivation of L channels (Cohen and Lederer, 1987, 1988).

In the expe:iment described in this chapter, two types of calcium channels are
characteri.zed in neonatal rat ventricular myocytes. The characterization of T and
L channels in neonatal rat ventricular myocytes will help to elucidatec the
developmental changes of different types of calcium channels and their
developmental roles. On the basis of this characterization of calcium channels it
will become possible to investigate further the effects of PTH and other agents on

different types of calcium channels in this cell preparation.
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RESULTS

Electrophysiological characteristics.

The current recording was carried out in spherical ventricular myocytes. With
20 mM Ba** as the charge carrier, the inward current elicited from a holding
potential of -80 mV to various test pulses showed two basic patterns in t¢7ms of
magnitude and kinetics. At relatively negative potentials, the current inactivated
quickly and completely. As shown in Fig. V-1, these currents, transient in
appearance, reached the maximum amplitude at membrane potentials around -20
mV and inactivated quickly. At potentials morc positive than -30 mV, the inward
current inactivated slowly during a 200 msec pulse. The maximum amplitude of this
slowly inactivating current occurred at membrane potentials around +10 mV.
Simultaneously, the transient component decreased its amplitude. It has been
reported that in almost all adult cardiac cell types examined to date the maximal
magnitude of T channel currents is typically only 5-20% that of L channel currents.
T channel currents were not detectable in some ventricular cell types (Bean, 1989a).
However, in neonatal rat ventricular cells, T channel currents with variable
magnitudes, ranging from -50 to -200 pA were found. In several cells, the
amplitudé of T channel currents was greater than that of L channel currents in the
same cell. In contrast, in some cells, only L channel currents could be recorded.

In those cells which exhibited both T and L channel cuv-reats, the shift of holding
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potential from -80 mV to -40 mV inactivated T channel currents but had little
effect on L channel currents. As shown in £ig. V-2, the amplitude of L. channcl
currents was similar at a holding potential of -80 mV or -40 mV. This result was
in contrast to that in vascular smooth muscle cells in which L channel cusrents were
half inactivated at membrane potentials around -30 mV (Chapter 4). Hence, the
steady-state inactivation of L channel currents was studied in nconatal rat
ventricular myocytes. The membrane potential was held at various levels between
-80to +10 mV and 200 ms depolarizing test pulses were applied to +20 mV (Fig.
V-3). The peak amplitudes of L channel currents were iormalized and plotted
against holding potentials. A sigmoidal shape of steady-state inactivation of L
channel currents was revealed. Up to a holding potential of -40 mV, no
inactivation of L channei currents was found. Half inactivation of L channel
currents occurred at approximately -5 mV. The normalized conductance curve of
L channels is shown in Fig. V-5. The conductaiice was calculated from the
equation: Gg, =14,/ (Vy-V,,). The apparent reversal potential of L channels
is determined as the intersection of the I-V curves obtained before and after the
application of 2 mM La*™**in the bath. Vq is the test pulse at which the L channel
current, I,,, is recorded. The maximum conductance is taken as 1.00.

It was previously reported that T channel currents in rabbit sino-atrial node
cells inactivated by 50% at holding potentials between -80to -70 mV (Hagiwara et

al.,1988). In the present study, the steady-state inactivation of T channcl currents
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in nconatal rat ventricular myocytes were not studied because of a variable

population of T channel currents and the difficulty in separating T from L channel

currents.

Pharmacological characteristics.

Although L channei currents were abolished by the addition of 1 uM
nifedipine, the T channel current remained (see Chapter 8). Consistent with other
studies of rat ventricular cells (Sanguinetti et al.,1986), Bay K-8644 potentiated L
channel currents in the present studies. The relative amplitudes of L channel
currents in the absence or presence of 5 uM Bay K-8644 were 100% and 302 +48%,
respectively (n=7, p<0.05). Further analysis showed that Bay K-8644 also
increased the rate of inactivation of L channel currents (Fig. V-4). The I-V
relationship of L channel currents was shifted toward more negative potentials by
more than 10 mV in the presence of Bay K-8644 (Fig. V-4), as were the noivmalized
conductance curves (Fig. V-5). These modifications of L channel currents by Bay
K-8644 are simiiar to those found previously in vascular smooth muscle cells (Wang
et al., 1989), but different from those in neuroblastoma cells (Wang et al., 1988,
1990).

According to the above electrophysiological and pharmacological
characteristics of the two types of inward currents in neonatal rat ventricular cells,

the transient current was identified as the T channel current and the sustained
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current as the L channel current.
DISCUSSION

The action potential of many mammalian ventricular tissues has an clevated
plateau phase and lasts more than 100 ms (Cavalie et al., 1983; Giles and Brown,
1983; Agus et al., 1989; White and Terrar, 1990). The adult rat ventricular action
potential lasts less than 100 ms without a recognisable plateau phase (Cohen and
Lederer, 1988; Kilborn and Fedida, 1570). However, in the early stage of
development, the action potential of rat ventricular myocytes is very similar to other
mammalian ventricular muscle preparations in exhibiting a long-lasting and elevated
plateau phase (Cohen and Lederer, 1989; Kiiborn and Fedida, 1990). The changes
in calcium currents (Van Ginneken and Jongsma, 1983; Brown er al., 1986; Cohen
and Lederer, 1988) and potassium currents (Kilborn and Fedida, 1990) are belicved
to be determining factors in the developmental changes in rat ventricular muscle
action potential. The similarity of action potentials with those of other mammalian
ventricular myocytes, the larger density of calcium channels compared to adult
myocytes; and the easy w.ith which single cells may be isolated make nconatal rat
ventricular cells a suitable model to investigate the distribution, function and
modulation of different types of calcium channels.

Two types of voltage- and time-dependent calcium channel currents in
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nconatal rat ventricular cells have been identified and described here. The
transient “calcium channel (T channel) current activated quickly and inactivated
completely within the 200 msec depolarization. On the other hand, the long-lasting
calcium channel (L channel) current was activated at more positive membrane
potentials and inactivated very slowly. L channel currents were sensitive to
dihydropyridines whereas T channel currents were not. The characteristics of L and
T channel currents in nconatal rat ventricular myocytes are similar to those in
canine atrial cells (Nilius er al., 1985). L channel currents were, however,
predominant. T channel currents in most of the cells tested had an amplitude of
50 to 200 pA, which was consistent with the T channel amplitude in other studies.
For example, Rampe and co-workers (1989) reported amplitudes of 25 to 60 pA.
In order to eliminate the possibility that the T channel current recorded in rat
myocytes was contaminated by sodium channel currents, a Na*-free extracellular
solution was used. In addition, a relatively high concentration of TTX was also
included in the extracellular solution. Furthermore, the inactivation of T channel
currents in neonatal rat ventricular myocytes was much slower than that of sodium
channel currents.

One obstacle to the study of voltage- and time-dependent calcium channels in
neonatal rat ventricular cells is the fast run-down or deterioration of the inward
currents (Yatani er al.,1986). Several guidelines have been set up in the present

study to overcome this difficulty. First, an ATP-regenerating system was included
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in the pipettc solution to delay the run-down. Second, the control level of currents
was not established until there was no change in the current amplitude for S min.
Third, careful comparison was made between the records obtained with and
without the tested agents in the bath solution, using the same time scale. Fourth,

the responses of inward currents to the agent tested were reversed by subscquent

application of an agonist or antagonist, correspondingly.
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Fig. V-1. Two types of voltage- and time-dependent calcium channels in nconatal
rat ventricular cells. The data shown in A and B were taken from the same cell
with the membrane potential fixed at -80 mV. The leakage and capacitive currents
have been subtracted from original current traces. A. The current traces werc
recorded at different test depolarizations, which are indicated beside each current
trace (mV). The dashed lines represent the baseline. B. The I-V relationship of
total currents (open triangle) determined as the peak amplitude of inward currents
is shown in (a). A shoulder at approximately -20 mV in the I-V plot is the result
of the coexistence of both T and L channel currents. Separated T and L channel
currents are shown in (b). L channel currents (filled circles), determined at the end
of a 200 msec test pulse, were maximal at a membrane potential of +10 mV,
whereas T channel currents (open circles), determined as the difference of total

currents a~' U channe! currents, were maximal at -20 mV.
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Fig. V-2. The separation of two types of calcium channel currents by varying the
holding potential in one ventricular myocyte. A. The original current traces at a
holding potential of -80 or -40 mV. At a holding potential of -80 mV, a test pulsc
of -20 mV elicited predominantly T channel currents whereas +20 mV elicited
predominantly L channel currents. At a holding potential of -40 mV, a test pulsc
of -20 mV failed to induce an inward current but +20 mV elicited predominantly
L channel currents. Leakage and capacitive currents have been subtracted (sce
Chapter 2). Dashed lines represent the baseline. B. The I-V relationship of
inward currents elicited from a holding potential of -80 mV. Two peaks on the -V
curve, -30 and +20 mV, were shown. The peak at -30 mV represented the activity
of T channels and that at +20 mV, L channels. C. The I-V relationship of inward
currents elicited from a holding potential of -40 mV in the same cell. Only one
peak was detectable on the I-V curve, which represented L channel activity. T

channel currents were inactivated.
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Fig. V-3. The steady-state inactivation of L channel currents in nconatal rat
ventricular cells. The holding potential was changed in a stepwise manner with a
fixed depolarizing pulse to +20 mV. The membrane potential was first conditioned
for 3 sec to reach a quasi-steady state and a test pulse of 320 ms then followed.
The peak current amplitudes during the test pulses were measuied at each holding
poteatial and normalized to the maximum peak amplitude of inward currents. The

solid curve was fitted by eye. Each point on the sigmoidal curve represents 7 cells.
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Fig. V-4, Effects of Bay K-8644 on L channel currents in 2 ventricular myocyte.
A. The original current traces in the abscnce and then presence of 5 pM Bay K-
8544. The amplitude and kinetics of L. channel currents as well as the tail current
were increased by Bay K-8644. Holding potential was set at -40 mV. Test pulses
are indicated on the top of each set of current traces. B. I-V relationship of L
channel currents in the absence and then presence of Bay K-8644. The peak of the
I-V relationship of L channel currents was shifted toward more negative potentials
by 20 mV in the presence of Bay K-8644. Leakage and capacitive currents have

been corrected.
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Fig. V-5. The normalized conductance curves of I. channels in one ventricular
myocvte in the absence (open circles) and then presence (filled circles) of Bay K-
8644. In this cell, holding potential was set at -40 mV. The normalized
conductance curve was plotted as relative unductance of L channcls against
membrane potentials. The maximum and half conductance of L channels under
control conditions occurred at membrane potentials of approximately +20and +5
mV, respectively. The normalized conductance curve moved toward the direction
of hyperpolarization by 20 mV in the presence of 5 pM Bay K-8644. Solid curves

are fitted by eyc.
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CHAPTER 6

The selective inhibition of i channel currents

in neurrhiastoma cells by bPTH-(1-34)

INTRODUCTION

The hypercalcemic effect of PTH has been well studied and firmly established.
The other effects, such as vasodilation and positive inotropic action, of PTH have
also been extensively investigated. However, the mechanisms underlying the
cardiovascular effects of PTH are not clear. The modification of calcium channel
currents by PTH might be responsible for PTH-induced cardiovascular actions, as
suggested by Pang er al. (1588a). instead of beginning to study the effect of PTH
on calcium channel currents in vascular smooth muscle cells and ventricular
myocytes; my initial experiments used neuroblastoma cells (N1E-115). There are
several reasons for this choice. First, two types of calcium channels in NI1E-115

cells have been successfully identified, as described in Chapter 3. Of primary
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importance is the controlled expression of either predominantly T channel currents
or predominantly L channel currents through different cuiture methods. ‘These
relatively” pure forms of T or L channel currents are not available in vascular
smooth muscle cells or ventricular my:«cytes, even though these two types of channel
currents have similar characteristics in both these cell preparations. Second, N1I:-
115 cells are readily available and are easily maintained.  Third, although the
function of PTH i =curons is not known, ihe distribution of PTH-like
immunoreactivity in the CNS has been ¢ :uonsirated (Pang er al.,1988D, ¢). Hence,

the study of the effect of PTH on calcium channel currents in neuronal cells can be

justified.

RESULTS

The T channel current was unaffected by bPTH-(1-34).

After stable calcium channel currents were established, bPTH-(1-34) was
added to the bath solution. The poix inward currents at different depolarization
pulses, the relative peak current amplitudes (Fig. VI-1, 2) and I-V relationships
(Fig. VI-3) of T channels were unaffected by bPTH-(1-34). The peak amplitude of
T channel currents was -181134 pA and -170137 pA before and 5 min after the

addition of 1 uM bPTH-(1-34), respectively (n=8, p>0.05). In the same group of
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cells, the application of 5 uM Bay K-8644 following bPTH-(1-34) did not enhance

the T channel currents (I, = -177136 pA, p>0.05).

The L. channel current was modified by bPTH-(1-34).

Fig. VI-2 shows that tPTH-(1-34) at the concentration of 1 uM decreased L
channel currents to 71% of the control value (n=9, p<0.05). The I-V relationship
of L. channels was not affected by bPTH-(1-34) (Fig. VI-4). Subsequent application
of Bay K-8644 ircreased the L channel currents which had previously been inhibited
by bPTH-(1-34) (Fig VI-1). After the addition of 5 pM Bay K-8644, the relative
peak amplitude of L channel currents was increased to 129%, when the pie-PTH
valuc was taken as 100% (Fig. VI-2, p<0.05). However, there is no significant
difference between the relative peak amplitude of L channel currents before the
application of bPTH-(1-34) and after the application of Bay K-8644, which
suggested that bPTH-(1-34) partially inhibited the excitatory effect of Bay K-864.i
on L channel currents. The final application of La*** tc the same cells blocked
both T a1.1d L channel currents (Fig. VI-2), indicating that the pathway for Ba**
currents was Ca*™* channels (Narahashi er al., 1987). The concentration-related
inhibition of L channel currents by bPTH-(1-34) is shown in Fig. VI-5. The

threshold concentration of bPTH-(1-34) for inhibition of L channel currents was 0.1

uM, with 80% inhibition at 10 uM.
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The effect of oxidized bPTH-(1-34) on L channel currents.

The oxidation of PTH leads to a loss of the biological effect of the hormone
(Tashjian er al., 1964). Likewise, the amino-terminal region of the intact PTH
molecule, which contains all of the structural requirements for the known biological
actions of PTH, is inactivated after oxidation, at least in terms of its action upon
kidney (Rosenblatt ef ¢/ , 1977). Pang et al. (1983) showed that oxidized bPTH-{i -
34) had no detectable -: -:la. effect in rats and dogs. In the present investigation,
oxidized bPTH-(1-34) had ao effect on L channel currents in NIE-115 cells at a
concentration of 1 uM. Untreated bPTH-(1-34) at the same final concentration of
1 pM was given immediately following the addition of H,0,-trcated bPTH-(1-34).
Under these conditions, untreated bPTH-(1-34) once again inhibited L chznnel
currents in a distinctive manner. Thz 2bsence of an inhibitory effect of H,0,-

treated bPTH-(1-34) on L channel currenis was confirmed in a total of 10 cells

(p>0.05).

DISCUSSION
In order to ensure that the inhibitory effect of bPTH-(1-34) on the L. channcl
currents was not due to some nonspecific effect of the peptide, an inactive form of
bPTH-(l-EM) was tested. In neuroblastoma cells, oxidized bPTH-(1-34) had no
inhibitory action on the L channels. These channels could subsequently be

inhibited by administration of untreated bPTH-(1-34) to the same cells. This
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provides strong evidence that the L channel-inhibiting effect of bPTH-(1-34) is an
intrinsic property of this peptide fragment. The loss by oxidized bPTH-(1-34. of its
inhibitory action on L channel currents is related, presumably, to the local charge
changes introduced by oxidation of the methiorines. The more negative charges
imposed at the positions of me:hionines may sufficiently alter the molecules so that
the part of the molecule responsible for the binding is not available to bind on the
PTH receptors. In addition, PTH antagonists, such as bPTH-(3-34) and bPTH-(7-
34), do not have a vascular effect or a calcium channel effect. This is shown in the
following chapters. The difference between the effect of oxidized PTH preparation
and PTH antagonists is that the former cannot bind to the PTH receptors while the
latter can.

The results from patch clamp studies in N1E-115 cells were further supported
by bPTH-(1-34) binding studies (Pang ef al..1990). The receptors for acetylcholine,
histamine, 5-HT, dopamine, NGF, opiates and enkephalin, adenosine, and
somatostatin have been identified in N1E-115 cells (Kimhi, 1981). The stimulation
of the neurotensin receptor in NIE-115 cells activated inositol phospholipid
metabolism and increased intracellular [Ca**] (Snider er al., 1986). Using a 'ZI-
labelled bPTH-(1-34) analog, 15-20% of the total binding of PTH analog by the

membranes of the neuroblastoma cells was found to be specific. The specific

binding was saturable.
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The effect of bPTH-(1-34) on L channel currents in NIE-115 cells can also

be correlated with changes in intracellular frze calcium concentration determined
by the fura-2 fluorescence technique (Pang er al.,1990). In NILE-115 cells cultured
in DMEM with 2% DMSO, a 15 mM KCI challenge increased intracellular free
calcium concentration. It is possibly that this was mainly duc to the opening of 1.
channels. bPTH-(1-34) decreased this increase in intracellular Ca'’. In NILE-11S
cells cultured in DMEM «hout the a .. on of DMSO, KCI also increased
intracellular free calcium coi. vntrziion  which was presumably due to tiie opening
of T channels. However, bPTH-(1-34) had no effect on the increase in intracellular

free calcium concentration in this group uf cells.

Unpublished observations from the laboratory of Dr. S. Harvey (Department
of Physiology, University of Alberta) have suggested that PTH plays a role in the
metabolism of dopamine in CNS. On the other hand, experimenis on male rats
indicated that centrally injected PTH inhibited the development of gastric uicer
(Clementi eral.,+489). In zidition, PTH administered i.c.v. also decreased gastric
secretory volume and acid output. This further suggests the significant actions of
PTH on certain areas of the CNS. The bPTH-(1-34)-elicited inhibition of L
channel currcnts in N1E-115 cells, a spontaneous sympathetic tumour clone line,
may be linked to the function of PTH in the neural system. Since L channels are

believed to be a link between excitation and secretion, the PTH effect on L
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channels might provide a precise control over the release of some neurotransmiers

or neuromodulators in the neural system.
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Fig. VI-1. Effects of bPTH-(1-34) and subsequently applied Bay K-8644 on T and
L channel currents in N1E-115 cells. A. T channel currents had no response to 1
.. bPTH-(1-34) and sequentially applied 5 pM Bay K-8644. Cell #: 87521A. B.
I. channel currents were decreased in the presence of 1 pM bPTH-(1-34). This
inhibitory cffect of bPTH-(1-34) on L channel currents was antagonized by 5 uM
Bay K-8644. The tail current was also enhanced by Bay K-8644. Cell #:87514E(2).
La***at a concentration of 2 mM blocked both T and L channel currents as shown
in A and B. Leakage and capacitive currents were not subtracted. Dashed lines

indicate the zero level of currents.



162

T channel

...L.....Ml_

L channel

Yv98-M- Aeg

(P€-1)~H1dq

|043U00)

150 -

125 -

100 -
5
0-

25
0

(IDJJUOD JO %)  1WBLND premu| yeay



163

Fig. V1-2. The effect of bPTH-(1-34) on the peak amplitudes of T and L channcl
currents in N1E-115 cells. The experimental protocol was the same as that in Fig.
VI-1. bPTH-(1-34) at a concentration of 1 pM had no effect on the amplitude of
T channel currents (n=8) but decreased the amplitude of L channel currents (n=9).
* indicates p<0.05when compared with control or compared with the values after

application of Bay K-8644.
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Fig. VI-3. The effect of bPTH-(1-34) on the I-V relationship of T channel currents
in one N1E-115 cell. After a stable control curve was obtained, 1 pM bPTH-(1-34)
was added to the bath. Five minutes later, 5 pM Bay K-8644 was added to the
same bath. Neither bPTH-(1-34) nor Bay K-8644 affected the amplitude or the I-V
relationship of T channel currents. Leakage and capacitive currents have been

subtracted during analysis.
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Fig. VI-4. The effect of bPTH-(1-34) on the I-V relationship of L channel currents
in one N1E-115 cell. The experimental protocol was the same as described in Fig.
VI-3. bPTH-(1-34) at 1 pM decreased the amplitude of L channel currents but did
not affect the I-V relationship. Bay K-8644 at 5 uM increased the L channcl
currents but did not affect the I-V relationship, either. Leakage and capacitive

currents have been subtracted during analysis.
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Fig. VI-5. The concentration-related inhibition of L channel currents induced by
bPTH-(1-34) in NI1E-115 cells. The number of cells tested at each dosage is
indicated on the concentration-response curve. The peak inward L channel current,
activated from a holding potential of -40 mV, was measured in the absencc and
then presence of various concentrations of bPTH-(1-34). The current in the
presence of bPTH-(1-34) (after 5 min) was compared as a ratio to the control valuc

I ../1 . These normalized values were combined at each concentration
peak’ * control peak

and plotted as the mean & SE.



170

CHAPTER 7

The selective inhibition of L channel currents by bPTH-(1-34)

in rat tail artery smooth muscle cells

INTRODUCTION

Control of many calcium-dependent cellular events in excitable cells may
depend on the modification of calcium influx via voltage-dependent  calcium
channels. Investigations using the patch clamp technique have identified two types
of voltage-dependent calcium channel currents in rat tail artery smooth muscle cells
(Wang er al.,1989). The transient (T type) calcium channel current is activated at
negative potentials and inactivates quickly and completely, while the long-lasting (L
type) calcium channel current is activated at more positive membrane potentials
and shows minimal inactivation. It has been suggested (Benham et al.,1987) that
the L channels represent the main population of voltage-dependent calcium
channels in vascular smooth muscle cells and these channels may play a major role

in the movement of Ca** into the cell to trigger muscle contraction (Ohya and
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Sperelakis, 1989).

Syn‘thetic calcium antagonists have been used experimentally and clinically for
more than a decade. Only recently, however, has the modulatory cffect of
endogenous hormones and peptides on calcium channels, which may be a
physiologically important mechanism, received attention. Parathyroid hormone
(PTH), for example, has been implicated in the modulation of voltage-dependent
calcium channels in many cell types. Asa potent vasodilator, bPTH-(1-34) inhibited
KCl-stimulated vasoconstriction and “Ca** uptake in rat tail artery strips (Pang ef
al., 1984, 1988a).

In the present study, the effect of bPTH-(1-34) on the two types of calcium
channel currents in rat tail artery smooth muscle cells are investigated. The
specificity, reversibility, membrane potential dependence and the concentration
dependence of the PTH effect are also examined. In addition, the effects of
different fragments of PTH [bPTH-(3-34) and bPTH-(7-34)] and their intcraction

with bPTH-(1-34) are described.

RESULTS

The effect of bPTH-(1-34) on the T channel current

The experiment described in Fig. VII-1 shows that bPTH-(1-34) at a
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concentration of 1 uM had no effect on the peak amplitudes of T channel currents
at all test potentials. This is shown in both the current records and the I-V
rclationship. In 5 cells with predominantly T channel currents, 1 uM bPTH-(1-34)
failed to modulate T channel currents. The subsequent application of Lat**

completely eliminated this transient inward current (Fig. VII-2).

The effect of bPTH-(1-34) on the L channel current

The magnitude of L channel currents was reduced in the presence of bPTH-
(1-34). Usually, the decrease in the magnitude of L channel currents induced by
bPTH-(1-34) was evident at 2-3 min and reached a steady state level within 5 min.
In some cells (n = 3), after the initial 5 min decrease, the magnitude of L channel
currents recovered to the control level, suggesting the existence of a mechanism of
desensitization to bPTH-(1-34). Fig. VII-3 shows that, in one cell, bPTH-(1-34) (1
M) inhibited the L channel current by 26.3%. The effect was more evident at the
peak of the I-V relationship. In 14 cells, the maximum inward current was 74 +13
pA and 49:10 pA before and after the application of 1 pM bPTH-(1-34),
respectively (p < 0.05). The leakage current and the current required to hold the
cell membrane at -40 mV were not changed by bPTH-(1-34).

To observe the effects of bPTH-(1-34) on the kinetics of L channel currents,
the inward currents evoked from a holding potential of -40 mV in the absence or

presence of bPTH-(1-34) were compared. When the reduced current records
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obtained in the presence of bPTH-(1-34) were scaled and superimposed on the
inward current trace before application of bPTH-(1-34), identical traces were
obtained (Fig. VII-3C), indicating that bPTH-(1-34) has no cffect on the kinctics of
L channel currents. In addition, the threshold potential for the activation of L
channel currents, the potential at which the maximum inward currents occurred and
the zero current potential (apparent reversal potential) for calcium channel currents
were not changed in the presence of bPTH-(1-34). The unchanged reversal
potential for L channel cutrents in the absence or presence of bPTH-(1-34)
indicated that the reduction in L channel currents by bPTH-(1-34) was not due to
changes in the intracellular concentration of free calcium.

The inhibition of L channel currents in the present study is mainly due to the
specific effect of bPTH-(1-34) on L channel currents without the contamination of
outward currents. The evidence for this is as follows: 1) the compositions of
pipette solution (150 mM Cs*) and bath solution (20 mM Ba**) were designed to
eliminate the voltage-dependent K™ current and the Ca**-dependent K* current
(Quandt and Narahashi, 1984; Benham et al.,1985); 2) application of 2mM La***
revealed a linear relationship between voltage and current in the presence of
bPTH-(1-34) over the range of voltages associated with K* current activation (Fig.
VII-3A) (Dunlap and Fischbach, 1981); and 3) the steady-state activation curve was
not shifted by bPTH-(1-34) (Fig. VII-9).

The inconsistent responsiveness of voltage-dependent calcium channels in
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many cascs, such as the effect of calcitonin gene-related peptide on N-type (neuron)
calcium channels (Ryu et al., 1988), vasopressin on L channels (Mollard et al.,
1988), noradrenaline on L channels (Benham and Tsien, 1988) and isoproterenol
on L channels (Droogmans et al., 1987), has been reported. In rat tail artery
smooth muscle cells, the responsiveness of L channels to bPTH-(1-34) was also not
consistent. In a total of 46 cells, bPTH-(1-34) at different concentrations produced
a decrease in L channel currents in 34 cells. Since only one cell was tested in one
dish, one cannot be certain that all cells in the same dish had the same reactivity
to bPTH-(1-34). Some of the many factors that may be responsible for the

variability of the bPTH-(1-34) effect are considered in Chapter 11.

Interactions of bPTH-(1-34) and Bay K-8644

There are several reasons which justify the investigation of interactions of
bPTH-(1-34) and Bay K-8644. First, Bay K-8644 is a specific L channel agonist,
and thus can be used to examine the channel specific effect of other L channel
modulators. Second, it has been reporied that both the effects of Bay K-8644
(Tiaho er al., 1990) and bPTH-(1-34) on L channel currents (see Chapter 10) are
modulated by a cAMP-dependent mechanism. Third, Armstrong D. and Eckert
(1987) demonstrated that Bay K-8644 modulated the gating of calcium channels
only when the channel was phosphorylated. If the run-down of calcium channel

currents was complete, the subsequent application of Bay K-8644 failed to modulate
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calcium channels. Hence, these authors suggested that the effect of Bay K-8644 on
calcium channel currents depended on, and influenced the status, of
phosphorﬁation-dephosphorylation of calcium channels. Fourth, the study of
calcium channel modulation by P-adrenergic agents and Bay K-8644 has led to a
critical understanding of the mechanisms of both agents (Tsien, et al.,1986). Fifth,
the similarity of the effects of Bay K-8644 and a peptide, isolated from spontancous
hypertensive rats, on voltage-dependent calcium channels has been reported (Huang
et al., 1988). These two agents were suggested to share a common mechanism of
action although no fundamental data are available regarding the single channel
characteristics in the presence of these two agents. Taken together, the elucidation
of the possible interaction between the effects of bPTH-(1-34) and dihydropyridine
agonists on L channels will help us to understand the mechanisms of channel
modulation under physiological conditions and pharmacological intervention. In
addition, the interaction of bPTH-(1-34) and Bay K-8644 on calcium channels in
renal epithelial cells has been reported (Bacskai and Friedman, 1990).

Fig. VII-4 shows that Bay K-8644 increased the inward calcium channel
currents which were previously inhibited by bPTH-(1-34). This result confirmed
that the inward calcium chanrei currents affected by bPTH-(1-34) were, specifically,
L channel currents. Further comparison of the amplification of L channel currents
by Bay K-8644 in the presence or absence of bPTH-(1-34) was made. Without

bPTH-(1-34), 5 uM Bay K-8644 enhanced the inward current to 252 +37% of the
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control value. However, at the same concentration, Bay K-8644 increased the
amplitude of L channel currents by 35 +19% in the presence of 1 pM bPTH(1-34),
compared to the current amplitude before the application of bPTH-(1-34) (Fig. VII-
4). .

Another experimental protocol is illustrated in Fig. VII-5. The experiment
began with the first application of 1 uM bPTH-(1-34). Wash-out of the peptide
followed. In this cell, the first application of bPTH-(1-34) decreased the inward
current by 31% while the I-V relationship remained the same. Subsequent
application of Bay K-8644 increased the inward current by a factor of 2.5. After the
Bay K-8§44 induced increase in L channel currents was maximal, 1 uM bPTH-
(1-34) was again added to the bath solution. At this time, the inward current again
decreased by 34%. Bay K-8644 shifted the peak of the I-V plot by 20 mV toward
a more negative direction. This shift of the peak of the I-V curve was unchanged
by the second application of bPTH-(1-34).

Furthermore, bPTH-(1-34) failed to modify the steady-state activation curve
of L channels (Fig. VII-9) but Bay K-8644 shifted the curve toward the negative
direction by 10 mV (Wang et al., 1989). These results, as expected, suggest that
bPTH-(1-34) affects L channels but in a different mechanisms from the actions of

Bay K-8644.
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Characteristics of the effect of bPTH-(1-34) on L channel currents

The effect of bPTH-(1-34) is concentration dependent. PTH lowered the blood
pressure in vivo and inhibited tension development in strips from rat tail artery in
vitroin a concentration-dependent manner (Pang et al.,1988a). Whether the effect
of PTH on the inward current in single smooth muscle cells could be related to the
concentration used was examined in the present study. Fig. VII-6 illustratcs a
concentration-dependent  inhibition of L channel currents by bPTH-(1-34). At a
concentration of 0.1 pM, bPTH-(1-34) decreased the peak inward currents to 81.1
+ 3% of the control values in 7 cells (p < 0.05). The threshold concentration for
inhibitory action of bPTH-(1-34) is, therefore, < 0.1 pM. When the concentration
of bPTH-(1-34) was raised to 10 pM, 59.6 + 6% of the L channel current still
remained.

The effect of bPTH-(1-34) is voltage dependent . 1t has been reported that, by
changing the membrane potential, the inhibitory effect of some calcium antagonists
on L channel currents could be modified, such as in smooth muscle cells from rat
mesenteric arteries (Bean ef al.,1986) and neuroblastoma cells (Ogata et al., 1989).
Hence, experiments were designed to determine the voltage dependence of the
bPTH-(1-34) effect on L channel currents in rat tail artery smooth muscle cells .

At first, the effect of bPTH-(1-34) at two different holding potentials, -60 and
-20 mV, was investigated. Fig. VII-7 shows the results from one smooth muscle

cell. When the holding potential was set at -20 mV, the peak inward current was
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decreased by 34.5% by bPTH-(1-34) at a concentration of 1 uM. However, with the
holding potential at -60 mV, the peak inward current was not depressed in the
presence of bPTH-(1-34). This result suggested that bPTH-(1-34) inhibited L
channel currents more strongly at more positive holding potentials. Similar findings
were observed in 3 other cells.

This mechanism was examined in more detail by generating the full range of
steady-state inactivation curves in the absence or presencé of bPTH-(1-34). The
holding potential was changed from -80 to +10 mV and the step command was
applied to depolarize the membrane to +20 mV. The membrane was held for 15
seconds at each holding potential set. The steady-state inactivation curves were
plotted using either the absolute value of the peak inward current as in Fig. VII-8A
or the normalized amplitude of the inward currents as in Fig. VII-8B against the
holding potentials. The Boltzmann distribution of the form: I = I, [1 +exp (V
- V,)/k] ™! was used to fit the steady-state inactivation curves in Fig. VII-8B. In this
equation, V represents the holding potential, V) is the potential at which one-half
of the calcium channels are inactivated and k is the slope factor. bPTH-(1-34) at
a concentration of 1 pM decreased the amplitude of L channel currents at all the
holding potentials tested (Fig. VII-8A) but its effect was more potent at more
positive holding potentials (Fig. VII-8B). When the holding potential was within
the range of -30 to -10 mV, the inhibition of L channel currents as well as the

negative shift of the steady-state inactivation curve in the presence of bPTH-(1-34)
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were more evident. It can be seen from Fig. VII-8A and 8B that bPTH-(1-34)
shifted the steady-state inactivation curve to the left. The same phenomcenon
occurred in the presence of dihydropyridines, such as Bay K-8644 (Wang er al.,
1989) and nicardipine (Terada er al.,1987b). The slopes of the relative inactivation
curves (least square fit to the experimental data) shown in Fig. VII-8B are 8.7 and
11.5mV in the absence or presence of bPTH-(1-34), respectively. V, changed from
-14.9mV to -24 mV before and after the application of the peptide, respectively.

To examine further the voltage dependence of L channel current activation,
the normalized conductance curves in the absence or presence of bPTH-(1-34) werc
compared (Hodgkin and Huxley, 1952b). These curves were plotted as rclative
conductar;ce of L channels against the test pulses, and fitted by the Boltzmann
distribution of the form: G = G_,, [1 + exp(V,-V) /k]"!, where V is the test
potential which drives the inward current, V,; is the potential at which the half
maximum conductance was obtained and k is the slope of the fitted curve. The
normalized conductance of L channels in this cell preparation was a steep function
of voltage, and increased markedly over the potential range from 0 to 20 mV. Fig.
VII-9 shows that, in one cell, the conductances of L channels as a function of
potential in the absence or presence of bPTH-(1-34) were identical. In another 5
cells examined, bPTH-(1-34) also produced no change either in the V, values or the
slope factors of the normalized conductance curves of L channels.

The effect of bPTH-(1-34) is not dependent on the pulse lengths.  All the
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cxperim.ents described above were executed with a 200 msec depolarization pulse.
It méy be argued that bPTH-(1-34) could bind more tightly to L channels if the
channel was the binding site of PTH and the channel remained in the activated
state for a longer period of time. To clarify this point, the depolarizing pulse was
prolonged to 3 or 10 seconds. In the absence of bPTH-(1-34), there were no
differences among the amplitudes of L channel currents with 200 msec, 3 sec or 10
sec pulse lengths. After application of bPTH-(1-34), the amplitude of L channel
currents decreased to the same extent with different pulse lengths. In addition, the
duration of the interpulse interval, which varied from 20 msec to 5 sec, also did not
influence the effect of bPTH-(1-34) on the amplitude of L channel currents.

The effect of bPTH-(1-34) on L channel currents is reversible.  After the
inhibition of L channel currents by bPTH-(1-34) was established, the cell was then
perfused with PTH-free bath solution to check the reversibility of the bPTH-(1-34)
effect. A satisfactory washout of bPTH-(1-34) was obtained with a perfusion rate
of approximately 1 ml/10 sec. As shown in Fig. VII-10, the peak amplitude of the
L channel currents recovered to 93% of the control value after a total 5 min of
washout and recovery.

The effect of bPTH-(1-34) on the deactivation of L channel currents.
Immediately following the end of a depolarization pulse, the calcium channel
deactivated in response to repolarization to generate an instantaneous current or

"tail current”. The amplitude of tail currents reflects the instantaneous activity of
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the channel and the time course represents the kinetics of the closing process(es)
of calcium channels. In the present study, the tail currents mainly measured the
deactivation of L-type calcium channels because a holding potential of -40 mV
inactivated T-type caicium channels and a 40 msec pulse fully activated L channels
but inactivated most T channels. When the membrane was repolarized to -40 mV
from different test pulses, the time course of the tail current decay was well fitted
by a single exponential function (Fig. VII-11A), which is comparable to the tail
current of L channels in neuroblastoma cells (Yoshii et al., 1988).

In view of this, I measured the instantaneous amplitude of the tail current at
time zero, the instant at which the repolarization was initiated, by extrapolating the
falling phase of the tail current with a single exponential function. The
current-voltage relationships of the tail currents were constructed and are shown in
Fig. VII-11B (square symbols).

Quite different from the bell shape of the I-V relationship obtained during the
test pulse, the sigmoidal I-V plot could be determined for the instantancous
amplitude of the tail current when repolarized to the holding potential from the
step depolarizations. The amplitude of the tail current approached a plateau at
+80 mV (Eckert and Douglas, 1983).

The change in the amplitude of the instantaneous tail current is proportional
to that of the instantaneous calcium channel conductance. As expected, application

of bPTH-(1-34) decreased the amplitude of the instantaneous tail current to the
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same degree as the decrease in the amplitude of the peak inward current during the
test pulse (Fig. VII-11A) in the presence of the peptide. However, the decay of the
tail current upon 1epolarization was not affected by bPTH-(1-34) (Fig. VII-11 A-a),
suggesting that the gating mechanism controlling the closing process of L channels
was not altered by the peptide. The time constants of tail currents after being
depolarized to +30 mV were 5.22:0.5 msec in the absence, and 5.6010.4 msec in

the presence, of bPTH-(1-34) (n=3J).

Effects of bPTH-(3-34) and bPTH-(7-34) on L channel currents

In an attempt to compare the effect of different fragments of bPTH on L
channel currents, bPTH-(3-34) and bPTH-(7-34) were used in the next group of
experiments. When the time course of changes in the magnitude of L channel
currents in response to bPTH-(3-34) and bPTH-(7-34) was followed, up to 5 min
after the addition of these two fragments, neither a decrease nor increase in the
amplitude of L channel currents was seen. bPTH~(3-34) at a concentration of 1 pM
had no effect during the 5 min period of application. I-V curves and original
current traces are shown in Fig. VII-12. Fig. VII-14 shows that 10 pM bPTH-
(7-34) in 7 cells or 1 pM bPTH-(3-34) in 15 cells did not affect L channel currents.
No change in the rate of activation or inactivation of L channel currents could be

detected in the presence of bPTH-(3-34) or bPTH-(7-34).
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The effect of pretreatment of cells with bPTH-(3-34) on subsequent changes in L
channel currents induced by bPTH-(1-34)

To examine whether the change in L channel currents induced by bPTH-(1-
34) is exerted via a PTH specific receptor(s), the effect of bPTH-(1-34) on the L
channel current after pretreatment of cells with bPTH-(3-34), a PTH antagonist, is
tested. It was shown that bPTH-(3-34) did not modify L channel currents by itself
(Fig. VII-12). However, when one cell, shown in Fig. VII-13, was pretreated with
1 pM bPTH-(3-34) for more than 10 min, the addition of bPTH-(1-34) (1 pM) was
ineffective in terms of the inhibition of L channel currents. The data from this cell
show that bPTH-(3-34) is capable of blocking the inhibitory effect of bPTH-(1-34)
on L channels. Results from more cells further supported this hypothesis (Fig. VII-
14). In 10 cells, the L channel current had a magnitude of 40.3 + 5.0 pA after
pretreatment of the cells with 1 uM bPTH-(3-34). Five min after the addition of
1 pM bPTH-(1-34) to the bath solution, the magnitude of L channel currents was
36.2 +7 pA. There was no significant difference in channel currents between these
two treatments.

The absence of an inhibitory effect on L channel currents in smooth muscle
cells by bPTH-(1-34) may be explained if bPTH-(3-34) occupies the same binding
sites as bPTH-(1-34) and thus decreased bPTH-(1-34) binding. It is also possible
that bPTI_-I-(3-34) binding changed the configuration of the L channel complex in

such a way that the L channels lost their pharmacological response to the
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subscquent application of any agent. If the latter were the case, the subsequent
challenge to the L channel by Bay K-8644 would be ineffective. However, the
results shown in Fig. VII-12 indicated that Bay K-8644 was still able to enhance L
channel currents, suggesting a normal responsiveness of L channel proteins and the

existence of different binding sites on or near L channel proteins for PTH

fragments and Bay K-8644.

DISCUSSION

Significance of the present study

Since the introduction of calcium antagonists and agonists more than a decade
ago, a variety of studies have been conducted to determine the effects of these
exogenous compounds on voltage-dependent calcium channels. From these studies,
the pharmacological criteria for identification of different types of
voltage-dependent calcium channels have been established (Bean, 1989a, b), and
the biochemical purification of calcium channel protein became feasible (Hofmann
et al.,1988). In addition, these agents have been employed in the clinical treatment
of some cardiovascular and neural disorders (Olivari er al.,1979; Greenberg, 1987).
However, the mechanisms by which living organisms regulate the activity of

voltage-dependent calcium channels are still not clear. It is reasonable to postulate
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the existence of endogenous calcium channel modulators, both antagonists and
agonists, which modulate calcium channels under physiological and
pathophysiological conditions.  Endothelin, a peptide produced by vascular
endothelial cells, has been demonstrated to activate L-type voltage-dependent

calcium channels in vascular smooth muscle cells, either directly or indirectly (Goto
et al.,1989). In the present study, it is reported that the active N-terminal fragment
of PTH, bPTH-(1-34), inhibits L channel currents in single smooth muscle cells
from the rat tail artery. The inhibitory effect of bPTH-(1-34) s
concentration-dependent and voltage-dependent, but does not rely on the frequency
and duration of depolarization, at least within the range tested in the present study.
PTH, then, is the first endogenous circulating peptide hormone found capable of
inhibiting (modulating) voltage-dependent calcium channels in vascular smooth
muscle cells. This finding will lead to a more critical evaluation of the mechanism
of PTH action. The methodology and protocols established in this study will also
assist in the identification of other endogenous substances responsible for the

regulation of voltage-dependent calcium channels.

Correlation with in vivo and in vitro studies
As previously reported, PTH lowers blood pressure in vivo. The tension
development in rat tail artery strips, in vitro, elicited by 60 mM KClI is attenuated

by PTH. This PTH-induced effect was reduced by the removal of extracellular
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Ca**and mimicked by calcium channel blockers, such as D-600. The identification
of two types of voltage-dependent calcium channels in rat tail artery cells opens the
possibility that PTH exerts its vasoactive action, at least in part, by modulating the
influx of calcium through these channels. The present results provide direct
evidence to support the view that PTH inhibits calcium channels in vascular smooth
muscle cells. This was previously suggested by a tension and calcium flux study at
the tissué level (Pang et al., 19%8a). The rat tail artery possesses contractile
properties similar to those of small resistance vessels (Frost et al., 1976). The
activation of L type calcium channels in the smooth muscle cells from rat tail artery
might be the key link between excitation and contraction of this cell preparation.
Consequently, the inhibition of L channels by bPTH-(1-34) blocks the access of
extracellular calcium to the intracellular space of the cell. I believe this is part of
the mechanism of PTH-induced vasodilatation (Pang er al., 1988a, 1990). Since
PTH has different roles in various target organs and calcium channels do not
behave in the same way in all tissues (Bean et al.,1986), it is reasonable to suggest
that PTH may regulate calcium channels in a somewhat different manner in other
tissues. In addition, the presence of PTH receptors on vascular smooth muscle cells

has been demonstrated (Nickols ef al., 1989b, 1990).

Mechanisms of the inhibitory effect of bPTH-(1-34) on L channel currents

Although the mediation of L channel currents by bPTH-(1-34) is significant,
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it is still not known whether the suppression of L channel currents is duc to the
direct action of bPTH-(1-34), perse, on calcium channel protein or to the activation
of some cytoplasmic second messengers through the binding of PTH to its specific
receptor(s) outside the calcium channel protein(s). It is not possible to distinguish
between these two possibilities from the data presented in this chapter.
Furthermore, it remains possible that, under in vivo conditions, PTH-induccd
modulatiqn of calcium channel currents is secondary to PTH-induced changes in the
membrane potential, which occur independently of changes in Ca** permeability
(Koch et al., 1988). It should also be pointed out that PTH might interact with
some transducer macromolecules such as membrane GTP-binding proteins (G
proteins) and inhibit L channel currents indirectly. Unfortunately, little is known
regarding the role of G proteins in the modulation of voltage-dependent calcium
channels in vascular smooth muscle cells (Zeng et al., 1989).

The phosphorylation-dephosphorylation  mechanisms in the regulation of
voltage-dependent calcium channels have received increasing attention. The bPTH-
(1-34)-induced inhibition of L channel currents may be mediated by cyclic AMP,
since cyclic AMP is a potent relaxant for many smooth muscles (Hardman, 198l).
In cultured vascular smooth muscle cells, 1 min treatment with PTH resulted in 5-
to 10-fold increases in cyclic AMP concentrations (Nickols, 1985). It has been
reported that the hypotensive action of bPTH-(1-34) may involve cellular cyclic

AMP as a second messenger (Helwig er al., 1984). bPTH-(1-34) increased cyclic



188
AMP content significantly in rat tail artery tissues and the vasodilatatory action of
bPTH-(1-34) was potcntiated by isobutylmethylxanthine, a phosphodiesterase
inhibitor, and decreased by imidazole, a phosphodiesterase stimulator (Pang e al.,
1986). Detailed studies and discussions which correlate the effect of PTH on

voltage-dependent calcium channels with the intracellular cyclic AMP level are

described in Chapter 10.

The antagonistic action of bPTH-(3-34) to bPTH-(1-34)

A synthetic bovine PTH fragment containing the first 34 amino acid residues
of the amino-terminus, bPTH-(1-34), has full biological activity in classical bioassays
of PTH (see reviews by Rosenblatt, 1986 and Mok er al., 1989). Some synthetic
fragments of PTH shortened at the N terminus by only a few amino acids, such as
bPTH-(3-34) and bPTH-(7-34), lost PTH agonist activity especially in vitro
(Rosenblatt er al.,1977). In renal epithelial cells, bPTH-(1-34) activated calcium
channels. However, bPTH-(3-34) had no effect (Bacskai and Friedman, 1990). In
many cell preparations, bPTH-(3-34) has been demonstrated to be a competitive
antagonist of PTH (see review by Rosenblatt, 1986; Segre ez al., 1985; Civitelli et
al.,1989; Mine er al.,1989; Tamura et al.,1989; Bacskai and Friedman, 1990). This
antagonist inhibits PTH-induced cAMP and adenylate cyclase responses, as well as
vasorelaxation (Huang and Rorstad, 1984; Nickols, 1985). Although bPTH-(3-34)

lacks hypotensive activity (Ellison and McCarron, 1984), it may still bind to PTH
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receptors in vascular smooth muscle preparations (Mok er al.,1989a). In vivo, the
dilator response of second-order arterioles to bPTH-(1-34) was abolished by bPTH-
(3-34) (Dowe and Joshua, 1987). In vitro, the adenylate cyclase response of renal
microvessels to bPTH-(1-34) was also inhibited by bPTH-(3-34) (Helwig, ef al.,
1987). The inhibition by bPTH-(3-34) and bPTH-(7-34) of PTH-induced cAMP and
adenylate cyclase responses, as well as vasorelaxation have also been reported
(Huang and Rorstad 1984; Nickols, 1985; Daugirdas ef al., 1987).

PTH is a charged peptide and is, therefore, not lipid soluble. It might bind
only to specific receptors on the external side of the membrane and then modify the
calcium channel. This hypothesis can be demonstrated, at least in part, by the
antagonism of the effect of bPTH-(1-34) by bPTH-(3-34) which, by itself, had no
effect on L channel currents. Whether bPTH-(3-34) and bPTH-(1-34) have the
same type of receptors in vascular smooth muscle cells is not clear at the present
time. However, it has been shown that, in bovine middle cerebral arteries, an equal
molar concentration of bPTH-(3-34) could block approximately half the
vasorelaxant effect of bPTH-(1-34) (Suzuki er al., 1983). Nickols et al. (1987)
reported that a 50 times greater concentration of bPTH-(3-34) was required to
abolish bPTH-(1-34)-induced relaxation in rabbit aortic strips. In the present
study, the same concentration of bPTH-(3-34) and bPTH-(1-34), 1 uM, was used.
A concentration of 1 pM of bPTH-(3-34) was fully effective in producing compiete

inhibition of 1 pM of bPTH-(1-34). This phenomenon can be explained if the
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binding sites for bPTH-(3-34) on the membrane or the secondary events induced
by bPTH-(3-34) inside the membrane are saturated at a concentration of 1 pM for
bPTH-(3-34). Alternatively, bPTH-(3-34) at the same concentration as bPTH-(1-34)
may not completely block the binding of bPTH-(1-34), but can completely abolish
the effect of bPTH-(1-34) on voltage- and time-dependent calcium channel currents
in a single cell. However, the tension development in the experimental arterial
strips was‘ induced by PGE,, (Suzuki er al.,1983) or norepinephrine (Nickols er al.,
1987). It would be more reasonable to suggest that the tension development in
these reports was triggered by the intracellular release of free Ca*™ or the
activation of receptor-operated calcium channels as well as the opening of
voltage-dependent calcium channels. It is also important to recognize that the
contraction of vascular smooth muscle is controlled by multiple factors: not only
extracellular calcium influx but also intracellular calcium release (see review by Van
Breemen and Saida, 1989), and phosphorylation of the myosin light chain by a
Ca**/calmodulin-dependent myosin light chain kinase (see review by Kamm and
Stull, 1989). Given different mechanisms underlying excitation-contraction coupling
in smooth muscles, the complete inhibition of the effect of bPTH-(1-34) on L-type
voltage-dependent calcium channel currents by bPTH-(3-34) at an equal molar

concentration would be acceptable.
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Fig. VII-1 The effect of bPTH-(1-34) on T channel currents in one vascular smooth
muscle cell. A. The original current traces were elicited from a holding potential
of -80 mV to various test pulses indicated beside each trace (mVv). B. IV
relationships of T channel currents were constructed before (open circles) and after
(solid circles) the addition of 1 pM bPTH-(1-34), respectively. The same cell was

used in A and B. Leakage and capacitive currents have been corrected.
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Fig. VII-2 T channel currents in vascular smooth muscle cells were not sensitive
to bPTH-(1-34). Data from S5 cells were combined and shown as a bar graph.
bPTH-(1-34) at a concentration of 1 pM did not change the peak amplitudes of T

channel currents (p>0.05). 2 mM La*** eliminated T channel currents.



195

/ e Control
e O bPTH(1-34)
-—180 v Lattt




196

Fig. vn-é The inhibitory effect of bPTH-(1-34) on L channel currents in one
smooth muscle cell from the rat tail artery. A.The I-V relationships under different
experimental conditions. After stable currents were obtained as a control (solid
circles), 1 pM bPTH-(1-34) was added to the bath for 5 min (open circles) and
followed by 2 mM La*** (open triangles). The application of La*** completely
blocked the inward current, which is shown by the linear I-V relationship. B. The
original current traces before and after the addition of bPTH-(1-34). C. The
current traces in the presence of bPTH-(1-34) were re-scaled and superimposed
with the control current traces with the same scale as in B. The superimposed
currents showed that bPTH-(1-34) did not change the kinetics of inactivation of L
channel currents. Leakage and capacitative currents have been subtracted.

Holding potential: -40 mV.
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Fig. VII-4 The amplification of L channel currents by Bay K-8644 in the absence
or presence of bPTH-(1-34) in vascular smooth muscle cells. A. The control value
was measured first. Five min Jater the peak inward current was measured again,
and then 5 pM Bay K-8644 was applied. At the 10th min the current amplitude was
recorded (n = 7). B. The peak inward current was recorded as control and then
1 uM bP"I‘H-(l-34) was added. At 5 min, the peak inward current in the presence
of bPTH-(1-34) was measured and 5 pM Bay K-8644 was added. The Bay
K-8644-induced change in the current amplitude was recorded at the 10th min (n

= 10). * p<0.05. 4 p>0.05.
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Fig. VII-5 The interaction of bPTH-(1-34) with Bay K-8644 in vascular smooth
muscle cells. The solid circles represent the I-V relationship of L channel currents
obtained before the addition of bPTH-(1-34). The first addition of 1 pM bPTH-
(1-34) (open circles) decreased L channel currents by 31%. After the peptide was
washed cut of the bath, subsequent application of 5 uM Bay K-8644 (open squares)
increased the L channel current. The second addition of 1 pM bPTH-(1-34) (solid

squares) once again depressed L channel currents that had been increased by Bay

K-8644. Holding potential: -40 mV.
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Fig. VII-6 Concentration response of L channel currents in vascular smooth muscle
cells to bi’TH-(l-34). The number of cells tested at each concentration is indicated
by each point on the concentration-response —curve. bPTH-(1-34) significantly
reduced the inward currents at all concentrations tested (p<0.05). Statistical
significance was determined by analysis of variance in conjunction with the
Newman-Keul’s test. The difference is also significant among the 0.1,0.3and 1 pM

groups but not between the 1and 10 uM groups.
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Fig. VII-7 The effect of bPTH-(1-34) on L channel currents elicited from various
holding potentials (mV) in vascular smooth muscle cells. Currents were elicited
with a test potential to +30 mV before (filled circles) and after (open circles) the

addition of bPTH-(1-34) in one cell. Leakage and capacitative currents have been

subtracted.
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Fig. VII-8. The steady-state inactivation curves of L channel currents in vascular
smooth muscle cells before (solid circles) and after (open circles) the addition of
1 uM bPTH-(1-34). A. The steady-state inactivation of L channels plotted by using
absolute amplitude of inward currents. The data from six cells was combined and
plotted as the X +SE (n = 6). The data shown in A were replotted in B using the
normalized amplitude of inward currents. The inactivation curves in B were fitted
by the least squares method to the Boltzmann equation: I=I_, [1+exp(V-V,)/K] 1,
Before the addition of bPTH-(1-34), V,=-14.9 mV and k=8.7 mV. After the
addition of the peptide, V,=-24.0mV and k=11.5mV. At holding potentials from

230 to -10 mV the differences between the two curves are significant (p<0.05).
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Fig. VII-9. The normalized conductance curves of L channels in the absence (filled
circles) or presence (open circles) of 1 uM bPTH-(1-34) in one vascular smooth
muscle cell. The least squares fit to the control data by the Boltzmann distribution

of the form: G = G, [1+exp(V,-V)/K] -1 is the solid curve, with V,=7.8mV . .

k=6 mV.
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Fig. VII-10. The reversibility of bPTH-(1-34)-induced inhibition of L channel
currents in one vascular smooth muscle cell. bPTH-(1-34) at a concentration of 1
uM inhibited the L channel current by 73%. During the first minute of the wash-
out, the peak amplitude of L channel currents further decreased. The wash-out
procedure was completed at the end of the two minute period. Then, the
amplitudé of L channel currents recovered gradually toward the pre-PTH level.
The numbers attached to the original current traces (inset) correspond to the

different conditions indicated in the histogram. The data are from the same cell.
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Fig. VII-11. The effect of bPTH-(1-34) on the deactivation of L channel currents
in one vascular smooth muscle cell. A. Tail currents generated from a holding
potential of -40 mV to 30 mV. Records in (A, a-b) are taken from the same cell.
The depolarizing pulse was 40 msec. Leak and capacitative currents have been
subtracted. The tail currents have been extrapolated to zero time at which point
repolarization was initiated using a single exponential function. Further explanation
is found in the text. The tail current (control) had an instantaneous amplitude of
130 pA and a time constant of decay of 5.01 msec. Subsequent application of
bPTH-(1-34) decreased the tail current to 92.8 pA with a time constant of 4.91
msec. Bay K-8644 (5 pM) reversed the inhibition of L channel currents by bPTH-
(1-34) (solid triangles), with an instantaneous tail current amplitude of 222 pA and
a time constant of 3.69 msec. The final application of 2 mM La*** (open
triangles) eliminated both the inward current during the test pulse and the tail
current. B. The I-V relationships for both the peak inward current and the tail
current, repolarized to -40 mV from step depolarizations in one cell. The
applicatio.n of bPTH-(1-34) decreased the instantaneous amplitude of tail currents
which was proportional to the decrease in the peak inward current. Solid and open
circles represent the peak inward current before and after the addition of 1 pM
bPTH-(1-34), respectively. Solid and open squares represent the tail current before

and after the addition of bPTH-(1-34), respectively.
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Fig. VII-12 The effect of bPTH-(3-34) on L channel currents in a vascular smooth
muscle cell. A. Original current records at three test pulses. B. I-V relationships
obtained under different conditions. Aft r a stable recording was obtained (solid
circles), 1 uM bPTH-(3-34) was added to the bath (open circles). Five min later,
5 uM Bay K-8644 was applied (open squares) and followed by 2 mM La*** (solid

squares). Holding potential: -40 mV. Leak and capacitative currents have been

subtracted.
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Fig. VII-13 Pretreatment with bPTH-(3-34) abolished the inhibitory effect of
bPTH-(1-34) on L channel currents in one vascular smooth muscle cell. A. I-V
relationsh'ips obtained under different experimental conditions. B. Original traces
with the test potential indicated beside each trace. The cell was pretreated with 1
pM bPTH-(3-34) for 15 min (solid circles) and then exposed to 1 uM bPTH-(1-34)
(open circles). Under these conditions, bPTH-(1-34) did not change the L channel
current. Subsequent application of 5 pM Bay K-8644 (open squares) increased the

inward current. Holding potential: -40 mV. Leakage and capacitative currents

have been subtracted.
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Fig. VII-14. Summary of the effects of different fragments of bPTH on L channel
currents in vascular smooth muscle cells. The effects of bPTH fragments were
evaluated as the percentage change in L channel currents of the control value. The
concentrations of the peptide fragments are indicated in the first row beneath the
bar graph. Only bPTH-(1-34) significantly inhibited L channel currents and this
inhibitory effect was abolished by pretreatment of cells with bPTH-(3-34). The cell
number indicated in the second row includes all cells with or without responses to

bPTH fragments. * indicates p < 0.05.



CHAPTER 8

The selective effects of PTH fragments on L channel currents

in neonatal rat ventricular myocytes

INTRODUCTION

The native parathyroid hormone (PTH) molecule consisting of 1-84 amino
acids is present in significant quantities only in the immediate vicinity of the
parathyroid gland, while minute amounts are present in the blood plasma (Cohn et
al.,1984). A variety of peptide fragments result from cleavage of native PTH either
in the gland or in the blood plasma. Most of the biological activities of intact PTH
reside in the amino acid sequence 1 to 34, i.e. PTH-(1-34) (Pang et al., 1980a;
Rosenblatt, 1986). The cardiac action of bPTH-(1-34) has been studied extensively
in recent .years. Evidence indicates that PTH possesses both positive chronotropic
aud inciropic actions (Hashimoto et al.,1981; Tenner et al.,1983). Using isolated
spontaneously beating rat right atria, Tenner et al.(1983) reported that bovine PTH

[bPTH-(1-34)] produced a concentration-dependent increase in beating rate. In
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addition to bPTH-(1-34), bPTH-(1-84) also produced an immediate and sustained
signiﬁcan.t increase in beating rate in isolated rat heart cells after 2 days of culture
(Bogin er al., 1981). The positive inotropic effect caused by bPTH-(1-34) was
abolished by verapamil or a low calcium medium (0.2 mM) (Kondo et al., 1988).
Using a single sucrose-gap voltage clamp technique, it was reported that
bPTH-(1-34) caused a 37% increase in the peak amplitude of the slow inward
calcium channel current in guinea pig papillary muscles, while the outward current
was not affected (Kondo er al.,1988). Although this study provided initial evidence
that PTH could modulate voltage-gated calcium channels in cardiac muscle, there
are some problems which are inherent in the voltage clamp technique when applied
to whole tissue preparations, such as nonuniform spatial and temporal distribution
of membrane potential, and accumulation of ions in the extracellular space
(Johnson and Lieberman, 1971). It is also difficult to rule out possible effects
mediated by nerves, neurotransmitters and local reflexes. In view of these
considerations, the effect of bPTH-(1-34) on calcium channel currents in single
cardiac myocytes needs investigation.

Some fragments of native PTH, such as PTH-(3-34) and PTH-(7-34) act as
antagonists of intact PTH in many in vitro systems (Huang and Rerstad, 1984;
Nickols er al., 1986; Pang er al., 1988a). In cultured opossum :idney (OK) cells
(Tamura et al.,1989) and hepatocytes (Mine et al.,1990), bPTH-(3-34) blocked the

bPTH-(1-34)-induced transient increase in free intracellular calcium. Although
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bPTH-(3-34) has no effect on blood pressure (Ellison and McCarron, 1984), bPTH-
(3-34) abolished vasodilation induced by bPTH-(1-34) (Huang and Rorstad, 1984;
Nickols er al., 1986; Dowe and Joshua, 1987). However, a cardiac action of bPTH-
(3-34) has not been reported. The interaction between PTH-(1-34) and PTH-(3-34)
in ventric'ular cells is also unknown.

In order to gain a better understanding of the cardiac action of PTH, the
present studies were undertaken. They are as follows: 1) to determine the effects
of bPTH-(1-34) and bPTH-(3-34) on the amplitudes of two types of voltage-
dependent calcium channels, 2) to compare the effects of these two synthetic
fragments of PTH on the kinetics of calcium channel currents, and 3) to determine
if bPTH-(3-34) can antagonise the effect of bPTH-(1-34) on calcium channel
currents in neonatal rat ventricular myocytes. Using the whole-cell version of the
patch clamp technique, the present study directly compares the effects of bPTH-(1-
34) and bPTH-(3-34) on the amplitudes and kinetics of both L and T channel

currents at the level of single ventricular myocyte.

RESULTS

Effects of bPTH-(1-34) and bPTH-(3-34) on T channel currents:

The amplitude of T channel currents did not change significantly in the
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presence of 1 pM bPTH-(1-34) (from -159 147 pA to -162 146 pA, n = 6, P >0.05).
When T and L channel currents coexisted in the same cell, the myocyte was first
treated with nifedipine to block L channel currents. bPTH-(1-34) was then added
to the bath solution and the effect on T channel currents was observed. bPTH-(1-
34) had no effect on the residual current (T channel current) after treatment with
nifedipine. One example is shown in Fig. VIII-1.

Another experimental protocol to study the effect of PTH fragments on T
channel éurrents is shown in Fig. VIII-2. Pretreatment of the cell with 10 pM
nifedipine for 10 min completely eliminated L channel currents. Subsequent
application of 1 uM bPTH-(1-34) for 15 min did not change the amplitude or the
I-V relationship of T channel currents. This experiment was repeated in another
4 cells. Concentrations of bPTH-(1-34) ranging from 0.1 to 10 pM failed to
modulate the T channel current.

In addition, the peak amplitude of T channel currents did not change
significantly in the presence of 1 uM bPTH-(3-34). When the amplitudes of T
channel currents were compared before (-168 £78 pA) and after (-154 £76 pA) the
application of 1 pM bPTH-(3-34), no significant change could be detected {n = 6,
p > 0.05). Subsequent application of Bay K-8644 also failed to affect these T

channel currents, indicating insensitivity to dihydropyridines.
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The effect of bPTH-(1-34) oun the amplitude of L channel currents:

Usually, a period of 1 to 5 min was required for either Bay K-8644 or
nifedipine to exert a maximum effect on L channel currents. However, a longer
time, ranging from 5 to 15 min, was needed for PTH to modulate the inward
current in neonatal rat ventricular myocytes. The effect of bPTH-(1-34) on L
channel currents in one cell is shown in Fig. VII-3. bPTH-(1-34) at a
concentration of 1 pM increased the amplitude of L channel currents by 58% in this
cell.

The concentration-dependent effect of bPTH-(1-34) on L channel currents in
ventricular myocytes is shown in Fig. VIII-4. The lowest effective concentration of
bPTH-(1-34) was 0.01 uM, which increased the L channel currents by 19.4 + 5%
(p<0.05). A concentration of 0.1 pM bPTH-(1-34) increased the L channel currents
by 24.5 + 6.3% (p<0.05). The maximum increase in the amplitude of L channel
currents was seen in the presence of 1 pM bPTH-(1-34) (73 +13% increase, p <0.05).
When the concentration of bPTH-(1-34) was increased to 3 uM, it failed to increase
L channel currents any further (31.7 ¢ 13% increase). In fact, bPTH-(1-34) at a
concentration of 3 pM showed a lesser effect compared with that of 1 uM.

The normalized conductance of L channels in the absence or presence of
bPTH-(1-34) is shown in Fig. VIII-5. The conductance was calculated from the
equation: Gg, = I;,/ (V- V,,). The apparent reversal potential of L channels

is determined as the intersection of the I-V curves obtained before and after the
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application of 2mM La**™*in the bath. Vq is the test pulse at which the L channel
current, I,,, is recorded. Since the peak inward current during a test pulse is used
as the indication of Ig,, this may underestimate the absolute peak amplitude of I
due to the slow inactivation of L channel currents. The maximum conductance is
taken as 1.00. In the presence of 1 pM bPTH-(1-34), the normalized conductance
curve for L channels was shifted to the left by approximately 10 mV, indicating that
the maximum conductance for L channels could be obtained at lower
depolarizations in the presence of bPTH-(1-34). The steady-state inactivation of
L channel currents in the presence of bPTH-(1-34) was further examined. The
holding potential was changed in a stepwise manner with a fixed depolarizing pulse
to +20 mV. The membrane potential was first conditioned for 3 sec to reach a
quasi-steady state and a test pulse of 320 ms then followed. The peak current
amplitudes during the test pulses were measured at each holding potential and
normalized to the maximum peak amplitude of inward currents. bPTH-(1-34) at
1 uM did not shift the steady-state inactivation curve (Fig. VIII-6 b) although the
absolute amplitude of L channel currents was enhanced (Fig. VIII-6 a). This result
indicates that the effect of bPTH-(1-34) on the amplitude of L channel currents was
not dependent on the holding potential.

To test the reversibility of the effect of bPTH-(1-34), a "wash-out" procedure
was carried out after the increase in L channel currents induced by bPTH-(1-34)

was established. Satisfactory replacement of the bath solution was obtained with
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a perfusion rate of approximately 1 ml/10 sec. As shown in Fig. VIII-7, it was
difficult to reverse the excitatory effect of bPTH-(1-34) on L channel currents
although the kinetics of inactivation of L channel currents were changed after the
"wash-out". The amplitudes of L channel currents were almost the same before and
after a 2 min wash-cut and 3 min of recovery, suggesting that either 5 min was too
short to wash away bPTH-(1-34) from its binding site on the ventricular myocyte
membrane or the phosphorylation of cardiac L channels induced by bPTH-(1-34)
was not easily reversed. The wash-out resistant actions of endothelin on calcium
channels in vascular smooth muscle cells (Inoue ez al., 1990), 8-bromo-cyclic GMP
on L channel currents in embryonic ventricular myocytes (Wahler et al., 1990) and
dopamine on T channel currents in neurons (Carbon and Lux, 1989) have also been
reported. In contrast, the inhibitory effect of bPTH-(1-34) on L channel currents
in vascular smooth muscle cells was reversible (Chapter 7). These results suggested
that different intracellular mechanisms probably mediated the effect of bPTH-(1-34)

on L channel currents in the two different tissues.

The effect of bPTH-(3-34) on the amplitude of L channel currents:

At a concentration of 1 pM, bPTH-(3-34) failed to affect the amplitude of L
channel currents, as shown in Fig. VIII-8. After the control records were obtaincd,
subsequent application of bPTH-(3-34) did not change the amplitude, the threshold

potential at which the L channel was activated, the peak potential at which the
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currents reached their maximum value or the reversal potential. After the addition
of bPTH-(3-34) into the bath for 15 min, 5 uM Bay K-8644 was applied to the same
cell. Bay K-8644 incrcased the amplitude and shifted the peak of L channel
currents toward a more negative potential, which further confirmed that the channel
current under investigation was of the L type. This also indicated that bPTH-(3-34)
did not affect the action of Bay K-8644 on L channels.

To further exclude the effect of the time-dependent deterioration, i.e. "run-
down", of calcium channel currents on the analysis of data, the time-dependent
changes of T and L channel currents in the presence or absence of 1 pM bFTH-(3-
34) were ‘compared (Fig. VIII-9). Within 20 min, the "run-down" of both T and L
channel currents were less than 20% of the control value taken at the beginning of
the recording. During this period of time, no significant changes in the amplitudes
of either T or L channel currents could be found before and after the application
of 1 uM bPTH-(3-34).

In another group of experiments (Fig. VIII-10), single ventricular cells were
pretreated with 1 pM bPTH-(3-34) for more than 15 min. The peak amplitude of
L channel currents was then recorded as the control value (10013%). 1 pM
bPTH-(1-34) was subsequently applied to the cell, and the relative peak amplitude
of L channel currents was 92+14% (n=5, p>0.05). Under these conditions, the
effect of bPTH-(1-34) on L channel currents, i.e. amplification, was abolished by

bPTH-(3-34) pretreatment at an equimolar concentration.
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Effects of bPTH-(1-34) and bPTH-(3-34) on the kinetics of L channel currents

A calcium channel antagonist or agonist can alter the kinctics of L channel
currents by changing the calcium channel gating mode. In the present study, it was
found that Bay K-8644 at a concentration of 5 uM shortened the time courses of
both the activation and inactivation of L channel currents, as determined by the
time constants of activation and inactivation. These results are shown in Table
VIII-1 and Fig. VIII-11C.

The time constant of the inactivation of L channel currents was the same
before and after the application of 1 pM bPTH-(1-34). However, bPTH-(1-34)
prolonged the time course of the activation of L channel currents. The time
constant was changed from 1.81 msec to 2.49 msec (Fig. VIII-11A and Table VIlI-
1).

In contrast, bPTH-(3-34) changed the kinetics of inactivation, but not that of
the activqtion, of L channel currents. A set of L channel current traces before and
after the application of bPTH-~(3-34) is shown in Fig. VIII-11B. The time constant
of the inactivation of L channel currents was 232 msec before and 116 msec after
application of 1 pM bPTH-(3-34). With increased inactivation, the amplitude of L
channel currents was even smaller than the control trace at the end of the
depolarization pulse. Fig. VIII-12 shows the time-related changes in the time
constants of L channel current inactivation at two different membrane potentials.

Under control conditions, i.e.in the absence of PTH fragments, the time constant
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of the inactivation “u.; 3} currents did not change within 15 min. After the
application ~: i .+ .- H-(3-34), the time constant of inactivation graduaily
decreased. This decresse became significant at 10 min (p<0.05) and even more

obvious at 15 min.

Interaction of bPTH-(1-34) and dihydropyridines:

As shown in Fig. VIII-4, the maximum increase in L channel currents caused
by bPTH-(1-34) was obtained when the concentration of the peptide reached 1 uM.
However, this augmentation of L channel currents by 1 pM bPTH-(1-34) could be
further enhanced by Bay K-8644 (Fig. VIII-13). The rate of inactivation was
increased and the I-V relationship shifted toward more negative potentials. In 5
cells, Bay K-8644 at 5 pM elicited an additional increase in L channel currents
(264 +51%) compared with the previous augmentation of L channel currents by 1
pM bPTH-(1-34) (p<0.05). The increase in the amplitude of L channel currents
by Bay K-8644 (5 pM) under two conditions, i.e.in the presence or absence of
bPTH-(1-34), showed no statistically significant difference (p>0.05) (Fig. VIII-14).
It would appear that, as expected, bPTH-(1-34) and Bay K-8644 work via
independent mechanisms.

In the next group of cells, the interaction of bPTH-(1-34) and nifedipine, an
L channel antagonist, was tested. L channel currents that had been enhanced by

bPTH-(1-34) were subsequently inhibited by nifedipine (10 pM), as shown in Fig.
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VIII-15. On the other hand, the L channel currents inhibited by nifedipine were

amplified by bPTH-(1-34), as shown in Fig. VIII-1.

DISCUSSION

PTH is a selective activator of L channels in ventricular cells.

Voltage- and time-dependent calcium channels in cardiac myocytes may be
modulated by some endogenous peptides. Using the whole-cell version of the patch
clamp technique, Ono et al. (1989) reported that calcitonin gene-related peptide
enhanced calcium currents (Ic,) in frog and rabbit atrial myocytes. Callewaert er
al. (1989) observed the enhancement of L channel currents in guinea pig ventricular
myocytes by a low molecular weight endogenous peptide isolated and purified from
rat brain. In the present study, direct electrophysiological evidence demonstrates
that PTH, an endogenous circulating hormone, enhances L channel currents in
ventricular myocytes. This excitatory effect of bPTH-(1-34) on L channels needed
more than 5 min to fully develop and was not reversible. The latency of onset of
PTH effects may reflect the involvement of intracellular second messengers. As
mentioned in Chapter 2,the intracellular free calcium concentration is less than 10°
M in the present patch clamp studies. If the dephosphorylation of L channels in

neonatal rat ventricular myocytes is intracellular calcium dependent, the rate of
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dephosphorylation of L channels will be very slow in the presence of a low
intracellular free calcium concentration. This mechanism may explain the relative
irreversibility of the PTH effect. Alternatively, a 2 min wash-out may not effectively
wash away PTH from its binding site. Further discussion of the difference in PTH
effects on L channel currents in vascular smooth muscle cells and ventricular
myocytes is found in Chapter 11. In addition, PTH did not affect T channel
currents in ventricular myocytes. This is the first .eport to show the selective effect
of PTH on two types of voltage-dependent calcium channel currents in isolated
heart cells, using the patch clamp technique. The modulation of calcium channels
in cardiac myocytes by PTH explains one of the mechanisms underlying the cardiac
effects of PTH. For example, the positive inotropic effect of PTH (Katoh er al.,
1981; Kondo er al.,1988) may be explained by results from the present patch clamp
studies. The sugmentatic: of L channel currents by PTH will inject Ca™* into the
cytosol to support the strengthened contraction of cardiac muscle. The effects of
PTH on other ion channels, such as K* and Na* channels, and receptor-operated
channels in ventricular cells are unknown. However, the positive chronotropic
effect of PTH could still be partially accounted for by the PTH effect on L
channels. By increasing the amplitude of L channel currents, PTH may increase the
spontaneous rate of action potential generation. In the presence of bPTH-(1-34),
the normalized conductance curve shifts toward more negative potentials and,

therefore, L channels will activate at more negative potentials. In vivo, this would
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increase the rate of the upstroke phase (Strauss ef al., 1977; Irisawa er al.,1978) and
the later 4phase of diastolic depolarization of the cardiac pacemaker tissue (Noma
et al.,1980), leading to an increase in the beating rate. Similar mechanisms for the
positive chronotropic effect of epinephrine have also been described (West er al.,

1956).

Does PTH act on L channels in the same way as Bay K-8644 does?

The rationale for studying the interaction of the effects of PTH and Bay K-
8644 on calcium channel currents has been stated in Chapter 7. The data presented
in this thesis indicate that PTH and Bay K-8644 have similar effects on L channcl
currents in ventricular cells. Both increased the amplitude of L channe! currents
without producing any effect on T channel currents. The effect of bPTH-(1-34) and
Bay K-8644 on L channel currents in neonatal rat ventricular cells could be
antagonized by nifedipine. Furthermore, the normalized concnctance or activation
curves were shifted along the voltage axis toward more negative potentials in the
presence of either bPTH-(1-34) or Bay K-3644. Bay K-8644 also shifted the
activation curve of L channels in adrenal medullary chromaffin cells (Cena et al.,
1989), rat tail artery smooth muscle cells (Wang et al., 198%) and rat ventricular
cells (Sanguinetti et al.,1986). However, this similarity does :.ot imply an identical
mechanism. The differences in the effects of these two agents on L channels were

evident. 1). The effects of bPTH-(1-34) and Bay K-8644 were synergistic. 2). Bay
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K-8644 elicited a reaction in almost every ventricular cell, while bPTH-(1-34) on'
acted on a percentage of cells. 3). In different types of cells, the effect of P71 on
L channel currents was different, such as amplification in cardiac myocytes but
inhibition' in neuroblastoma cells (Pang er al.,1970). However, Bay K-8644 always
activated L channels in various cell preparations. 4). It took 5 to 15 min for PTH
to activate L channels maximally but only 1 to 7 min was needed for Bay K-8644
in nconatal rat ventricular myocytes. 5). Bay K-8644 is permeant to the cell
membrane while PTH may be not.

Considering the similarities and differences between the effects of
bPTH-(1-34) and Bay K-8644, it is suggested that the mechanism by which PTH
amplified L channel currents is distinct from that responsible for the effect of Bay
K-8644. It has been reported that the activation of membrane bound G proteins
by Bay K-8644, and other dihydropyridines, directly modulates L channels (Scott er
al., 1988; Bergamaschi et al., 1990). Furthermore, it is not likely that
cAMP-dependent protein phosphorylation would be coupled to the effect of Bay
K-8644 on L channel currents (Hess et al., 1984). From the data presented here,
little can be inferred about the mechanisms of PTH action on L channel currents.
However, several possibilities exist. PTH may act directly on the protein complex
of calcium channels. Alternatively, the effect of PTH could be secondary to the
change in some membrane transducers or intracellular second messengers. The

activation of cAMP-dependent phosphorylation by PTH has been suggested to be
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resnonsibie for the mediation of PTH-elicited calcium mobilization (Bogin er al.,
1981; Tenner er al.,1983; Kondo er al.,1988). On the other hand, the increase in
the intracellular level of cAMP has been demonstrated to increase calcium channcl
currents in frog ventricular or atrial myocytes (Ono et al., 1989; Schouten er al.,
1989). In the present study, the relatively long time needed for the onset of the
PTH effect on L channel currents also suggests the involvement of a sccond
messenger(s). This difference in the intracellular mediating mechanisins for PTH
and Bay K-8644 might be able to explain for their different actions on calcium
channels. This hypothesis is confirmed by the results presevied in Chapter 10, in
which the cAMP mediated PTH effect on L channcl currents is demonstrated.
However, the effect of Bay K-8644 is not dependent on the activation of cAMP-

dependent proteir kinase (see Chapter 10).

Tachyphylaxis of PTH effect or multiple subtypes of PTH receptors?
PTH-elicited cardiovascular effects are concentration dependent. The limited
functional concentration range of bPTH-(1-34), at which the peptide activated L
channel currents, is not unexpected. At a higher concentration, not only peptidcs
(Huang BS, et al., 1987) but also Bay K-8644 (Su er al., 1984) exhibited self-
inhibition. When the concentration of PTH was increased beyond a critical value,
. the effect of PTH was decreased, rather than continuously increased or saturated.

A similar pattern can be ©:ind in \he dose-response relationship for PTH-induced
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inositol phosphate production in isolated hepatocytes (Mine er al., 1989), in the
vasodilator action of PTH on isolated perfused rat kidney (Musso er al.,1989) and
in the force development in rat papillary muscles induced by various concentrations
of PTH (Kaoh et al.,1981). In the present study with neonatal rat ventricular
myocytes, the maximum amplification of L channel currents was achieved by 1 pM
bPTH-(1-34). PTH concentrations above 1 pM produced only a sub-maximal
increase in the amplitude of L channel currents. The explanation for this
concentration-related action of PTH is not obvious. Musso et al. (1989) postulated
that the tissue became rapidly resistant to PTH, and so exkibited a decreased
response to the high concentration of PTH. However, this tachyphylaxis was not
observed in rats and dogs (Pang et al.,1980a, b). In some neonatal rat ventricular
myocytes, a transient increase, and subsequent decrease, in the amplitude of L
channel currents was observed following exposure to a single high concentration of
bPTH-(1-34). This result may indicate the mechanisms of tachyphylaxis. However,
more evidence is needed to answer this question satisfactorily.

The complexity of receptor subtypes for families of endogenous substances is
known. For example, the existence of at least two subtypes of vasopressin receptors
has been demonstrated (Fishman er al., 1987; Marchngo er al.,1988). These two
subtypes of vasopressin receptors have different distnbutions, second messengers,
and ligand specificity. Differen: responses of various tissues to PTH could also be

related t0 the existence of multiple subtypes of PTH receptors. Two subtypes of
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PTH receptors, as reported in thymocytes (Hesch er al., 1986}, may provide an
alternate explanation for the concentration-related effect of PI'H in the present
study. At lower concentrations, bPTH-(1-34) might bind to a P, receptor, which
could either be part of the L channel protein or be located near it and, hence,
result in an increase in the channel currents. At higher concentrations, bPTH-(1-
34) might bind to a P, receptor in addition to P,. The activation of the P, receptor
could cause an inhibition of L channels. The nct result -~ *'ld be determined by the
proportiop of the occupancy of the two types of PTH receptors.

PTH has a different effect on L-type voltage-dependent calcium channels in
various cell types. This hormone inhibited L chanrel currents in ncuroblastoma
cells and vascular smooth muscle cells (Pang ef al., 1990) while it activated L
channels in ventricular ceils. The tissue-selective distribution of the two types of
PTH receptors is one of the possible mechanism underlying the differential actions
of PTH on L channels in various tissues. Further electrophysiological and

biochemical evidence is needed to corroborate this hypethesis.

Different effects of PTH fragments on L channel currents in ventricular myocytes
determined by amino acid sequence

“y the present studies, direct electrophysiological evidr ice incicated that
bPTH-(1-34) and bPTH-(3-34) had different actions on calcium channels in

ventricular myocytes. Both bPTH-(1-34) and bPTH-(3-24) had no effects on the
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amplitude or kinetics of T channel currents. bPTH-(1-34), but not bPTH-(3-34),
increased the amplitude of L channel currents in neonatal rat ventricular cells.
Both bPTH-(1-34) and bPTH-(3-34) modified the kinetics of L channel currents in
this cell preparation. bPTH-(3-34) affected L channel currents by changing the
kinetics of the inactivation, whereas bPTH-(1-34) changed the kinetics of the
activation of L channel currents. In terms of receptor binding of PTH, an
clectrophysiological approach is used to show that bPTH-(1-34) and bPTH-(3-34)
possibly act on the same binding site and, in turn, affect the L channel current,
directly or indirectly. This speculation is drawn from the fact that pretreatment of
cells with bPTH-(3-34) abolished the effect of bPTH-(1-34) on both the amplitude
and kinetics of L channel currents.

The modification of L channel current activation kinetics by <wpamine
(Carbone and Lux, 1989), enkephalin (Tsunoo et al., 1986) and noradrenaline
(Brown et al.,1989) have been reported in neurons. Tsunoo e al. (1986) suggested
that the slowness of activation kinetics was due to the binding of agents to the
"resting state” of czlc.um channels.  Furthermore, effects of opiates and
noradrenaline on L channel currents, including the modification of kinetics, may be
mediated by a G-protein (Hescheler et al.,1987b; Brown et al., 1989). It has also
been indicated that a G-protein acts as a coupling factor between PTH and the
catalytic subunit of adenylate cyclase (Teitelbaum er al., 1982). Whether a G

protein is responsible for the effect of bPTH-(1-34) on the activation kinetics of L



channel currents needs further investigation.

The increase in the inactivation ratc of L channel currents in the presence of
bPTH-(3-34) could be attributed to blockage of the open state of L channcls
(Colquhoun and Hawkes, 1983; Hering er al., 1988). The obvious modification of
inactivation kinetics by bPTH-(3-34) suggested that the Ca** channel gating mode
was chaqged, as is the case with dihydropyridines and L channel currents
(Colquhoun and Hawkes, 1983; Hering e¢i al., 1988). Hess er al. (1984) related the
decay of L channel currents to the enhancement of gating mode 2 by Bay K-8644.
To determine whether this is the same mechanism responsible for the effect of
bPTH-(3-34) on L channel currents in neonatal rat ventricular cells will require
direct evidence from recording and analysis of the single channel currents.

In neonatal rat ventricular muscle, whether bPTH-(3-34) antagonizes the
effect of bPTH-(1-34) on muscle contraction is not known. A higher concentration
of bPTH-(3-34) may be required to abolish the effect of bPTH-(1-34) on cardiac
muscle contraction if an analogy is made from the study of smooth muscle (sce
discussion of Chapter 7). However, in the present study, bPTH-(3-34) at an
equimolar concentration totally abolished the effect of bPTH-(1-34) on L channel
currents. This result was not unexpected in terms of the concentration used since
here a specific type of calcium channel current rather than cell contraction is
concerned. Contraction of myocytes depends on multiple factors, of which Ca**

influx through voltage-dependent channels is only one. Moreover, the modification
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of voltage-dependent calcium channels is not the only action of PTH. PTH can also
act on the production of cAMP (Nickols er al., 1987) and inositol phosphates
(Coleman and Bilezikian, 1990) as well as the Ca* *-extrusion pump [(Ca**-Mg**)-
ATP,, ] (McKenzie et al.,1990) in various cell preparations. These effects of PTH
may also contribute to muscie contraction. On the whole, it is understandable that
an equimolar concentration of bPTH-(3-34) could not abolish muscle contraction,
but did affect the increase in L channel currents induced by bPTH-(1-34). The
relationship of CAMP content and L channel activity in the presence of PTH is not
clear but is a very interesting topic. If the PTH effect on calcium channels in
ventricular myocytes is mediated by cAMP, the modification of L channel currents,
then, needs a threshold concentration of cAMP. Partial inhibition of the bPTH-(1-
34) effecg on cAMP concentrations by bPTH-(3-34) might be enough to keep the
intracellular concentration of cCAMP below the threshold level, and, consequently,
eliminate the effect of bPTH-(1-34) on L channel currents.

Under pathophysiological conditions such as uremia (Jippner and Hesch,
1982), various fragments of PTH appeared in abnormal amounts in the peripheral
circulation. It is believed that these PTH peptides act on the different subtypes of
PTH receptors in different tissues (Hesch er al.,1986). N-terminal-deleted PTH
peptides, such as PTH-(3-34) and PTH-(7-34), activate type-II PTH receptors and
antagonise the classical type-1 PTH receptors which are only sensitive to the intact

N-terminal PTH peptide, such as PTH-(1-34) (itesch et al.,1986). This hypothesis
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of two PTH receptors has been used to explain the deleterious effects induced by
high circulating levels of PTH peptides on various tissues, including the
cardiovascular system. Ifthe circulating N-terminal-deleted PTH peptides increased
abnormally, such as in uremia (Massry, 1987), the binding of these peptides would
affect L-type voltage-dependent calcium channels in such a way that the effects of
the intact N-terminal PTH peptides are inhibited. The effects of bPTH-(1-34) on
L channels is inhibitory in smooth muscle and neuronal cells (Pang er al.,199), and
excitatory in ventricular cells. The consequence of the inhibiion of the bPTH-(1-
34) effect under specific pathophysiological conditions would be, therefore, the
cancellation of the bPTH-(1-34) effect on calcium channels in various tissucs.
Calcium overload in vascular smooth muscle and chronic cardiac failure would be

expected, as is the case in hypertension (Bruschi er al., 1985; Sugiyama et al., 1990).
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Fig. VIII-1. The effects of nifedipine and bPTH-(1-34) on T channel currents in
ventricular myocytes. A. Depolarization to different membrane potentials,
indicated in mV beside each trace, from a holding potential of -80 mV elicited both
T and L channel currents. B. The I-V relationships of the inward currents under
different conditions. Total currents (filled circles) were measured as the pecak
values of inward currents. The non-inactivated component measured at the end of
200 ms depolarization isan indication of the L channel component. Subtraction of
this L component from total currents yielded a residual component (open circles),
which is a relative measure of the T channel component. This assumes that the L
channel component does not inactivate appreciably. The left panel shows the
control recording. The middle panel shows the recordings in the presence of 1 pM
nifedipine. Most of the L channel currents were blocked by nifedipine while the
T channel currents remained. The right panel shows that subsequent application
of 1 pl* - ?TH-(1-34) did not change the T channel currents but increased the L
channel currents. The T channel currents were the same under these three
conditions. Leakage and capacitive currents have been subtracted. The dashed

lines represent the zero current level.
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Fig. VIII-2. The response of T channel currents to bPTH-(1-34) in one ventricular
myocyte..The single ventricular myocyte was pretreated with 10 uM nifedipine for
10 min. After control currents (open circles) were recorded, 1 pM bPTH-(1-34)
was applied to the same cell and the inward currents were recorded (filled circles).
The subsequent application of 2 mM La*** eliminated the transient inward
currents (open triangles). The original T channel current traces at two membrane
potentials are shown in the inset. Leakage and capacitive currents have been

subtracted from the original channel current traces.



244

-80 -40 0 40
E (mV) t— 0.4010 ' — 5{:5
U,

®  s0pAl ’
10 mV 40 ms __
o L pg
o | o
° \L/




245

Fig. VIII-3. The effect of bPTH-(1-34) on L channel currents in nconatal rat
ventricular cells. After control currents (open circles) were recorded, 1 uM bPTH-
(1-34) was applied to the same cell aad the inward currents were recorded (filled
circles). Leakage and cayacitive currents have been subtracted from the original
current traces. The holding potential was set at -80 mV. The L channel current

traces at two depolarization levels are shown in the inset.
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Fig. VIII-4. Concentration-related respainses of L channel currents to bPTH-(1-34)
in ventricuiar cells. bPTH-(1-34) increased L channel currents in a
concentration-dependent manner. The amplitude of L channel currents in the
absence of bPTH-(1-34) was taken as 100%. bPTH-(1-34) significantly incrcased
L channel currents at all concentrations tested (p<0.05). At 10* M, bPTH-(1-34)
increased L channel currents by 1915%. The saturated increase in the amplitude
of L channel currents was reached at 1 uM bPTH-(1-34). As the concentration
increased above 1 pM, bPTH-(1-34) induced less increment in the L channel
current. The number of cells tested at a particular concent- *ion is shown at cvery

point on the curve. The solid curve was fitted by eye.
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Fig. VIII-5. The normalized conductance curves for L channels in the absence or
presence _of 1 uM bPTH-(1-34). In the absence of bPTH-(1-34) (open circles),
maximum and half-maximum conductancts for L channels were achieved at +30
mV ard +3mV, respectively. After treatment with bPTH-(1-34) (filled circles}, the
maximum and half-maximum conductances for L channels were obtained at +20
and -4 mV, respectively. The conductance vs voltage curve shifted toward the
direction of negative potentials in the presence of bPTH-(1-34). The data points
on the curves are plotted as mean : SE, n=5. * indicates p<0.05 when the
corresponding points on two curves were compared. The solid curves were fitie/]

by eye.
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Fig. VIII-6. The stcady-state inactivation of L channel currents in response to | pM
bPTH-(1-34) in ventricular myocytes. The holding potential was charged in a
stepwise manner with a fixed depolarizing pulse to +20 mV. A. The absolute
amplitudes of L channel currents were significantly enhanced by bPTH-(1-34) at
holding potentials more negative than -10 mV (p<0.05). B. The relative
amplitudes of L channel ~urrents at all the holding potentials examined and the
slopes of the steady-state inactivation curves did not change in the absence or

presence of bPTH-(1-34) {(p>0.05).
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Fig. VIII-7. The reversibility of the bPTH-(1-34)-induced increase in L channel
currents in one ventricular myocyte. At a concentration of 1 uM, bPTH-(1-34)
increased’ the amplitude of L channe! currents by 161%. During the first minute
of wash-out, the amplitude of L. channel currents increased continuously. The wash-
ovt procedure was completed at the end of the two minute period. At 5 munute
after the beginning of the wash-out, the amplitude of L channel currents was still
48% higher than the control value. The excitation effect of bPTH-(1-34) on L
channel currents was not reversed significantly within 5 min. The numbers attached
to the original curreat traces (inset) correspond to the different conditions indicated

in the histogram.
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Fig. VII{-S. The effect ¢ @ M bPTH--Z4) on the amplitude of L channc!
currents in one ventricular :ayocyte. The same cell was used in both A and B.
Leakage and capacitive currents have been subtracted from original current traces
(HP -40 mV). A. L channel current traces elicited frosm U to 30 m* in a 10 mV
stepwise increment (a) under control conditions, (b) in the presence of I uM bPTH-
(3-34), (c) after application of 5 uM Bay K- 48644 znd {d) 2 mM La***, scquentially.
B. The I-V relationships of L channel currents under various conditions. bPTH-(3-
34) did not change the amplitude of L channel currents. Subsequent application
of Bay K-8644 increased the amplitude and shifted the peak of the I-V relationship

of the L channei current.
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Fig. VIII-9. Time-related changes in the amplitudes of T and L channel currents
in the absence (open circles) or presence (filled circles) of 1 pM bPTH-(3-34) in
ventricular myocytes. There were no significant differences in the amplitudes of T

or L channel currents between the two conditions within a time period of 20 min.
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Fig. VIII-10. The interaction of the effects of bPTH-(3-34) and bPTH-(1-34) on the
amplitudes of L channel currents in ventricular myocytes. bPTH-(1-34) at a
concentration of 1 uM increased the amplitude of L channel currents by 73 113%
(P<0.05). However, 1 pM bPTH-(3-34) did not affect the amplitude of L channcl
currents {57 +28%, p>0.05). After pretreating cells with 10 pM bPTH-(3-34) for
more than 15 min, the subsequent application of 1 pM hPTH-(1-34) failed to affect

the amplitude of L channel currents.
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Fig. VIII-11. Changes in the inactivation kinetics of L channel currents in
ventricular myocytes under different experimental conditions. Filled circles indicate
the current traces under control conditions. Open squares indicate current traces
in the presence of 1 uM bPTH-(1-34) (A. Cell #10518). Open circles indicate
current traces in the presence of 1 uM bPTH-(3-34) (B. Cell # D0411). Open
triangles indicate current traces in the presence of S pM Bay K-8644 (C. Cell #

HO0214). The calibration bars for the amplitudes of currents in A and C represent

different values.
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Fig. VIII-12. Time-related changes in the inactivation kinetics of L channel currents
in the absence (open circles) or presence (filled circles) of 1 uM bPTH-(3-34) in
ventricular myocytes. A significant change in the inactivation kinetics of L channel
currents was detected 10 min after application of bPTH-(3-34) to the bath.

* indicates p < 0.05. Each point in the figure represent 5 or 6 cells.
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Fig. VIII-13. The response of L channel currents to bPTH-(1-34) and Bay K-8644
in ventricular myocytes. A. Depolarization to different membrane potentials,
indicated in mV beside each trace, from a holding potential of -40 mV elicited L
channel currents. 1 pM bPTH-(1-34) amplified L channel currents. Subsequent
application of 5 uM Bay K-8644 further enhanced the L channel currents. 2 mM
La*+* removed the inward current completely. Note that the scale of the current
intensity for the left two panels is different from that for the right two panels. B.
The I-V relationships of L channel currents under different conditions. The leakage

and capacitive currents have been subtracted in both A and B.
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Fig. VIII-14. The increase in the amplitude of L channel currents in ventricular
myocytes by the addition of 5 pM Bay K-8644 in the absence or presence of 1 pM
bPTH-(1-34). The amplitude of L channel currents in the absence of any agents
was taken as the control (100%). In the absence of bPTH-(1-34), Bay K-8644
increased the L channel currents by 202 38% (n=7, p<0.05). At 1 pM,
bPTH-(1-34) increased the L channel current by 66120% (n=5, p<0.05). After the
effect of bPTH-(1-34) on L channel currents reached the maximal level, subsequent
application of Bay K-8664 increased the L channel currents by an additional
164 +51% (p <0.05). However, no significant difference in the effect of Bay K-8644

in the ahsence or presence of bPTH-(1-34) was detected (p>0.05).
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Fig. VIII-15. The response of L channel currents in ventricular myocytes to
bPTH-(1-34) and nifedipine. A. Depolarization to different membrane potentials,
indicated in mV beside each trace, from a holding potential of -40 mV elicited L
channel currents. In the presence of 1 yM bPTH-(1-34), L channel currents were
increasedt Subsequent application of 10 uM nifedipine eliminated most of the L
channel current. B. The I-V relationships of L channel currents under different

conditions. The leakage and capacitive currents have been subtracted in both A

and B.



Summary of the Kinetic Changes in L Channel Currents

Tablé

VIII-1

270

in Ventricular Myocytes under Different Experimental Conditions

Time Time
constant of p constant of P
activation inactivation
(ms) (ms)
Before 1.81 £+0.17 160.4 + 50.3
bPTH- <0.05 >0.05
(1-34)  After 2.49 £ 0.29 181.5 + 43.5
bPTH- Before 2.01 +0.54 158.9 +51.7
B39 After 1.83 +0.36 >0.051 1174 1427 <0.05
(3-34) Before 2.14 1+ 0.45 194.4 +46.2
+ >0.05 >0.05
(1-34) After 2.10 +0.38 162.2 + 59.8
Bay K- Before 2.24 £ 0.35 142.0 + 24.6
<0. <0.
8644 After 1.01 +0.13 0.05 242 + 3.1 0.05




CHAPTER 9

The morphological changes in single vascular smooth

muscle cells and ventricular myocytes induced by bPTH-(1-34)

INTRODUCTION

In vitro studies have established the vasodilatory and cardiotonic effects of
PTH peptide. However, the direct effect of PTH on the relaxation of vascular
smooth muscle cells and the contraction of ventricular myocytes at the single cell
level have not been demonstrated. The following question, therefore, is asked: is
the relaxation of vascular tissue induced by PTH mediated by another unknown
transmitter or by a local neuronal reflex, rather than through a direct effect of PTH
on vascular smooth muscle cells. It has been demonstrated that bPTH-(1-34)
inhibited L-t;pe voltage-dependent calcium channels in single neuroblastoma cells
and vascular smooth muscle cells. Furthermore, bPTH-(1-34) increased the
amplitude and changed the rate of the activation of L channel currents in single
neonatal rat ventricular cells. However, it is not clear whether the effect of PTH

on voltage-dependent calcium channel currents in these cell preparations could be
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related to the functional changes induced by PTH.

The purpose of the present study is to provide an indication of whether the
changes in Ca** channel currents in the presence of bP1T H-(1-34) can be corrclated
with the functional response of the primary cultured vascular smooth muscle cells
and ventricular myocytes under the present experimental conditions. Hence, the

influence of bPTH-(1-34) on the shape or beating rate in cultured cells was studied.

RESULTS

The effect of bPTH-(1-34) on the contraction of smooth muscle cells

The areas of smooth muscle cells in culture medium at room temperature
were 403 i 22 square micra (n=13). When the cells were perfused with the
modified Tyrode solution containing 60 mM KCI, the area of the cells decreased
gradually to a minimum area (78.5 + 4% of the control value) occurring at 5 min.
Thereafter, the cells started to recover from the contraction even though the
difference in the cell area at 5 min and 10 min after KCl challenge was not
significant (P>0.05).

In ﬁw second set of experiments, the cells were superfused with modified
Tyrode solution containing 60 mM KCl and 1 uM bPTH-(1-34). When measured

within the first minute of perfusion, the cell areas were 95 + 3% of the control (n
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= 18), which was not significantly different from cells exposed to the modified
Tyrode solution with 60 mM KCI but without bPTH-(1-34) (p > 0.05). However,
the cell areas increased continuously during the ensuing time (Fig. IX-1). The
difference in the cell areas between the cells exposed to the modified Tyrode

solutions with and without bPTH-(1-34) was significant (p<0.05).

The effect of bPTH-(1-34) on the contraction of ventricular myocytes

The areas of quiescent ventricular myocytes in the culture media at room
temperature were 516 +47 square micra (n = 29), which is comparable to the size
of embryonic chick ventricular myocytes (Wahler er al., 1990). The myocytes
contracted in the presence of 1 pM bPTH-(1-34) in a time-dependent manner.
After bPTH-(1-34) was added to the bath solution, the area of myocytes decreased
gradually within 10 min. However, no significant difference in the cell area could
be found during this period of time. The relative cell areas were 96 +2% and 94
+2% at S min and 10 min, respectively, after addition of bPTH-(1-34) (P>0.05).
At 15 min, the cell area decreased significantly to 88 + 2%, taking the control area
of the cells as 100% (n=9, p<0.05). To study the possibility that the effect of PTH
on cell contraction was related to the modulation of voltage-dependent calcium
channels .in these myocytes, nifedipine, a classical L-type voltage-dependent calcium
channel antagonist, was subsequently applied to the cells. As shown in Fig. IX-2,

nifedipine at a final concentration of 1 uM completely inhibited the contraction of
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myocytes elicited by 1 uM bPTH-(1-34). This result further indicated that the effect
of bPTH-(1-34) on the contraction of myocytes was due, at ieast in part, to the

activation of calcium channels.

The effect of bPTH-(1-34) on the beating rate of ventricular myocytes

After culture for more than 24 hrs, most of the myocytes maintained slow but
stable beating rhythms at room temperature. In several cells, the chronotropic
effect of bPTH-(1-34) was immediately seen. However, in most cases, the effect of
bPTH-(1-34) on the beating rate became significant only 5 min after application.
Thereafter, the beating rate stabilized at the increased level for the observation
time of 20 min. In 7 cells, bPTH-(1-34) increased the beating rate by 145 +45%.
In another three cells, no spontaneous beating could be detected at the beginning.
After the application of bPTH-(1-34), the contractile frequency was 58 + 9 min"'.
The chronotropic effect of bPTH-(1-34) was also related to the influx of Ca**
through voltage-dependent calcium channels. Evidence for this came from the
effect of 1 pM nifedipine on the beating rate. When nifedipine was added to the
bath solution in the presence of bPTH-(1-34), the increased beating rate elicited by
bPTH-(1-34) was decreased within 1 min to the basal rate and declined
continuously until it stopped completely during the ensuing 5 min (Fig. IX-3). This
result also indicated that, under the present experimental conditions, the opening

of the calcium channels was possibly responsible for the basal spontaneous firing
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of the action potential in these myocytes.

DISCUSSION

bPTH-(1-34) has been reported by two different laboratories to affect the
cAMP content in isolated smooth muscle cells directly (Nickols, 1985; Stanton er al.,
1985). However, evidence indicating that PTH can directly relax isolated single
vascular smooth muscle cells is not available at the present time (Mok er al.,
1989a). ‘In the present study, KCl was used to induce smooth muscle cell
contraction and then bPTH-(1-34)-induced cell relaxation was observed. KCl
induced smooth muscle contraction is composed of two phases. A rapid
contraction, the phasic phase, was followed by a prolonged contraction plateau, the
tonic phase (Hurwitz et al., 1980; Villar er al., 1986). Different mechanisms are
proposed to explain these two phases of contraction. Extracellular application of
a high concentration of KCl depolarizes the surface membrane and hence opens L-
type voltage-dependent calcium channels. If the entry of extracellular calcium
sufticiently increases intracellular free calcium concentration ([Ca**]), smooth
muscle contraction occurs. The excitation-contraction latency is about 200 ms
(Marshall‘, 1974). The contraction lasts for more than one hour. This prolonged
contraction in the mesenteric artery strip was inhibited by d:hydropyridine

antagonists (Asano ef al.,1988). Extracellular application of verapamil, lanthanum
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ion and EGTA also inhibited the tonic contraction of guinea-pig ileum smooth
muscle (Hurwitz et al.,1980). It seems that voltage-dependent calcium channels are
critical for both phasic and tonic contraction of smooth muscle cells induced by KCl
(Brading et al., 1983; Huddart and Butler, 1983; Langton and Huddart, 1987).
Within seconds L channels will, however, inactivate owing to both increased [Ca*™),
and membrane depolarization (Ohya et al., 1988; Pelzer et al., 1990). The
difference in the experimental conditions in tension studies and patch clamp
recording may help us to understand this puzzling and unsolved discrepancy. It
should be pointed out that the mechanism of KCl-induced smooth muscle
contraction and the role played by voltage-dependent calcium channels are still far
from clear (Urakawa and Holland, 1964). The source for increased [Ca™*]; during
maintained depolarization and contraction may also be calcium-induced calcium
release (CICR) from sarcoplasmic reticulum (SR) (Van Breemen and Saida, 1989).
If plasmalemma calcium channels are inhibited, less entry of extracellular calcium
during depolarization will possibly lead to less CICR. The outcome will be the
inhibition of both tonic and phasic contraction. However, the calcium content of
SR in vascular smooth muscle cells is limited. Without extracelluar calcium the
smooth muscle contraction during sustained KCl-elicited depolarization cannot be
maintained for hours. In chicken gizzard smooth muscle, high K* only induced a

single phasic phase which was completely dependent on extracellular calcium

(Ozaki et al., 1990). No CICR could be demonstrated in this smooth muscle
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preparation. Another argument against the importance of CICR in smooth muscle
cells was derived from the reversibility of KCl effects on both smooth muscle
contraction and [Ca**]. After removal of 90 mM KCI from the organ bath, the
porcine coronary artery immediately relaxed and [Ca*™], returned to the pre-
contraction level (Mori et al.,1990). If the tonic contraction is due to CICR, the
presence of KCI should not be essential once the plasmalemmal calcium channels
fully opened. In light of these considerations, the extracellular calcium entry may
be the determinant and a more important factor than CICR in KCl-induced
vascular smooth muscle contraction (Karaki, 1987; Rembold, 1989). PTH effects
on single smooth muscle cell contraction induced by 60 mM KCI may be explained
by the above mechanism. In the present study, the composition of bath solution is
closer to extracellular solution in vivo than that used in the patch clamp studies.
The native cytosol environment was not disturbed as it was during dialysis in the
patch clamp studies. bPTH-(1-34) started to inhibit cell contraction initiated by
KCl even at the first minute (p > 0.05). Within the ensuing 5 min, smooth muscle
cells were completely relaxed in the presence of bPTH-(1-34). These results are
consistent with tension studies in which bPTH-(1-34) inhibited the tonic contraction
of rat tail artery strips induced by 60 mM KCl (Pang et al., 1988a). A simple but
reasonable explanation for the present results is that bPTH-(1-34) may relax single
vascular smooth muscle cells by inhibiting plasmalemma calcium channels, and/or,

indirectly, CICR. However, this interpretation of PTH effects by no mean is the
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only or entirc mechanism. For example, PTH increased cAMP concentration in
vascular smooth muscle cells in a time-dependent fashion (Mok, ef al.,1989a). Not
only L channel currents (see Chapter 10) but also the sensitivity of myosin light
chain kinase to calcium will be decreased (Adelstein er al., 1978; Conti and
Adelstein, 1980; Taylor et al., 1989). PTH may also directly affect CICR (Filburn
and Harrison, 1990), modulate other ionic channels on the surface membrane, and
alter the activities of the Na/Ca exchanger (Fraser et al., 1988a, b) and calcium
pump (Mckenzie, et al., 1990). Nevertheless, the results from the present study
demonstrated that bPTH-(1-34) can directly inhibit KCl-elicited contraction of
single vascular smooth muscle cells in a time-dependent manner in which the
modulation of L channels by PTH may be important.

The effects of PTH on cardiac tissues were mainly demonstrated with in vitro
heart perfusion preparations (Hashimoto er al., 1981; Nickols ez al.,1989a), isolated
papillary muscle (Katoh et al., 1981), sinus node cells (Kondo e al., 1988) and rat
right atria (Tenner et al., 1982). Bogin et al. (1981) investigated the effect of
bPTH-(1-34) on the beating rate and cAMP content of cultured heart cells from
newborn rats. However, these myocardial cells were taken from the whole heart.
When the contractile frequency was recorded, it was difficult to separate the
response of atrial cells to PTH from that of ventricular cells. To date, the direct
effects of PTH peptides on the function of single isolated ventricular cells, either

on contraction or beating, have not been reported. If single ventricular myocytes
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were first exposed to a high concentration of KCl, the cell would contract to such
a degree that the additional contraction induced by bPTH-(1-34) could not be easily
detected. Therefore, in the present study, 1 uM bPTH-(1-34) was directly applied
to ventricular myocytes in the absence of KCI. Under the same enzymatic
dispersion and culture conditions but with different compositions of extra- and
intracellular solutions from those used in the patch clamp studies (Chapter 8) on
ventricular cells, bPTH-(1-34) elicited contraction and increased the beating rate
of ventricular myocytes. Concerning this experimental design, the question arose
as to whether bPTH-(1-34)-induced contraction was due to the modulation of
voltage-dependent calcium channels on surface membrane. As shown in Chapter
8 (Fig. VIII-5), bPTH-(1-34) shifted the normalized conductance curve of L
channels to the direction of more negative potentials. Therefore, L channels in
ventricular myocytes will be able to open without a significant change of the resting
potential in the presence of bPTH-(1-34) (Casteels et al.,1990). In addition, the
effect of bPTH-(1-34) on the function of single myocytes could be abolished by
nifedipine, an antagonist of L-type voltage-dependent calcium channels. These
results suggested that bPTH-(1-34) alone might increase voltage dependent
extracellular calcium entry in single ventricular myocytes. The increased influx of
calcium alone or together with CICR, which may be more important than in
vascular smooth muscle, produced ventricular myocyte contraction. Again, PTH-

induced ventricular myocyte contraction may have multiple mechanisms. A clear
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picture of how PTH alone induces cell contraction can not be drawn without further
investigation. The result that bPTH-(1-34) contracted single ventricular myocytes
is in line with the bPTH-(1-34)- induced increase in L channel currents (Chapter
8) and, as such, provides a functional basis for the electrophysiological data.

The isolated primary cultured heart cells represent normally functioning
myocytes of the intact heart (Bogin ef al.,1981). This statement is substantiated by
electrophysiological evidence (Powel et al., 1980; Isenberg and Kléckner, 1982),
biochemical studies (Geisbuhler et al.,1984; Bihler et al.,1985), and morphological
observations (Piper et al., 1982; Severs et al., 1982; Slade et al., 1983). Data
presented in this chapter, together with other reports in the literature, indicate that
the cardiotonic effects of PTH can be observed under in vivo or in vitro
experimental conditions, either at the single cell level or at the tissue level.

It is always difficult to deduce physiological significance from results of patch
clamp studies. Using the patch clamp technique to study voltage-dependent calcium
channels, the influence of other ionic channels, such as sodium, potassium and
chloride channels must be excluded. Therefore, cells are bathed with sodium-free
extracellular solution and dialysed with potassium-free intracellular solution. In
order to facilitate the recording of the small inward calcium current, a high
concentration of barium is used. Intraceilular free calcium is chelated with EGTA
to rule out the possible calcium-induced inactivation of calcium channels. Without

these unusual conditions, the observation of calcium channel changes is impossible.
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However, these non-physiological conditions make it difficult to interpret the
functional significance of these patch clamp results. In this regard, the correlation
of patch élamp studies with functional studies under physiological conditions is
exceptionally important. This aim is partially achieved with the morphological
studies presented here. These results show that the same vascular smooth muscle
and ventricular muscle cells under conditions more closely resembling physiological
circumstances have functional responses to bPTH-(1-34) which can be correlated

with the bPTH-(1-34) effect on L channel currents under patch clamp conditions.
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Fig. IX-1. The effect of bPTH-(1-34) on the contraction of single vascular smooth
muscle cells induced by KCI challenge. bPTH-(1-34) at 1 uM inhibited KCl-elicited
contraction of smooth muscle cells in a time-dependent manner. The number of
cells tested at each time point ranged from 13 to 18. * indicates p<0.05 when

comparison is made before and after the application of bPTH-(1-34) in the

presence of KCl.
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Fig. IX-2. The effect of bPTH-(1-34) on the contraction of single ventricular
myocytes. bPTH-(1-34) at 1 pM significantly deceased the area of ventricular
myocytes. This effect of bPTH-(1-34) was antagonized by nifedipine at a

concentration of 1 uM. * indicates p < 0.05.
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Fig. IX-3. The change in beating rate of single ventricular myocytes induced by
bPTH-(1-34) and nifedipine. At 1 uM, bPTH-(1-34) significantly increased the
beating rate of ventricular myocytes. However, nifedipine at 1 pM significantly

decreased the PTH-induced increase in the beating rate. * indicates p < 0.0s.
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CHAPTER 10

Cyclic AMP mediation of bPTH-(1-34) effects on L channel currents

in vascular smooth muscle cells and ventricular myocytes

INTRODUCTION

PTH increases intracellular cAMP content in cells of its target tissues,
including renal cortical membranes (Goltzman ez al., 1976), tumor and normal
osteoblast-like cells (Helwig et al., 1984; Rodan and Rodan, 1984; Ferrier et al.,
1988), vascular smooth muscle (Pang et al., 1986; Nickols and Cline, 1987) and right
atrium (Tenner et al., 1983).

Production of cAMP also plays an important role in the vascular effect of
PTH (Musso ef al.,1989). In isolated vascular smooth muscle cells, the increase in
cAMP content occurred within 1 min and was maximal within 5 to 10 min after
treatment with bovine (b) PTH-(1-34) (Nickols 1985). Using the same tissue, it was
reported that the relaxation of vessel strips induced by bPTH-(1-34) was immediate
but the maximum effect of PTH did not develop until 6 min. In agreement with

this, a period of 5 min was also needed to establish the inhibitory effect of bPTH-
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(1-34) on L channel currents from rat tail artery smooth muscle cells in our patch
clamp studies. The similarity in the temporal sequence of PTH effects on CAMP
content, calcium channel currents and relaxation of vascular tissues is consistent
with the hypothesis that the PTH effect may be mediated at least in part by the
cAMP pathway.

Both the biological activity and cAMP promoting effect of PTH could be
antagonised by PTH antagonists, such as bPTH-(3-34) and bPTH-(7-34) (see review
by Mok et al.,1989a). Oxidized bPTH-(1-34) lost its vasodilatory action as well as
its CAMP-stimulating effect in rat tail artery tissues (Pang er al., 1986). According
to these observations, it is, therefore, hypothesized that the PTH effects were
mediated by the second messenger CAMP in vascular smooth muscle cells.

The increase in intracellular cAMP concentration has been demonstrated to
enhance calcium channel currents in myocardial cells (Ono et al.,1989). In cardiac
tissue, PTH also enhanced cAMP content prior to its chronotropic action
(Tenner et al.,1983).

PTH inhibits L channel currents in vascular smooth muscle cells while it
increases L channel currents in ventricular muscle cells. However, PTH increases
cAMP content in both of these cell preparations. The question raised then is
whether the effect of PTH on L channel currents in these two cell preparations is
mediated by cAMP. Direct electrophysiological evidence derived from the present

study indicates that CAMP is involved in the modulation of L channel currents by
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PTH in both vascular smooth muscle cells and ventricular muscle cells.

RESULTS

Section I: Studies with vascular smooth muscle cells

In the first series of experiments, the effect of CAMP alone on the L channel
currents was studied. db-cAMP was added to the bath solution to achieve a final
concentration of 1 mM. L channel currents decreased in amplitude and were
maintained at this decreased level 5 min after application of db-cAMP. The
kinetics and I-V relationship of L channel currents were not changed in the
presence of db-cAMP (Fig. X-1). In 9 cells, db-cAMP at a concentration of 1 mM
induced a 26% decrease in L channel current amplitude (p<0.05).

In the second series of experiments, the summation of the effects of db-cAMP
and bPTH-(1-34) was investigated. db-cAMP was first added to the bath solution
and the decrease in L channel current was recorded. 1 pM bPTH-(1-34) was then
applied to the same cell and the amplitude of L channel currents decreased further
(Fig. X-2). After 24.6% inhibition by 1 mM db-cAMP, bPTH-(1-34) induced an
additional 12% inhibition in L channel currents. The total inhibition of L channel
currents induced by db-cAMP and bPTH-(1-34) was 36.8% (n=5) which was similar
to the value in the presence of 1 uM bPTH-(1-34) alone. Since the effect of bPTH-

(1-34) on L channel currents was almost saturated at a concentration of 1 uM, this
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result suggested that the effects of db-cAMP and bPTH-(1-34) were additive but not
synergistic.

In the third series of experiments, 100 pM Rp-cAMPs, a cAMP analogue, was
included in the pipette solution to dialyse the cell. The inhibitory effect of bPTH-
(1-34) on L channel currents was abolished with the intracellular infusion of Rp-
cAMPs (Fig. X-3). It is interesting that after the intracellular infusion of Rp-
cAMPs, the amplitude of L channel currents increased by a small but not significant
amount in response to bPTH~(1-34) (n=5, p>0.05). To rule out the possibility that
Rp-cAMPs directly "desensitizes” the L channel or closely associated proteins so
that no response of L channels to agonists or antagonists could be elicited, the
effect of Bay K-8644 in the presence of Rp-cAMPs was studied. As shown in Fig.
X-4,5 pM Bay K-8644 increased the amplitude of L channel currents by a factor
of two (n=4, p<0.05). This result indicates two things. First, Rp-cAMPs did not
act directly on L channel proteins. Second, the effect of Bay K-8644 on L channel
currents was not mediated by the cCAMP pathway.

In addition, the effect of imidazole, a phosphodiesterase stimulator (Pang et
al., 1986), was examined. The smooth muscle cells were incubated for more than
20 min in the presence of 1 mM imidazole, and then exposed to bPTH-(1-34). The
amplitude of L channel currents were -79 + 8 pA after pretreatment with imidazole
and -73 + 6 pA after the sequential application of 1 uM bPTH-(1-34). No

significant difference could be determined under these two conditions (n=9 ,
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p>0.05).

Section II: Studies with ventricular myocytes

Parallel with studies on vascular smooth muscle cells, three series of
experiments were carried out using ventricular myocytes.

1). db-cAMP increased L channel currents in myocytes. The peak amplitudes
of L channel currents were -365 + 87 and -428 + 92 pA before and after the
application of db-cAMP (n=7, p<0.05). The increase in the amplitude of L
channel currents emerged at approximately 10 min when the cells were exposed to
1 mM db-cAMP. This level was maintained afterwards. As can be observed in Fig.
X-5, the kinetics of the activation of L channels decreased, which was similar to the
effect produced by bPTH-(1-34) (see Chapter 8). Furthermore, the peak of the I-V
relationship of L channel currents was shifted toward the direction of
hyperpolarization by 10 mV. This was also similar to the effect of bPTH-(1-34)
(see Chapter 8). The negative shift of the peak of the I-V relationship of L channel
currents by db-cAMP was detected in another 4 cells.

2). The increase in L channel currents in the presence of 1 mM db-cAMP
was further enhanced by the application of 1 uM bPTH-(1-34). 1 mM db-cAMP
increased L channel currents by 17 +4%. Subsequent application of bPTH-(1-34)
at the maximal effective concentration of 1 puM only increased L channel currents

by an additional 51% (n=5, p<0.05) (Fig. X-6). As reported previously, 1 uM
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bPTH-(1-34) alone increased L channel currents by 73 + 13%.

3). The intracellular infusion of 100 uM Rp-cAMPs prior to the application
of bPTH-(1-34) totally abolished the excitatory response associated with this
peptide. Fig. X-7A shows the effects of 1 uM bPTH-(1-34) in a control cell without
Rp-cAMPs in the pipette (left) and in a cell previously dialysed with Rp-cAMPs
(right). In the presence of Rp-cAMPs the excitatory effect of bPTH-(1-34), as
shown in Fig. X-7A-a, was completely abolished (Fig. X-7A-b). Although the
amplitude of L channel currents decreased by 14% in the presence of 1 pM bPTH-
(1-34) with Rp-cAMPs infusion, the difference was not significant (n=7, p>0.05)
(Fig. X-7B). In addition, the kinetics of inactivation of L channel currents was
changed by bPTH-(1-34) with Rp-cAMPs infusion (Fig. X-7A-a). This could not
be observed without Rp-cAMPs in the pipette (Fig. X-7A-2).

Intracellular infusion of Rp-cAMPs failed to inhibit the response of L channel
currents to Bay K-8644. As shown in Fig. X-8, Bay K-8644 at 5 pM increased L

channel currents by a factor of 4 (n=5 , p<0.05).

DISCUSSION

1. PTH effect was mediated by cAMP in two types of cells. The evidence to

support this statement is listed below.
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1). In smooth muscle cells, bPTH-(1-34) decreased the amplitude of L

channel currents but had no effect on the I-V relationship and the kinetics. In
ventricular myocytes, bPTH-(1-34) increased the amplitude, shifted the peak of the
I-V relationship in the hyperpolarization direction and decreased the rate of L
channel current activation. These effects of bPTH-(1-34) were hypothesized to be
mediated - by increased cAMP levels. When db-cAMP was applied to the bath
solution, this non-hydrolysable but permeable cAMP analog mimicked every aspect
of the effects of bPTH-(1-34) on L channel currents in both vascular and ventricular
muscle cells. The present study demonstrated that CAMP at certain concentrations
inhibited L channel currents when applied outside the plasma membrane of
vascular smooth muscle cells but increased L channel currents in ventricular
myocytes. However, at the present time, no conclusion can be drawn concerning
the effect of various concentrations of intracellular cAMP on L channel currents.

2). No synergistic effect could be observed between db-cAMP and bPTH-(1-
34). A non-synergistic effect, as seen here, is a common phenomenon when two
agents usé the same pathway. Submaximal responses are additive. As an analogy,
the effects of isoproterenol and cAMP were also not synergistic (Kameyama er al.,
1985).

3). The antagonist of CAMP, Rp-cAMPs, completely abolished the effect of
bPTH-(1-34) on L channels. Rp-cAMPs, a CAMP analogue with a sulphur atom

substitution in the equatorial exocyclic oxygen position, binds to the cAMP-binding
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sites on cAMP-dependent protein kinase with a 90-fold increased binding affinity
compared with CAMP (Rothermel and Bolelho, 1988). The binding of Rp-cAMPs
to the regulatory subunits does not induce the dissociation of the holoenzyme and,
hence, competitively inhibits the cAMP-induced activation of the cCAMP-dependent
protein kinase (protein kinase A). In my experiments, bPTH~(1-34) had no effect
on L channel currents in ventricular myocytes when Rp-cAMPs was included in the
pipette. This result indicates that the activation of cAMP-dependent protein kinase
is necessary for the PTH-induced increase in L channel currents in ventricular
myocytes. A similar situation was reported for the histamine-elicited increase in
calcium channel currents in cardiac myocytes (Hescheler er al.,1987a). Rp-cAMPs
antagonised the effect of bPTH-(1-34) on L channel currents in vascular smooth
muscle cells. If the same logic used for ventricular myocytes were used here,
bPTH-(1-34) should also exert its effect via the activation of cAMP-dependent
protein kinase, which, in turn, should result in an increase in the L channel current
in vascular smooth muscle cells. However, bPTH-(1-34) inhibits, instead of
activates, L channel currents in vascular smooth muscle cells. Does bPTH-(1-34)
inhibit L'channel currents in vascular smooth muscle cells by increasing the cCAMP
level and then activating cAMP-dependent protein kinase? How can the
antagonistic effect of Rp-cAMPs on bPTH-(1-34)-induced inhibition of L channel
currents in vascular smooth muscle cells be explained? An attempt is made in the

next paragraph to answer these questions.
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2. Two target protein kinases of cAMP.

It has been reported that an increase in cAMP content in vascular smooth
muscle cells may have either of two effects, i.e. an increase or decrease in
intracellular calcium concentration (Lincoln et al., 1990). These contradictory
results were ascribed to the activation of different protein kinases by cAMP. A
decrease in intracellular Ca** can be seen if cGMP-dependent protein kinase is
activated by CAMP. On the other hand, activation of cAMP-dependent protein
kinase by cAMP would result in increased entry of extracellular Ca**. The
presence of both cAMP- and cGMP-dependent protein kinases in primary cultured
vascular smooth muscle cells has been demonstrated (Lincoln et al.,1990). Hence,
the effect of bPTH-(1-34) on L channel currents in this cell preparation could be
the result of the predominant activation of cGMP-dependent protein kinase, which
was secondary to the increase in the CAMP content stimulated by bPTH-(1-34). If
Rp-cAMPs could bind competitively to cGMP-dependent protein kinase the
inhibition of the effect of bPTH-(1-34) on L channel currents by Rp-cAMPs would
be explained. Such binding has not, however, been reported. The application of
specific inhibitors of cGMP-dependent protein kinase, such as Rp-cGMPs, will
provide more information about the mechanism of cAMP-mediated PTH effects on
L channel currents in vascular smooth muscle cells.

On the other hand, cGMP-dependent protein kinase was absent or the

concentration was too low to be routinely detectable in cardiac and many other
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tissues (Lincoln et al., 1976, 1981; Walter, 1981; Reuter, 1983). Furthermore,
¢GMP had no effect on calcium channel currents in single ventricular cells (Hartzell
and Fischmeister, 1986). Although a more potent analogue of cGMP, 8-bromo-
¢GMP, has been reported to inhibit the calcium channel current in embryonic chick
ventricular myocytes (Wahler ez al., 1990), this inhibitory effect could be interpreted
as an increased cAMP hydrolysis via a cGMP-stimulated cyclic nucleotide
phosphodiesterase  (Flitney and Singh, 1981; Martins et al., 1982; Lincoln and
Johnson, 1984; Weishaar et al.,1985). In this regard, the influence of CAMP on
cGMP-dependent protein kinase in cardiac tissue would be negligible. In the
present study, when CAMP concentration was increased by bPTH-(1-34), it probably
only activated cAMP-dependent protein kinase in cardiac tissues, and, hence, an
increase in L channel currents in ventricular myocytes occurred. This hypothesis
needs more experimental evidence and at this point is only speculation.

In the presence of Rp-cAMPs in the pipette solution, bPTH-(1-34) failed to
inhibit L channel currents in vascular smooth muscle cells, and failed to increase
L channel currents in ventricular myocytes. In fact, small increases or decreases in
L channel currents in vascular smooth muscle cells and ventricular myocytes,
respectively, by bPTH-(1-34) were observed with Rp-cAMPs dialysis. Rp-cAMPs
appears to reverse the PTH effect in both celis type. These changes in L channel
currents, however, were not statistically significant. This result at least suggests that

another signal transduction pathway in addition to the cAMP pathway may be
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involved in the PTH effect on calcium channels. For instance, the calcium and
phospholipid-dependent  protein kinase C (PKC) system appears to play an
important role in mediating hormonal effects in different cell preparations.

Activation of PKC by phorbol esters or diacylglycerols inhibited the peak calcium
channel currents in N1E-115 cells (Linden and Pouttenberg, 1989), but increased

intracellular calcium in osteosarcoma cells (Yamaguchi et al., 1987) and L channel

currents in the A7.5 cultured vascular smooth muscle cell line (Fish et al., 1988).
A decrease in the contraction amplitude has been observed in phorbol ester-treated

neonatal rat ventricular myocytes (D dsemeci et al., 1988). Further studies by
Lacerda et al. (1988) demonstrated that exposure to phorbol ester for a relatively
long time period (20 min) significantly inhibited L channel currents. On the other
hand, it has also been demonstrated that PTH translocated PKC from the cytosol
to the membrane and increased the membrane-bound to cytosolic activity ratio of
PKC by a factor of 2.2 in osteosarcoma cells (Abou-Samara et al.,1989; lida-Klein
et al., 1989). In cultured kidney tubule cells, PTH increased intracellular thiol
proteinase activity, which was mimicked by phorbol esters but antagonized by the
calcium jonophore A23187. When the PKC inhibitor, staurosporine, was applied,
the PTH effect was abolished in this cell preparation (Denek et al., 1990).
Pretreatment of osteosarcoma cells with PTH abolished the phorbol ester-induced

increase in free intracellular calcium (Yamaguchi et al., 1987). Taken together,

these observations suggest that PTH may activate PKC which in turn modulates
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calcium channels in different cell preparations. If this is the case, the Rp-cAMPs-
induced reversal of the PTH effect on L channel currents could be explained as
follows. PTH may activate PKC and increase intracellular cAMP levels. The latter
has a predominant effect on the modulation of L channel currents. After the
cAMP pathway is blocked by Rp-cAMPs, the PKC effect on L channel currents in
different cell preparations will be unmasked. However, no information regarding
the activation of PKC by PTH in vascular smooth muscle cells or neonatal rat
ventricular myocytes is available.

In conclusion, CAMP decreases L channel currents in vascular smooth muscle
and increases them in ventricular muscle cells, respectively, under the present
experimental conditions. The effect of PTH on L channel currents in smooth
muscle and ventricular muscle cells is mediated by cAMP although the target
kinases of cAMP pathway appear to be different. The mechanisms by which
increased cAMP content in smooth muscle and ventricular muscle cells modulated

L channel currents differentially deserves further exploration.
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Fig. X-1 The effect of db-cAMP on L channel currents in a vascular smooth
muscle cell. L channel currents were elicited from a holding potential of -40 mV
to various test pulses. Leakage and capacitive currents have been corrected. 1 mM
db-cAMP decreased the amplitude of L channel currents. A. The original current
traces in the absence and then presence of db-cAMP were obtained at the various
test pulses indicated beside each record. B. The I-V relationships of L channels

before and after the application of db-cAMP.
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Fig. X-2 The effect of sequential application of db-cAMP and bPTH-(1-34) on L

channel currents in vascular smooth muscle cells. db-cAMP at 1 mM decreased the
amplitude of L channel currents by 25%. After the effect of db-cAMP on L
channel currents was established, 1 pM bPTH-(1-34) was added to the bath. The

amplitude of L channel currents was decreased by an additional 24% by bPTH-(1-

34) (n=5, p<0.05).
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Fig. X-3 Modification of bPTH-(1-34) effects by the intracellular infusion of Rp-
cAMPs in vascular smooth muscle cells. A. The original current traces in the
absence fopen circles) and then presence (filled circles) of 1 pM bPTH-(1-34). The
records in A-a) were taken from a cell (RTY1502) without Rp-cAMPs in the pipette
solution. The records in A-b) were taken from another cell (M0608) with Rp-
cAMPs in the pipette solution. B. With 100 uM Rp-cAMPs in the pipette, the

effect of bPTH-(1-34) on L channel currents was abolished (n=5, p>0.05).
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Fig. X-4 The effect of Bay K-8644 on L channel currents in the presence of Rp-
cAMPs in vascular smooth muscle cells. When Rp-cAMPs was present in the

pipette solution, Bay K-8644 still increased the amplitude of L channel currents in

vascular smooth muscle cells (n=4, p<0.05).



-60

|

= -200
o
X

§ -400

-600

Control

db—cAMP




309

Fig. X-5 The effect of db-cAMP on L channel currents in one ventricular myocyte.
L channel currents were elicited from a holding potential of -40 mV to various test
pulses. Leakage and capacitive currents have been corrected. 1 mM db-cAMP
increased the amplitude of L channel currents. A. The original current traces in
the absence and then presence of db-cAMP were obtained at various test pulses
indicated beside each record. B. The I-V relationships of L channel currents

before and after the application of db-cAMP.
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Fig. X-6 The effect of sequential application of db-cAMP and bPTH-(1-34) on L
channel éurrents in ventricular myocytes. db-cAMP at a concentration of 1 mM
increased the amplitude of L channel currents by 17%. After the effect of db-
cAMP on L channel currents was established, 1 pM bPTH-(1-34) was added to the

bath. bPTH-(1-34) increased the amplitude of L channel currents by an additional

51% (n=5, p<0.05).
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Fig. X-7 Modification of bPTH-(1-34) effects by the intracellular infusion of Rp-
cAMPs in ventricular myocytes. A. The original current traces in the absence
(open circles) and then presence (filled circles) of i pM bPTH-(1-34). The records
in A-a) were taken from a cell (RWD30J2) without Rp-cAMPs in the pipette
solution. The records in A-b) were taken from another cell (A0510) with Rp-
cAMPs iﬁ the pipette solution. B. With 100 uM Rp-cAMPs in the pipette solution,

the effect of bPTH-(1-34) on L channel currents was abolished (n=7, p>0.05).



Peak L channel current (pA)

550
500
450
400
350
300
250
200
150
100

50

100 uM
Rp-cAMPs

314

5 uM
Bay K-8644



315

Fig. X-8 The effect of Bay K-8644 on L channel currents in ventricular myocytes
in the presence of Rp-cAMPs. When Rp-cAMPs was present in the pipette

solution, Bay K-8644 still increased the amplitude of L channel currents in

ventricular myocytes (n=>5, p<0.05).



316

CHAPTER 11

Summary and General Discussion

[SUMMARY]

1. The similarities and differences between two types of voltage- and time-
dependent calcium channel currents in neuroblastoma, vascular smooth muscle and
ventricular muscle cells:

Two types of voltage- and time-dependent calcium channel currents have been
identified in neuroblastoma, vascular smooth muscle and ventricular muscle cells.
These currents have many similar characteristics in the three cell preparations in
terms of electrophysiological behaviour and pharmacological sensitivity. There are
also differences in these channel currents in different tissues.

T channel currents are, basically, the same in all three cell preparations. In
neuroblastoma cells, T channel currents are mainly expressed in the early stage of
differentiation (Yoshii er al.,1988). The ventricular myocytes used in the present
study are from neonatal rats, in which T channel currents are readily measurable.
T charnel currents in adult ventricular myocytes have a lower density in single cells

and a smaller population than do L channel currents (Bean, 1989a). In contrast,
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T channel currents are approximately twice as large as L channel currents in
embryonic chick ventricular cells (Kawano and DeHaan, 1989a,b}. These
developmental changes in the expression of T channel currents in neuroblastoma
and ventricular cells may be related to the function of T channel currents. The
electrical excitation function of sodium channels in neuronal and cardiac tissues is
well documented. Since the potential range of activation of sodium and T-type
calcium channels overlap, the electrical function of T chanrels, i.e.depolarization,
in these tissues may not be necessary at later stages of development. However, in
addition to depolarization, the other functions of T channels and their correlation
with sodium channels in the early stages of development are unknown.

The situation is different in vascular smooth muscle cells. T channel currents
are expressed in vascular smooth muscle cells, including cells from rat tail artery.
With the exception of one report (Sturek and Hermsmeyer, 1986), sodium channels
have not been demonstrated in vascular smooth muscle cells. Therefore, the
existence of T channel currents may provide the mechanism for the slow
spontaneous action potentials in this cell preparation. In this regard, it can be
postulated that the population and density of T channel currents are related to the
development and function of different types of cells. This hypothesis is also in line
with the statement in Bean’s review (1989a) that the "T current is especially
prominent in embryonic and immature cells, raising the possibility..." that it is

important at an early stage of development.
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When compared to T channel currents, L channel currents in different tissues
show more variation. In N1E-115 cells, L channe. currents with 20 mM Ba** as
the charge carrier did not inactivate during a time period of 200 ms from 0 to +30
mV. However, this current under the same experimental conditions inactivated
slowly in both vascular smooth muscle and ventricular muscle cells. Although L
channel currents were sensitive to dihydropyridines in all three cell preparations,
Bay K-8644 shifted the peak of the I-V relationships towards more negative
membrane potentials and increased the kinetics of inactivation in vascular smooth
muscle cells and ventricular myocytes, but not in neuroblastoma cells. These results
suggest that the gating mechanisms by which Bay K-8644 modulates L channel
currents are different. The similarities and differences of T and L channel currents
in different cell preparations are further summarized in Tables XI-1 and XI-2.

T and L channels characterized in this thesis are based on the
electrophysiological and pharmacological characteristics of each channels. This
classification of calcium channels will facilitate further studies and is necessary.
However, it should be pointed out that this classification is over-simplified under
some circumstances. Data from single channel recording is needed to determine
the conductance of each type of calcium channels. More specific phaimacological
tools are needed to separate L, T, N and other unidentified calcium channels. Even
within the scope of this thesis, some parameters used to characterize different types

of calcium channels are not very satisfactory, and need to be carefully considered.
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For example, the normalized conductance curve, or activation curve, for calcium
channels may not accurately reflect the conductance of a specific calcium channel.
Among many reasons for this are the nonlinear instantaneous current-voltage
relationship of calcium channels, the difficulty in determining the reversal potential
for calcium channel currents due to the huge concentration difference of
extracellular and intracellular free calcium and the efflux of Cs* through calcium
channels, and the contribution by the opening of other types of ionic channels to
the membrane conductance which was assumed to represent only calcium
conductance.  Therefore, the normalized conductance curve only provides a

quantitative indication of the relative conductance of calcium channels.



Characteristics of T channel currents in three cell preparations

Table XI-1:
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Neuroblastoma Vascular Ventricular
Cells (N1E-115) | Smooth Muscle Myocy!tes
Cells
Activation Threshold (mV) -50 -50 -50
Maximum Activation -20 -10 -10
Potential (mV)
Reversal Potential (mV) +50 +50 +50
(apparent)
Peak Amplitude of 100 - 400 20 - 80 50 - 200
Currents (pA)
Half steady-state -60 -50 75 W
Inactivation Potential (mV)
Inactivation Kinetics Fast Fast Fast
Inactivation Inactivation Inactivation
Bay K-8644 No effect No effect No effect
Nifedipine No effect No effect No effect
Lat*t Block Block Block

Note: (1): Data was adopted from Hagiwara er al., 1988.



Characteristics of L channel currents in three cell preparations

Table XI-2:
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Neuroblastoma Vascular Ventricular
Cells (N1E-115) | Smooth Muscle Myocytes
Cells
Activation Threshold (mV) -20 -20 -20
Maximum Activation +20 +20 +20
Potential (mV)
Reversal Potential (mV) +50 +50 +50
(apparent)
Peak Amplitude of 100 - 300 20 - 100 100 - 1000
Currents (pA)
Half steady-state -13® -30 -5
Inactivation Potential (mV)
Half Maximum Conductance ) 0 +5
Potential (mV)
Inactivation Kinetics Minimum Moderate Slow
inactivation inactivation inactivation
Bay K-8644 Increase Increase Increase
Nifedipine Decrease Decrease Decrease
Lat+? Block Block Block

Note:

(1): Data was adopted from Ogata and Narahashi, 1990.

(-) indicates that no experimental data are available.
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2. PTH effects on L channel currents are different in different cell preparations:

T channel currents in different types of cells were insensitive to PTH peptides.
L channel currents were modulated differentially by bPTH-(1-34) in various cell
preparations. The modulation of L channel currents by bPTH-(1-34) included
changes in the steady-state activation and inactivation, potential dependency of the
PTH effect, kinetic changes, etc (Table XI-3). The enhancement and inhibition of
L channel currents in vascular smooth muscle cells and ventricular myocytes,
respectively, in the presence of bPTH-(1-34) can be functionally related to the
morphological changes of corresponding cell preparations (Table XI-4). The close
relationship of the PTH effect on L channel currents and the morphological
changes suggests that the L channel current plays an important role in the
contraction of both vascular smooth muscle cells and ventricular myocytes.
Furthermore, the morphological studies presented in this thesis indicate that the
results of the PTH effect on calcium channels under the present experimental

conditions have functional relevance.




Table XI-3:
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The modulation of L channel currents in three cell preparations by bPTH-(1-34)

Neuroblastoma Vascular Ventricular
Cells (N1E-115) | Smooth Muscle Myocytes
Cells
Maximum Activation No shift No shift Negative shift
Potential
Peak Current Decrease Decrease Increase
Amplitude
Potential-dependent ¢) Yes No
Concentration-dependent Yes Yes Yes
Normalized Conductance - No change Negative shift
Activation Rate No change No change Decrease
Inactivation Rate No change No change No change
Antagonistic action of ) Yes Yes
bPTH-(3-34)
H,0,-bPTH-(1-34) No effect ) )
Wash-out (within 5 min) ) Reversible Irreversible
Bay K-8644 reversal Yes Yes )
Nifedipine reversal ¢) ¢) Yes
La‘*** block Yes Yes Yes

Note: (-) indicates experimental data are unavailable.
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Table XI-4:
The correlation of morphological changes with modulation of

L channel currents induced by bPTH-(1-34)

Vascular Ventricular
Smooth Muscle Myocytes
Celis
L channel currents Decrease Increase
Cell contraction Relaxation Contraction
Spontaneous beating
¢) Increase

3, PTH effects on L channel currents in vascular smooth muscle cells and
ventricular myocytes are mediated by cAMP.

The effects of bPTH-(1-34) on L channel currents in vascular smooth muscle
cells and ventricular myocytes can be mimicked by db-cAMP (Table XI-5).
Furthermore, the effects of bPTH-(1-34) and db-cAMP on L channel currents are

additive but not synergistic. In addition, both the inhibition and enhancement of
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L channel currents by bPTH-(1-34) in vascular smooth muscle cells and ventricular
myocytes, respectively, can be eliminated by the intracellular perfusion of Rp-
cAMPs, a cA ast.  All these results point to the conclusion that CAMP

is the main &2 waenger mediating PTH effects on L channel currents in

vascular smootl. :- uscle cells ar1 ventricular myocytes.

Table XI-§:
The mediation of bPTH-(1-34) effects on L channel currents

in vascular smooth muscle cells and ventricular myocytes

Vascular Ventricular
smooth muscle myocytes
cells
bPTH-(1-34) Decrease Increase
Peak amplitude db-cAMP Decrease Increase
bPTH-(1-34) No shift Shift
I-V relationship
db-cAMP No shift Shift
Activation bPTH-(1-34) No change Decrease
Rate db-cAMP No change Decrease
Addition of the
effects of CAMP Yes Yes
and bPTH-(1-34)
Antagonization of
bPTH-(1-34) effect Yes Yes
by Rp-cAMPs
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[DISCUSSION]

1. bPTH-(1-34) has different effects on L channel currents in different tissues:
In this thesis, bPTH-(1-34) has been shown to affect L, bui not T, channel
currents in three different cell preparations. The modulation of L channel currents
by bPTH-(1-34) can be related to cell contraction (smooth muscle cells and
ventricular myocytes) and spontaneous beating of ventricular myocytes in response
to a PTH challenge. It is interesting that the effects of bPTH-(1-34) on L channel
currents have tissue selective features. In neuroblastoma and vascular smooth
muscle cells, bPTH-(1-34) inhibited L channel currents. However, bPTH-(1-34)
increased L channel currents in ventricular myocytes. This selective action of PTH
on L channel currents in different cell preparations provides the mechanism for
PTH-induced vasorelaxation and the cardiotonic effect. The tissue-selective effect
of PTH may not only be important in the physiological regulation of the
cardiovascular system, but may also have pharmacological significance in that
modified forms of PTH may be of use in cardiovascular diseases. For example, the
clinical use of calcium agonists, such as Bay K-8644, have been suggested ia the
treatment of cardiac failure. However, in addition to the desired positive inotropic
effect, vasoconstriction and, in turn, hypertension zre likely (Porzig, 1989).
Furthermore, serious central nervous system side effects are often seen after the

application of calcium channel agonists. These side effects are related to the
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activation of L channels in the CNS associated with neurotransmitter release
(Bechem et al., 1988). In contrast, PTH produced a positive inotropic effect
(excitation of L channels) and vasorelaxation (inhibition of L channels; as well as
inhibition of neuronal activity (inhibition of L channels). Hence, the possibility of
using modified forms of PTH, therapeutically, is attractive.

There are several factors which may explain the tissue specificity of the PTH
effects on L channel currents.

If the PTH receptor is a part of the L channel protein complex, PTH might
bind directly to L channel proteins, as is the case with TTX blockage of sodium
channels (Narahashi er al.,1964; Sigworth, 1980). This also occurs in the endplate
channel gating in which two acetylcholine molecules binding on one endplate
channel directly opened the channel (Karlin, 1980; Conti-Tronconi and Raftery,
1982). However, this analogy cannot be extended to include the PTH effect on L
channel currents. The reasons are as follows. 1). PTH cannot completely inhibit
L channel currents. 2). PTH action on L channel currents is slow in onset (5 min
in vascular smooth muscle cells and more than 10 min in ventricular myocytes). A
similar situation has been reported regarding the endothelin effect on calcium
channel currents in vascular smooth muscle cells, in which a period of more than
5 min was required to establish a stable action (Inoue ez al., 1990) after the
application of endothelin to the bath. 3). After the effect of some intracellular

second messengers, such as CAMP, were completely inhibited, the PTH effect on
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L channel currents was eliminated. To obtain a clear picture of the direct effect
of PTH on L channels more evidence is needed. For example, it is important to
know whether PTH can bind directly to L channels and whether the PTH effect on
L channel currents can still be detected in cell-free patches.

The variability of the L channel proteins in different cell preparations is
another possibility. As is summarized in this Chapter, L channel currents have not
only similar, but also different, characteristics in different tissues. If the same PTH
receptors are coupled to different L channel proteins or their closely related
regulatory proteins, the binding of PTH may affect these different subtypes of L
channels by inhibition or excitation in different tissues. Pharmacological studies
have revealed differences between neuronal and non-neuronal L channels. For
example, @-conotoxin blocked L channels in neurons but not in cardiac, skeletal or
smoeth muscle cells (Hofmann et al.,1987). Biochemical evidence also implies the
existence of tissue specific isoforms of L channels (dihydropyridine receptors)
(Hofmann er al.,1987). Different e« subunits of dihydropyridine receptors have
been isolated from skeletal muscle, cardiac muscle (Slish et al., 1989), brain and
aorta (Koch er al., 1989). Although some differences in ihe electrophysiological
characteristics of L channel currents in three different cell preparations have been
reported in the present study, no defir te conclusion regarding the tissue-selective
variation of L channels can be drawn at this time.

On the assumption that L channel proteins haz the same molecular
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structures, tissue-selective distribution of the two types of PTH receptors would be
partly responsible for the tissue-selective effect of PTH on the same L "annels.
This is discussed in detail in Chapter 8.

If L channels are similar in molecular conformation and a single population
of PTH receptors occurs in different cell pi=parations, the only possibility remaining
for the tissue selective effects of PTH on L channel currents would be that the
binding of PTH induces different intracellular events which modulate L channels
in a tissue-specific way. Some of the evidence supporting this hypothesis includes:
different onset rates of PTH effects, different effects of cAMP on L channel
currents in different cell preparations, and the wash-out experiments in which the
bPTH-(1-34) effect on L channel currents is readily reversible in vascular smooth
muscle cells, but not in ventricular myocytes.

PTH binding might modulate L channel currents directly via different G
proteins in different tissues. The PTH effect on G proteins has been reported in
several cases (Teitelbaum e al., 1982; Babich et al., 1989). Since the PTH effect
on G protein activities and the G protein effect on L channels in neuroblastoma,
vascular smooth muscle and neonatal rat ventricular muscle cells are unknown, it
is difficult to speculate regarding this possibility. In additicn, since a large
component of the PTH effect is slow in onset, direct modulation of the Ca*™
channel by G proteins cannot be the complete answer.

Alternatively, PTH binding may, initially, activate second messengers, which
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in wm cause differential modulation of L channel currents in various tissues.
cAMP was initially chosen as such a candidate. The data presented in this thesis
Jemonstrate that cAMP is the mediator of the PTH effect on L channel currents
in rat tail artery smooth muscle cells and neonatal rat ventricular myocytes. bPTH-
(1-34) induced the increase in CAMP levels, in which a G protein (G,) may be the
coupling factor. Increased intracellular cAMP levels activate different protein
kinases in different cell preparations. This hypothesis may explain the opposite
effect of PTH on L channel currents in different cell preparations. In primary
cultured vascular smooth muscle cells, the bPTH-(1-34) induced increase in CAMP
content may activate both cAMP-dependent protein kinase (protein kinase A) and
cGMP-dependent protein kinase (protein kinase G) (Lincoln er al., 1984, 1990).
The net result of the activation of two protein kinases is the inhibition of L channel
currents in vascular smooth muscle cells. However, the bPTH-(1-34) induced
increase in cCAMP content in neonatal rat ventricular myocytes may only activate
protein kinase A since protein kinase G is absent in this tissue (Lincoln et al.,1976,
1981). Hence, the cardiac L channel would be phosphorylated and the channel
current increased. A detailed discussion of the cCAMP effect on cAMP-dependent

and cGMP-dependent protein kinases may be found in Chapter 10.

2. The comparison between PTH binding studies and PTH effects on L channel

currents:



331

PTH receptors have been demonstrated in neuronal (Pang et al., 1990) and
rabbit renal microvessel smooth muscle cell membranes (Nickols er al., 1990).
However, the K, for bPTH-(1-34) binding in neuroblastoma cells (3.7 nM, Pang er
al., 1990) seems much lower than the half effective concentration (around 1 pM)
required !0 affect Ca*™ channels in this cell preparation. This thousand-fold
concentration discrepancy between the patch clamp and binding stucies could cas.
some doubt on whether the responses obtained are actually due to the binding of
the agents used to the PTH receptors. The following points may provide clues for
this discrepancy. 1). In the binding si.dies, the synthetic bPTH-(1-34) analog,
[Nie*'8 Tyr*JbPTH-(1-34), was used. This PTH analog has heen demonstrated to
be more stable than the unsubstituted bPTH-(1-34) while retaining full biological
activity (Horiuchi er al.,1983; Rosenblatt, 1986). However, in patch clamp studies,
the unsubstituted bPTH-(1-34) was used. 2). In the patch clamp study, the use of
artificial intracellular and extracellular solutions would facilitate the recording of
calcium channel currents but might decrease the PTH receptor density or the ligand
affinity. Consequently, the occupation of PTH receptors under patch clamp
conditions would require a higher concentration of PTH. 3). There is no evidence
showing equal densities of PTH receptors and L channel proteins. Hence, there is
no stoichiometric basis for comparing odinding of PTH and changes in L channel
currents. 4). The binding of PTH to its receptor is necessary, but not sufficient,

for its effect on L channel currents. The modification of L channel currents is
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preceded by the binding of PTH to receptors, the activation of G proteins, the
increase in CAMP concentration, the activation of target kinases of CAMP and the
phosphorylation and dephosphorylation of L channel proteins. The same
concentration of PTH cannot activate each of these stzps in the signal transduction
process to the same degree. On the whole, the concentratior of a hermone or
peptide required for the expression of an effector system cannot be extrapolated in

a straightforward manner from its binding affinity.

3. Inconsistent cell response to PTH peptides:

In studies using voltage and patch clamp techniques, an inconsistent cell
response, i.e. only a percentage of cells have a specific response, to either
endogenous substances or synthetic organic compounds is often encountered
(Droogmans et al., 1987; Okabe er al., 1987). It occurs in the present investigation
of the effect of bPTH-(1-34) on L channel currents. There are many possibie
explanations for this: 1). The number of PTH receptors on vascular smooth
muscle cells may be different (Huang and Rorstad, 1984). The smooth muscle cells
used in the present study were isolated from along the whole length of rat tail
artery. The density of PTH receptors may be different at different segments of the
artery, as in the case of various densities of adrenergic nerve terminals along the
lengtz of the cerebral arterial system (Burnstock, 1977). Conscquently, the L

channel response to PTH elicited from various cells with high or low density of
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PTH receptors may, quite reasonably, be different; 2). Minor differences in the
isolation, either varied digestion time, agitation time, culture time etc., will damage
the PTH binding sites on the cell membrane to different degrees; 3). Different
source, lot and preparation of bPTH(1-34) may produce different activity; 4).
Different proportions of L and T channels resulted in the varied responses to
bPTH-(1-34), which can be judged by the subsequent application of Bay K-8644;
5). The responsiveness may be changed by the degree to which some second
messengers, such as cyclic AMP, are washed out during whole-cell recording.

In neuroblastoma cells cultured in 2% DMSO, 3 of 13 cells ware insensitive
to bPTH-(1-34). A likely explanation is that the cells tested were in different stages
of differentiation. In certain amphibian neurons, Ca** inward currents occurred
as a usual phenomenon at certain developmental stages, disappearing during the
process of complete maturation (Baccaglini and Spitzer, 1977). The presence of
PTH receptors and the functional status of L channel proteins might be different
during the process of neuroblastoma cell differentiation. An alternative explanation
would be that another sub-type of L channels, such as those in vascular smooth
muscle cells (Worley ¢r al., 1986), exists in N 1E-115 cells. One of these subtypes
of L channels might be sensitive to dihydropyridines but not to PTH. No

experimental evidence is available to support this hypothesis.

4. The significance of the present studies:
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PTH induced many functional responses in either "classical”or "non-classical”
target tissues. However, whether the change in L channel currents induced by PTH
in "non-classical" target tissues are physiological is not clear. The physiological and
pathophysiological actions of PTH on calcium channels are discussed separately in

the following sections.

1). Physiological function of PTH:

i. PTH receptors have been :!emonstrated in neuroblastoma (Pang er al.,
1990) and vascular smooth muscle cell membranes (Nickols er a/., i989c; Orloff et
al., 1989a,c).

ii. A non-parathyroid gland origin of PTH has been reported in the central
nervous system. If PTH can also be localized in nerve terminals supplying blood
vessel and cardiac muscle, a higher local concentration of PTH would be
anticipated. However, this hypothesis lacks experimental evidence. A simil:~
situation has been demonstrated for CGRP. The CGRP-immunoreactive nerve
fibres have been observed in the smooth muscle layers of the intestine and some
CGRP-immunoreactive fibres run along blood vessels in the mucosal layers (Ohtani
et al.,1989). CGRP-like immunoreactive fibres were also found in the second and
third branches of the mesenteric artery (Kawasaki er al.,1988). In cardiac muscle,
CGRP-like immunoreactive nerves have been observed in atrial myocardium (Saito

et al., 1987; Ishikawa et al., 1988).
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iii. It has been estimated that the normal circulating concentration of PTH

is approximately 10" M (Fischer et al.,1974; Camnes et al.,1980). In in vitro studies,
the threshold concentration of bPTH-(1-34) for relaxing the rat tail artery strips
constricted by KCI was approximately 10® M (Pang et al., 1988). In the present
study, the minimal concentration of bPTH-(1-34) required to inhibit L channel
currents in a single smeoth muscle cell was 107 M. In patch clamp studies,
enzymatic treatment will damage the cell membrane to a different degree although
this procedure is necessary to disperse single cells. It has been reported that in cell
dialysis experiments the concentrations used to block or mimic the hormonal
response were much higher than those used in biochemical studies (10 to 10° M)
(Hescheler et al., 1987). Furthermore, the artificial extracellular (bath) and
intracellular (pipette) solutions used will facilitate the recording of calcium channel
current, but may decrease the channel response to hormones or neurotransmitters.
For example, the inhibitory effects of dopamine and roradrenaline on calcium
channel currents were enhanced by a low extracellular calcium concentration (2
mM) but abolished by a high extracellular calcium concentration (20 mM)
(Marchetti er al.,1986). It is possible that a much Jower concentration of bPTH-(1-
34) will l.)e sufficient to affect L channel currents in smooth muscle cells if the
extracellular calcium concentration is lowered to 1 or 2 mM. However, at this
concentration range it is very difficult to record the small size calcium channel

currents. Bearing these considerations in mind, the concentrations of bPTH-(1-34)
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used ir thc present study may be related to physiological concentrations of PTH in
vivo.

iv. Physiological effects of PTH on the homeostasis of plasma calcium levels
are well established. PTH increases the plasma calcium on one hand. The
contraction of smooth muscle cells will be enhanced by the increased concentration
of extracellular calcium on the other hand. The inhibition of voltage-dependent
calcium channels in the plasma membrane of vascular smooth muscle cells and, in
turn, the relaxation of vascular smooth muscles induced by PTH could counteract
the increased muscle contractility in the presence of higher plasma calcium level.
The physiological role of PTH in regulating muscle sensittvity to plasma calcium is
believed to occur in this way. Furthermore, PTH may also regulate neuronal and
cardiac activities via modulation of voltage-dependent calcium channels under

physiclogical conditions.

2). Pathophysiological function of PTH:

PTH-like proteins (PTHLPS), a family of tumor-derived hypercalcemic factors,
have been found in recent years (Orloff et al.,1989a). This group of proteins shares
amino acid sequence homology with PTH (Broadus et al., 1988), and binds to the
same receptors as PTH does in bone and kidney (Nissenson et al.,1988; Crloff et
al., 1989b). Mok er al. (1989b) reported that pretreatment of rat gastric smooth

muscle with a high concentration of either PTHLP-(1-34) or PTH-(1-34)
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desensitized the tissue to a subsequent exposure to either peptide. Furthermore,
human (h) PTH-(1-34) and PTHLP-(1-34) are equipotent in stimulating adenylate
cyclase (Yates et al.,1988). Taken together, these results indicated that both PTH
and PTHLPs act on the same receptors and, possibly, elicit the same functional
responses. There is no evidence that PTHLPs modulate caicium channels in
neuronal, vascular smooth muscle and cardiac muscle cells. Research on the
PTHLPs effect on calcium channels in these cell preparations will * 1p to prove the
relevance of the present study and reveal the endogenous modulation of calcium
channels under some specific pathophysiological conditions.

A correlation between hypertension and hyperparathyroidism has been
demonstrated for many years (Rosenthal and Roy, 1972; Scholz and Minn, 1977).
However, PTH/PTHLPs are not the causative factor of hypertension. First, PTH
dilates peripheral resistance vessels and lowers blood pressure. One mechanism in
this process is the inhibition of calcium channel currents demonstrated in the
present study. Second, after surgical correction of primary hyperparathyroidism,
some patients have become hypertensive (Cirillo et al.,1989). Third, patients with
scvere hypertension displayed excess production of PTHLPs (Mundy, 1987) as a
compensation, possibly, for the increase in blood pressure (Nickols er al., 1989a).
Fourth, in stroke prone spontaneous hypertensive rats, acute i.v.administration of
PTH-(1-34) decreased blood pressure in a concentration-dependent  manner.

Furthermore, in the same set of experiments, chronic administration of PTH-(1-34)
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s.c. for 4 weeks attenuated the increase in blood pressure (Ncuser ef al., 1990).

The low serum ionized calcium concentration often detected in hypertension
(Young et al.,1988) stimulates the secretion of PTH. PTH, then, exerts its effects
on the cardiovascular system. The inhibition of L channels in vascular smooth
muscle cells is one of those PTH-induced beneficial compensatory effects. Asa
result, the elevated arterial blood pressure in hypertension is partially counteracted.
In fact, PTH has been demonstrated to be more potent in eliciting vasorelaxation
in spontaneously hypertensive rats than in normotensive animals (McCarron ¢r al.,
1084).

In cardiovascular pathology, PTH/PTHLPs are suggested to play a modulatory
role in controlling blood pressure and cardiac function (Mok er al., 1989a). This
modulatory function ssay be, in part, the modulation of calcium channels in

cardiovascular tissues.

[CONCLUDING REMARKS]

T and L types of calcium channel currents have been identified in
neuroblastoma cells, vascular smooth muscle cells and ventricular myocytes. These
two channel currents have both homologous and heterologous characteristics.
bPTH:-34) did not affect T channel currents in any of these three cell
preparations.  bPTH-(1-34) inhibited L chznnel currents in neuroblastoma and

smooth muscle cells, but increased these currenis in ventricular myocytes. The
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modulatory effect of bPTH-(1-34) on L channel currents could be antagonised by
bPTH-(3-34) in vascular smooth muscle and ventricular muscle cells. Furthermore,
cAMP is the mediator of the modulatory effect of bPTH-(1-34) on L channel
currents in both vascular smooth muscle and ventricular muscle cells.

Voltage-dependent calcium channels provide an important pathway for Ca'*
entry into ceils. This entry triggers a series of biological activities. The present
study increased our knowledge of the distribution and chzide..vization of
voltage-dependent calcium channels in N1E-115 cells, vascular sn:o0th muscle cells
and neonatal rat ventricular cells.

Although many synthetic compounds are currently available to open or close
calcium channels for the purposes of experimental or clinical applications, it is still
not quite clear how living organisms control their calcium channel activity under
physiological or pathophysiological conditions. The present study provides evidence
that PTH may be an endogenous modulator of voltage-dependent calcium channel
currents in various tissues. Results derived from this thesis study concerning the
different -effects of PTH on calcium channel currents in various tissues and the
selective actions of PTH on two types of calcium channel currents demonstrate the
tissue specificity of PTH effects and have led to a more critical evaluation of the
mechanism of PTH action. This study will also stimulate interest in the

identification of other endogenous substances responsible for the modulation of

calcium channels.



34v

References

Aaronson PI, Bolton TB, Lang RJ, MacKenzie I: Calcium currents in single
isolated smooth muscle cells from the rabbit artery in normal-calcium and
high-barium solutions. J. Physiol. 405:57-75,1988.

Abe A, Karaki H: Effect of forskolin on cytosolic Ca?* level and concentration in
vascular smooth muscle. J. Pharmacol. Exp. Ther. 249(3):895-900, 1989.

Abe A, Karaki H: Inhibitory effect of forskolin on vascular smooth muscle of
rabbit aorta. Jpn. J. Pharmacol. 46:293-301, 1988.

Abou-Samra AB, Jieppner H, Westerberg D, Potts JT Jr. Segre GV: Parathyroid
hormone causes translocation of protein kinase C from cytosol to membrane in rat
osteosarcoma cells. Endocrinology 124(3): 1107-1113, 1989.

Adelstein RS, Conti MA, Hathaway DR, Klee CB: Phosphorylation of smooth
muscle myosin light chain kinase by catalytic subunit of adenosine 3':5'-
monophosphate-dependent  protein kinase. J. Biol. Chem. 253:8374-8350, 1978.

Agus ZS, Kelepouris E, Dukes I, Morad M: Cytosolic magnesium modulates
calcium channel activity in mammalian ventricular cells. Am. J. Physiol.
256(25):C452-C455, 1989.

Amano T, Richelson E, Nirenberg M: Neurotransmitter synthesis by
neuroblastoma clones. Proc. Natl. Acad. Sci. (U.S.A.) 69(1):258-263, 1972.

Anderson NC Jr: Voltage-clamp studies on uterine smooth muscle. J. Gen.
Physiol. 54(2):145-165, 1969.

Armstrong CM, Matteson DR: Two distinctive populations of calcium channels
in a clonal line of pituitary cells. Science 227:65-67, 1985.

Armstrong CM, Taylor SR: Interaction of barium ions with potassium channels
in squid giant axons. Biophysical J. 30:473-488, 1980.

Armstrong D, Eckert R: Voltage-activated ~ calcium channels must be
phosphorylated to respond to membrane depolarization. Proc. Natl. Acad. Sci.



341

84:2518-2522, 1987.

Artalejo CR, Ariano MA, Periman RL, Fox AP: Activation of facilitation of
calcium channels in chromaffin cells by D, dopamine receptors through a
cAMP/protein kinase A-dependent mechanism. Nature 348:239-242,1990.

Asano M, Masuzawa K, Kojima M, Aoki K, Matsuda T: Comparison of inhibitory
effects of calcium channel blockers and that of a calmodulin antagonists in strips
of mesenteric arteries from spontaneously hypertensive and normotensive rats. Jpn.
J. Pharmacol. 48:77-90, 1988.

Atwood HL, Lnenicka GA: Structure and function in synapses: emerging
correlations. Trends Neurosci. 9:248-250, 1986.

Audesirk G, Audesirk T, Ferguson C,Lomme M, Shugarts D, Rosack J, Caracciolo
P, Gisi T, Nichols P: L-type calcium channels may regulate neurite initiation in
cultured chick embryo brain neurons and N1E-115 neuroblastoma cells. Develop.
Brain Res. 55:109-120, 1990.

Babich M, King KL, Nissenson RA: G protein-dependent activation of a
phosphoinositide-specific ~ phospholipase C in UMR-106 osteosarcoma cell
membranes. J. Bone Min. Res. 4:549-556, 1989.

Baccaglini PT, Spitzer NC: Developmental changes in the inward current of the
action potential of Rodon-Beard neurons. J. Physiol. 271:93-117,1977.

Bacskai BJ, Friedman PA: Activation of latent Ca’* channels in renal epithelial
cells by parathyroid hormone. Nature 347:388-391, 1990.

Bagby RM, Young AM, Dotson RS, Fisher BA, McKinnon K: Contraction of
single smooth muscle cells from Bufo marinus stomach. Nature 234:351-352,1971.

Barritt GJ: Calcium movement across cell membrane. In: "The role of calcium in
biological systems”,p. 17-54, Boca Raton, FL. CRC, 1982.

Bean BP: Classes of calcium channels in vertebrate cells. Ann. Rev. Physiol.
51:367-384, 1989a.

Bean BP: Multiple types of calcium channels in heart muscle and neurons. Ann.
N.Y. Acad. Sci. 560:334-345, 198%b.



342

Bean BP, Sturek M, Puga A, Hermsmeyer K: Calcium channels in muscle cells
isolated from rat mesenteric arteries: Modulation by dihydropyridine drugs. Circ.
Res. 59(2): 229-235, 1986.

Bean BP: Two kinds of calcium channels in canine atrial cells: differences in
kinetics, selectivity, and pharmacology. J. Gen. Physiol. 86:1-30, 1985.

Bechem M, Hebisch S, Schramm M: Ca?* agonists: new, sensitive probes for Ca?t
channels. Trends Pharmacol. Sci. 9:257-261, 1988.

Benham CD, Tsien RW: Noradrenaline modulation of calcium channels in single
smooth muscle cells from rabbit ear artery. J. Physiol. 404:767-784, 1988.

Benham CD, Hess P, Tsien RW: Two types of calcium channels in single smooth
muscle cells from rabbit ear artery studied with whole-cell and single-channel
recordings. Circ. Res. 61(suppl 1):110-I16, 1987.

Benham CD, Bolton TB, Lang RJ, Takewaki T: The mechanism of action of Ba?*
and TEA on single Ca**-activated K* channels in atrial and intestinal smooth
muscle cell membrane. Pfliigers Arch. 403:120-127, 1985.

Berdichevsky E, Riveros N, Sanchez-Armass S, Orrego F: Kainate,
N-methylaspartate and other excitatory amino acids increase calcium influx into rat
brain cortex cells in vitro. Neurosci. Lett. 36:75-80, 1983.

Bergamaschi S, Trabucchi M, Battaini F,Pareati M, Schettini G, Meucci O, Govoni
S: Modulation of dihydropyridine-sensitive calcinm chanrels: a role for G proteins.
Eur. Neurol. 30(suppl 2):16-20, 1990.

Berthelot A, Gairard A: Action of parathormone ¢n arterial pressure and on
contraction of isolated aorta in the rat (in French). Experientia 31:457-458, 1975.

Bihler I, McNevin SR, Sawh PC: Sarcolemmal glucose transport in Ca?*-tolerant
myocytes from adult heart: calcium dependence of insulin action. Biochim.
Biophys. Acta. 844:9-18, 1985.

Binah O, Rubinstein I, Gilat E: Effects of thyroid hormone on the action potential
and membrane currents of guinea pig ventricular myocytes. Pfligers Arch.
409:214-216, 1987.

Blaustein MP, Oborn CJ: The influence of sodium and calcium fluxes in pinched-



343
off nerve terminals in vitro. J. Physiol. 247.657-686, 1975.

Bogin E, Massry SG, Harvey I: Effect of parathyroid hormone on .:! iieart cells.
3. Clin. Invest. 67:1215-1227,1981.

Bolsover SR: Two components of voltage-dependent calcium influx in mov" -
neuroblastoma cells. J. uen. Physiol. 88:149-165. 1936.

Bolton TB, Aaronson PI, MacKenzie I Voltage-dependent calcium chann. .n
intestinal and vascular smooth muscle cells. Ann. N.Y Acad. Sci. 522:32-42,1988.

Bolton TB, Lang RJ, Takewaki T, Benham CD: l..ch and whole-cell voltage
clamp of single mammalian visceral and vascular smooth muscle cells. Experientia

41: 887-894, 1985.

Bolzon B, Grygorczyi R, Cheung DW: Two types of calcium channcls in vascular
smooth muscle cells. Abstract F27, Symposium of Cellular Variations in Ca**

Signalling. Toronto, Canada, August, 1988.

Bossu JL, Feltz A, Thomann JM: Depolarization elicits two distinct calcium
currents in vertebrate sensory neurones. Pfliigers Arch. 403:360-369, 1985.

Boucek Jr RJ, Shelion ME, Artman M, Landon E: Myoceilular calcium regulation
by the sarcolemmal membrane in the adult and immature rabbit heart. Basic Res.
Cardiol. 80:316-325, 1985.

Brading AF, Burdyga TV, Scripnyuk ZD: The effects of papaverine on electrical
and mechanical activity of guinea-pig urcter. J. Physiol. 334:79-89, 1983.

Brayant HJ, Harder DR, Pamnani MB, Haddyv FJ: In vivo membrane potentials of
smooth muscle cells in the caudal artery of the rat. Am. J. Physiol. 249(18):C78-
C83, 1985.

Broadus AE, Mangin M, lkeda K, Insogna KL, Weir EC, Burtis WJ, Stewart AF:
Humoral hypercalcemia of malignancy: identification of a novel parathyroid
hormone-like peptide. N. Engl. J. Med. 319:556-563, 1988.

Brown AM, Kunze DL, Yatani A: The agonist effect of dihydropyridines on Ca
channels. Nature 311:570-572,1984.

Brown AM, Morimoto K, Tsuda Y, Wilson DL: Calcium current-dependent and



344

voltage-dependent inactivation of calcium channels in Helix aspersa. J. Physiol.
320:193-718, 1981.

Brown DA, Docherty RJ, McFadzean I Calciiim channe!s i vertebrate neurons.
Ann. N.Y. Acad. Sci. 560:358-372, .80,

Brown HF, Fedida D, Kilborn MJ: Decvelopmental changes in the membrane
currents of rat heart actio- potentials. J. Physiol. 378:58P (Abstr), 1986.

Brum G, Osterrieder W, Trautwein W: B-acren rgic increase in the calcium
conductance of cardiac myocytes studied with the patch clamp. Pfligers Arch.
401:111-118, 1984.

Bruschi G, Bruschi ME, (aroppo M, Orlandini G, Spaggiari M, Cavatorta A:
Cytoplasmic free [Ca*¥]is increased in the platelets of spontancously hypertensive
rats and essential hypertensive patients. Clin. Sci. 68:179-184, 1985.

Billbring E, Tomita T: Suppression of spontaneous spike generation by
catecholamines in the smooth muscle of the guinea-pig taenia coli. Proc. R. Soc.
(sec. B.) 172:103-119, 1969.

Burnstock G: Ultrastructure of the vascular neuroeffector apparatus, with special
regard to brain vessels. In: "Neurogenic control of the brain circulation”, Owman
C, and Edvinsson L (eds.), p 3-14, Pergamon Press, New York. 1977.

Byerly L, Chase PB, Stimers JR: Calcium cuirent activation kinetics in ncurones
of the snail Lymnaea stagnalis. J. Physiol. 348: 187-207, 1984.

Caffrey JM, Josephson IR, Brown AM: Calcium channels of amphibian stomach
and mammalian aortz smooth muscle cells. Biophysical J. 49: 1237-1242, 1986.

Callewaert G, Hanbauer I, Morad M: Moduiatior of calcium channels in cardiac
and neuronal cells by an endogenous peptide. Science 243:663-666, 1989.

Carbone E, Lux H*  Modulation of Ca channels in peripheral neurons. Ann.
N Y. Acad. Sci. 560:346 57, 1989.

Carbone E, Lux HD: Low ard high voltage-activated Ca channels in vertebrate
cultured neurons: Properties and functicn. Exp. Brain Res. (Suppl) 14:1-8, 1986.

Carbone E, Lux HD: A lcw voltage-activated calcium conductance in embryonic

Y



345

chick sensory cells. Biophysical J. 46:413-418, 1984.

Cames DL, Anast CS, ~owie "7 Renal parathyroid hormone-dependent
adenylate cyclase activity - 2" - txion of vitamin D-deficient rats with vitamin D-
2. Biochim. Biophys. Acta. 629:546-352, 1980.

Casteels R, Droogmans G, Missiaen L: Agoiist-induced entry of Ca?* in smooth
muscle cells. Neurochem. I=t. 17(2):297-302, 1990.

Cavalie A, McDonald TF, Pelzer D, Trautwein W: Temperature-induced
transitorv and steady-state changes in the calcium current of guinea pig ventricular
.nyocytes. Pfliigers Arch. 405:294-295, 1985.

Cavalie A, Ochi R, Pelzer D, Trautwein W: Elementary currents through Ca?*
channels in zuinea pig myocytes. Pfliigers Arch. 308:284-297, 195.:

Cena V, Stutzin A, Rojas * - Tiftects of calcium and Bay K-8644 on calcium
currents in adrenal medullary chromaffin cells. J. Membrane Biol. 112:255-265,

'989.

Chamley-Campbell J, Campbell GR, Ross R: The smooth muscle cell in culture.
Physiol. Rev. 59(1): 1-61, 1979.

Charbon GA: A diuretic and hypotensive action of a parathyroid extract. Acta
Physiol. Pharmacol. Neerl. 14:52-53,1966.

Cirillo M, Strazzullo P, Gelletti F, Mancini M: Development of hypertension after
correction of primary hyperparathyioidism. Hypertension 11(3):285-287, 1988.

Civitelli R, Martin TJ, Fausto A, Gunsten SL, Hiuska KA, Avioli LV: Parathyroid
hormone-related peptide transiently increases cytosolic calcium in osteoblast-like
cells: comparison with parathyroid hormone. Endocrinol. 125:1204-1210, 1989.

Clementi G, Caruso A, Fiore CE, Leone MG, Prato A: Effect of parathyroid
hormone, centrally or peripherally injected, on gastric activity in male rats. Eur. J.
Pharmacol. 166:549-552, 1989.

Cohen CJ, McCarthy RT: Nimodipine block of calcium channels in rat anterior
pituitary cells.. J. Physiol. 387:195-225, 1987.

Cohen LB, Landowne D: The temp.iature dependence of the movement of



RETS

sodium ions associated with nerve impulses. J. Physiol. 236:95-111, 1974,

Cohen NM, Lederer WJ: Changes in the calcium current of rat heart ventricular
myocytes during development. J. Physiol. 406:115-146, 1988.

Cohen NM, Lederer WJ: Calcium current in isolated nconatal rat ventriculor
myocytes. J. Physiol. 391:169-171, 1987.

Cohn DV, MacGregur RR : The biosynthesis, . intracellular :rocessing, and
secretion of parathormone. Endocrin. Rev. 2:1-26, 1984.

Colatsky TJ, Tsien RW: Sodium channels in rabbit cardiac Purkinje fibres.
Nature 278: 265-268, 1579.

Coleman DT, Bilezikian JP: Parathyroid hormone stimulates formation of inositol
phosphates in a membrane preparation of canine renai cortical tubular cells. J.
Bone Min. Res. 5(3):299-306, 1990.

Collip JB, Clark EP: Further studies on the physiological action of a parathyroid
hormone.- J. Biol. Chem. 64:485-507, 1925.

Colquhoun D, Hawkes B : Interpretation of ion-channel mechanisms.  In:
"Single-channel Recording” Sakmann B, Neher E (eds.), p. 135-176,Plenum Press,
New York, 1983.

Coati MA, Adelstein  RS: Phosphorylation by cyclic adenosine, 37:5'-
monophosphate-dependent  protein kinase regulatcs myosii light chain kinase. Fed.
Proc. 39:1569-1573, 1980.

Conti-Tronconi 3M, Raftery MA: The nicotinic cholinergic receptor: Corrcinition
of molecular structure with functional properties. Annu. Rev. Biochem. 51:491-
530, 1982.

Coulombe A, Lefevre IA, Baro I, Coraboeuf E: Barium- and calcium-permeable
channels open at negative membrane potentials in rat ventricular myocytes. J.
Membrane Biol. 111:57-67,1989.

Crass MF III, Pang PKT: Parathyroid hormone: A coronary artery vasodilator.
Science 207(7):1087-1082, 1980.

Crespo LM, Grantham CJ, Catnell M8: Kinetics, stoichiometry and role of the



347

Na-Ca exchange mechanism in isolated cardiac myocytes. Nature 345:618-621,
1990.

Curtis BM, Catterall WA: Phosphorylation of the calcium antagonist receptor of
the voltage-sensitive calcium channel by cAMP-dependent protein kinase. Proc.
Natl. Acad. Sci. (U.S.A.) 82:2528-2532, 1985.

Dascal N: Analysis and functional characteristics of dihydropyridine-sensitive and -
insensitive calcium chanr. proteins. Biochem. Pharmacol. 40(6): 1171-1178,1990.

Daugirdas JT, Al-Kudsi RR, Ing TS, Yang MCM, Lechey DJ, Pang PKT:
Hemodynami. effects «” bFTH-(1-34) and its analogue Nle®®fTyr bPTH (37
amide. Mineral Electrolyte Metab. 13:33-37, 1987.

Denek L, Schwegler JS, Schaefer RM, Heidland A: Parathyroid hormone
increases thiol proteinase activity by activation of protein kinase C in cultured
kidney tubule cells (OK). FEBS Lett. 269(1):226-228, 1990.

DiPolo R, Beauge L: Asymmetrical properties of the Na-Ca exchanger in voltage-
clamped, internally dialyzed squid axons under symmetrical ionic conditions. J.
Gen. Physiol. 95:819-835, 1990.

Désemeci A, Dhallan RS, Cohen NM, Lederer WIJ, Rogers TB: Phorbol ester
increases calcium current and simulates the effects of angiotensin II in cultured
neonatal rat heart myocytes. Circ. Res. 62:347-357, 1988.

Douglas WW, Taraskevich PS: Slowing effects of dopamine and calcium-channel
blockers on frequency of sodium spikes in rat pars intermediate cells. J. Physicl.
326:201-211, 1982.

Dowe 3P, Joshua IG: In vive 2rteriolar dilation in response to parathyroid hormone
fragments. Peptides 8:443-448, 1987.

Droogmans G, Declerck I, Casteels R: Effects of adrenergic agonists on
Ca2*-channel currents in single vascular smooth muscle cells. Pfligers Arch. 409:
7-12, 1987.

Droogmans G, Callewaert G: Ca**-channel current and its modification by the
dihydropyridine agonist Bay K 8644 in isolated smooth muscle cells. Pfligers Arch.
406:259-265, 1986.



34N

Droogmans G, Raeymaekers L, Casteels R: Electre- and pharmacomechanical
coupling in the smooth muscle cells of the rabbit car artery. J. Gen. Physiol.
70:129-148, 1977.

Dunlap K, Fischbach GD: Neurotransmitters decrease the calcium conductance
activaied by depolarization of embryonic chick sensory neurones. J. Physiol.
17:515-535, 1981.

Eaton DC, Brodwick MS: Effects of barium on the potassium conductance ot
squid axon. J. Gen. Physiol. 75:727-750, 1980.

Eckert R, Do:2ias E: Calcium tail currents in voltage-clamped intact nerve cell
bodies of Aplysia californica. J. Physiol. 345:533-548, 1983.

Ellison DH, McCarron DA: Structural prerequisites for the hypotensive action of
parathyroid hormone. Am. J. Physiol. 246:F551-F556, 1984.

Ettaiche M, Athias P, Variot N, Klepping J: Characterization of postjunctional
adrenoceptor subtypes in isolated rat myccardial cells in culture. Can. J. Physiol.
Pharmacol. 63:1221-1227, 1985.

Fay FS, Delise CM: Contraction of isolated smooth-muscle cells - structure
changes. Proc. Natl. Acad. Sci. (U.S.A.) 70(3): 641-645, 1973.

Fedulova SA, Kostyuk PG, Veselousk NS: Two types of calcium channels in the
somatic membrane of new-born rat dorsal ganglion ncurones. J. Physiol.
359:431-436, 1985.

Fedulova SA, Kostyuk PG, Veselovsky NS: Calcium channels in the somatic
membrane of the dorsal root ganglion neurons, effect of cAMP. Brain Res.
214:210-214, 1981.

Ferrier J, Ward-Kesthely A, Heersche JNM, Aubin JE: Membrane potential
changes, CAMP stimulation and contraction in osteoblast-like UMR 106 cells in
response to calcitonin and parathyroid hormone. Bone and Mineral  4:133-145,

1988,

Filburn CR, Harrison S: Parathyroid hormone regulation of cytosolic Ca’* in rat
proximal tubules. Am. J. Physiol. 258(27):F545-F552, 1990.

Fischbach GD, Lass Y: A transition temperature for acetylcholine channcl



349
conductance in chick myoballs. J. Fhysicl. 280: 527-536, 1978.

Fischer JA, Binswanger U, Dietrich FM: Kuman parathyroid hormone.
Immunological characterization of antibodies against a glandular extract and the
synthetic amino-terminal fragments 1-12 and 1-34 and their use in the
determination of immunoreactive hormone in human sera. J. Clin. Invest. 54:1382-

1394, 1974.

Fischmeister R, Hartzell HC: Cyclic guanosine 3’,5’-monophosphate regulates the
calcium current in single cells from frog ventricle. J. Physiol. 387:453-472, 1987.

Fish RD, Sperti G, Colucci WS, Clapham DE: Phorbol ester increases the

dihydropyridine-sensitive calcium conductance 1na vascular smooth muscle cell line.
Circ. Res. 62:1049-1054, 1988.

Fishman JB, Dickey BF, tine RE: Purification and characterization of the rat liver
vasopressin V, receptor. J. Biol. Chem. 262:14049, 1987.

Fishman MC, Spector I: Potassium curreni suppression by quinidine reveals
additional calcium currents in neuroblastoma cells. Proc. Nati. Acad. Sci. (U.S.A))
78:5245-5249, 1981.

Flitney FW, Singh J: Evidence that cyclic GMP may regulate cyclic AMP
metabolism in the isolated frog ventricle. J. Mol. Cell Cardiol. 13:963-979, 1981.

Forder J, Scriabine A, Rasmussen H: Plasma membrane calcium flux, protein
kinase-C activation and smooth muscle contraction. J. Pharmacol. Exp. Ther.
235:267-273, 1985.

Fox AP, Nowycky MC, Tsien RW: Kinetics and pharmacological properties
distinguisking three types of calcium currents in chick sensory neurons. J. Physiol.
394:149-172, 1987.

Fox AP, Hess P, Lansman JB, Nowycky MC, Tsien RW: Slow variations in the
gating properties of single calcium channels in guinea-pig heart cells, chick neurones
and neuroblastoma cells. J. Physiol. 353:75p (Abst.), 1984a.

Fox AP, Krasne S: Two calcium currents in Neanthes arenaceodentalus egg cell
membranes. J. Physiol. 356:491-446, 1984b.

Fraser CL, Sarnacki P: Parathyroid hormone mediates changes in calcium



350
transport in uremic rat brain synaptosomes. Am. J. Physiol. 254:F837-F844,1988a.

Fraser CL, Sarnacki P, Budayr A: Evidence that parathyroid hormone-mediated
calcium transport in rat brain synaptosomes is independent of cyclic adenosine
monophosphate. J. Clin. Invest. 81:982-988, 1988b.

Freedman SB, Dawson G, Villereal ML, Miller RJ: Identification and
characterization of voltage-dependent calcium channels in neuronal clonal cell lines.
J. Neurosci. 4(6):1453-1467, 1984a.

Freedman SE. Miller RJ: Calcium channel activation: A different type of drug
action. Pre. M.l Acad. Sci. (U.S.A.) 81:5580-5584, 1984b.

Frost BR, Uciac DC, Frewin DD:  The effect of 2-phenylalanine-8-lysine
vasopressin (octpapressin) on blood vessels in the rat tail. Australian J. Exp. Biol.
Med. Sci. 54:403-411, 1976.

Galizzi J-P, Qar J, Fosset M, van Renterghem C, Lazdunski M: Regulation of
calcium channels in aortic muscle cells by protein kinase C activators (diacylglycerol
and phorbol esters) and by peptides (vasopressin and bombesin) that stimulate
phosphoinositide breakdown. J. Biol. Chem. 262:6947-6950, 1987.

Geisbuhler T, Altschuld RA. Trewyn RW, Ansel AZ, Lamka K, Bricrly GP:
Adenine nucleotide metabolism and compartmentalization in isolated adult heart
cells. Circulation Res. 54:536-546, 1984.

Giles W, Shimoni Y: Slow inward tail currents in rabbit cardiac celis. J. Physiol.
417:447-463, 1989.

Giles W, Brown AM: Heart muscle. Tn: "Medical Physiology"Brown AM, and
Stubbs DW (eds), p. 97-115. John Wiley & Sons, Inc., 1983.

Godfraind T: Classification of calcium antagonists. Am. J. Cardiol. 59:11B-23B,
1987.

Godfraind T, Miller RC, Wibo M: Calcium antagonism and calcium entry
blockade. Pharmacol. Rev. 38(4):321-416, 1986.

Goldman WF, Wier WG, Blaustein MP: Effects of activation on distribution of
Ca?* in single arterial smooth muscle cells - determination with fura-2 and digital
imaging microscopy. Cir. Res. 64:1019-1029, 1989.



351

Goltzman D, Peytremann A, Callahan EN, Segre GV, Potts Jr JT : Metabolism
and biological activity of parathyroid hormone in renal cortical membrane. J. Clin.

Invest. 57:8-19, 1976.

Goto K, Kasuya Y, Matsuki N, Takuwa Y, Kurihara H, Ishikawa T, Kimura S,
Yanagisawa M, Masaki T: Endothelin activates the dihydropyridine-sensitive,
voltage-dependent Ca** channel in vascular smooth muscle. Proc. Natl. Acad. Sci.

(U.S.A.) 86:3915-3918, 1989.

Gray R, Johnston D: Noradrenaline and B-adrenoceptor agonists increase activity
of voltage-dependent calcium channels in hippocampal neurons. Nature
327:620-622, 1987.

Greenberg DA:  Calcium channels and calcium channel antagonists. Annals
Neurol. 21:317-330, 1987.

Gu XH, Dillon JS, Nayler WG: Dihydropyridine binding sites in aerobically
perfused, ischemic, and reperfused rat hearts: effects of temperature and time.
J. Cardiovasc. Pharmacol. 12:272-278, 1988.

Gumey AM, Nerbonne JE: Nifedipine blockade of neuronal calcium currents.
Soc. Neurosci. Abstr. 10:868, 1984.

Hadley RW, Hume JR: An intninsic potential-dependent  inactivation mechanism
associated with calcium chaanels in guinea-pig myocytes. J. Physiol. 389:205-222,
1987.

Hagiwara N, Irisawa H, Kameyama M: Contribution of two types of calcium
currents to the pacemaker potentiais of rabbit sino-atrial node cells. J. Physiol.

395:223-258, 1988.

Hagiwara S, Byerly L: Calcium channel. Ann. Rev. Neurosci. 4:69-125, 1981.
Hagiwara S, Yoshii M: Effect of temperature on the anomalous rectification of
the membrane of the egg of the starfish, Mediaster aequalis. . Physiol.
307:517-527, 1980.

Hagiwara S, Nakajima S: Tetrodotoxin and manganese ion: Effects on action
potential of the frog heart. Science 149.1254-1255, 1965.

Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ: Improved patch-clamp



152

techniques for high resolution current recording from cells and ccll-free membrane
patches. Pfliigers Arch. 39:85-100, 1981.

Handler P, Cohn DV: Effect of parathyroid extract on renal function. Am. J.
Physiol. 169:188, 1952.

Hardman JG: Cyclic nucleotides and smooth muscle contraction: Some conceptual
and experimental considerations. In: "Smooth muscle: an assessment of current
knowledge", Bulbring E, Brading AF, Jones AW, & Tomita T (eds.), p. 249-262.
University of Texas Press, Austin, 1981.

Hartzell HC, Fischmeister R: Opposite effects of cyclic GMP and cyclic AMP ox
Ca** current in single heart cells. Nature 323:273-275, 1986.

Hashimoto K, Nakagav~ 7. Shibuya : Satoh H, Ushijima T, Imai S: Effects of
parathyroid hormone 1." relaed polypeptiges on the heart and coronary circulation
of dogs. J. Cardiovasc. ¥narmacol. 3:668-676, 1981.

Hawasaki H, Takasaki K, Saito A, Goto K: Calcitonin gene-related peptide acts
as a novel vasodilator neurotransm..t'2r in mesenteric resistance vessels of the rat.
Nature 335:164-167, 1988.

Helwig JJ, Yang MCM, Bollack C, Judes C, Pang PKT : Structure-activity
relationship of parathyroid hormone: relative sensitivity of rabbit renal inicrovessel
and tubule adenylate cyclases to 2.idized PTH and PTH inhibitors. Eur. J.
Pharmacol. 140:247-257, 1987.

Helwig JJ, Schleiffer R, Judes C, Gairard A: Distribution of parathyroid
hormone-sensitive adenylate cyclase in isolated rabbit renal cortex microvessels and
glomeruli. Life Sci. 35:2649-2657, 1984.

Hering S, Deech DJ, Bolton TB, Lim S2 : Action of nifedipine or Bay K 8644 is
dependent on calciuin channel state in single smooth muscle cells from rabbit ear
artery. Pfligers Arch. 411:590-592, 1988.

Hermsmeyer K: Integration of mechanisms in single vascular muscle cells. FASEB
42(2): 269-270, 1983.

Hermsmeyer K, De Cino P, White R: Spontaneous contractions of dispersed
vascular muscle in cell culture. In Vitro 12(9): 628-634, 1976.



353

Hesch R-D, Herrmann G, Perris AD, Atkinson MI: Type I PTH
receptor-operated calcium channel and its importance for PTH peptide elevation
in coronary artery disease. Am. J. Nephrol. 6(suppl 1):155-161, 1986.

Hescheler J, Tang M, Jastorff B, Trautwein W : On the mechanism of histamine
induced enhancement of the cardiac Ca?* current. Pfliigers Arch. 410:23-29,1987a.

Hescheler J, Rosenthal W, Trautwein W, Schultz G: The GTP-binding protein,
G,, regulates neuronal calcium channels. Nature 325:445-447,1937b.

Heschler J, Kameyama M, Trautwein V. On the mechanism of muscarinic
inhibition of the cardiac Ca current. Pfliigeis .arch. 407:182-189, 1986.

Heschler J, Pelzer D, Truhe G, Trautwein - iloes the org..1ic calcium channel
blocker D 600 act from inside or outside on th: rurdiac cell membrane?  Pfligers
Arch. 393:287-291, 1982.

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

Hess P, Lansmzn JB, Tsien RW: Calcium channel .* ctivity for divalent and
monovalent cations. Voltage and concentration depcndence of single channel
current in ventricular heart cells. J. Gen. Physiol. 88:293-319, 1986.

Hess P, Lansman 1B, Tsien RW: Different modes of Ca channel gating bohaviour
favoured by dihydropyridine Ca agonists and antagonists. Nature 311(11):538-544,
1984.

Hille B: "lonic Channels of Excitable Membranes", p.80-90, 181-204. Sinauer
Associates Inc., Sunderland, Massachusetts, 1984.

Himing LD, Fox AP, McCleskey EW, Miller RJ, Olivera BM, Thayer SA,
Tsien RW: Dominant role of N-type calcium channels in K-evoked release of
norepinepherine from rat sympathetic neurones. Society Neurosci. Abstr. 12:28,
1986.

Hodgkin AL, Huxley AF: A quantitative description of membrane current and 1ts
application to conduction and excitation in nerve. J. Physiol. 117:500-544, 195za.

Hodgkin AL, Huxley AF: The components of membrane conductance in the giant
axon of Loligo. J. Physiol. 116:473-496, 1952b.



354

Hofmann F, Oeken H-J, Schneider T, Sieber M: The biochemical properties of
L-type calcium channels. J. Cardiovasc. Pharmacol. 12(suppl. 1):825-S30, 1988.

Hofmann F, Nastainczyk W, R 6hrkasten A, Schneider T, Sicber M: Regulation
of the L-type calcium channel. Trends Pharmacol. Sci. 8:393-398, 1987.

Horiuchi N, Rosenblatt M, Keutmann HT, Potts Jr JT, Hoick MF: A
multiresponse parathyroid hormone assay: an inhibitor has agonist properties in
vivo. Am. J. Physiol. 244:E589-ES95, 1983.

Korn R, Marty A: Muscarinic activation of ionic currents measured by a new
whole-cell recording method. J. Gen. Physiol. 92:145-159, 1988.

Hosey MM, Lazdunski M: Caicium channels: Molecular pharmacology, structure
and regulation. J. Membrane Biol. 1C4, 81-105, 1088.

Hoshi T, Rothlein J, Smith SJ: Facilitation of Ca?*-channel currents in bovine
adrenal chromaffin cells. Proc. Natl. Acad. Sci. 81:587i-5875, 1984.

Huang BS, McCumbee WD, Wright GL: Bay K 8644-like contractile effects of a
peptide isolated from spontaneously hypertensive rats. Can. J. Physiol. Pharmacol.
66:332-336, 1988.

Huang M, Rorstad OP:  Cerebral vascular adenylate cyclase: evidence for
coupling to receptors for vasoactive intestinal peptide and parathyroid hormone.
J. Neurochem. 43:849-356, 1984.

Huang M, Hanley DA, Rorstadc OP: Parathyroid hormone stimulates adenylate
cyclase in rat cerebral microvessels Life Sci. 32:1009-1014, 1983.

Huddart H, Butler DJ: Field stimulation responses of rat bladder detrusor muscle -
dependence upon slow calcium channel activity determined by K* depolarization
and calcium antagonists. Gen. Pharmacol. 17:695-703, 1986.

Hugues M, Romey G, Duval D, Vincent JP, Lazdunski M: Apamin as a
selective blocker of the calcium dependent potassium channel in neuroblastoma
cells: voltage-clamp and biochemical characterization of the toxin receptors. Proc.
12l Acad. Sci. (U.S.A.) 79:1308-1312, 1982.

Hurwitz L, McGuffee LJ, Little SA, Blumberg H: Evidence for two distinct types
of potassium-activated calcium channels in an intestinal smooth muscle. J.



355
Pharmacol. Exp. Ther. 214:574-580, 1980.

lida-Klein A, Varlotta V, Hahn TJ: Protein kinase C activity in UMR-106-01 cells:
effects of parathyroid hormone and insulin. J. Bone Min. Res. 4(5):767-774, 1989.

Imoto Y, Yatani A, Ree~s JP, Codina J, Bimmbaumer L, Brown AM: a-subunit of
G, directly activates ca Jiac calcium channels in lipid bilayers. Am. I. Physioi.
255:H722-H728, 1988.

Inoue Y, Oike M, Nakao K, Kiianwra K, Kuriyama H: Endothelin augments
unitary calcium channel currents on the smooth muscle cell membrane of guinea-pig
portal vein. J. Physiol. +23:171-191,1990.

Irisawa H: Comparative physiology of the cardiac pacemaker mechanism. Physiol.
Rev. 58:461-498, 1978.

Isenberg G, Kldéckner U: Isolated bovine ventricular myocytes: characterization
of the action potential. Pfliigers Arch. 395:19-29, 1982.

Ishikawa T, Okamura N, faito A, Masaki T, Goto K: Positive inotropic effect of
calcitonin gene-related peptide mediated by cyclic AMP in guinea pig heart. Cir.
Res. 63:726-734, 1988.

Ives HE, Schultz GS, Galardy RE, Jjamieson JD: Preparation of functional
smooth muscle cells from the rabbit aorta. J. Exp. Med. 148: 1400-1413, 1978.

Johnson EA, Lieberman M: Heart: excitation and contraction. Ann. Rev. Physiol.
33:479-539, 1971.

Josephson IR, Sanchez-Chapula J, Brown AM: A comparison of calcium currents
in rat and guinea pig single ventricular cells. Cir. Res. 54:144-156, 1984.

Jippner H, Hesch RD: Inhibition of renal adenylate cyclase by plasma from
uremic patients. J. Endocrin. 5:303-310, 1982.

Kameyama M, Hofmann F, Trautwein W: On the mechanism of B-adrenergic
regulation of the Ca channel in guinea pig heart. Pfligers Arch. 405:285-293, 1985.

Kalix P: Uptake and release of calcium in rabbit vagus nerve. Pfliigers Arch.
326:1-14,1971.



350

Kamm KE, Stull JT: Regulation of smooth muscle contractile elements by sccond
messengers. Ann. Rev. Physiol. 51:299-313, 1989.

Karaki H: Use of tension measurements to delineate the mode of action of
vasodilators. J. Pharmacol. Meth. 18:1-21, 1987.

Karlin A: Molecular properties of nicotinic acetylcholine receptors. In: "The cell
Surface and Neuronal Function", Poste G, Nicolson G, Cotman C (eds.), p.191-
260, Elsevier/North Holland Biochemical Press, New York, 1980

Katoh ' * ein KL, Kaplan RA, Sanborn WG, Kurokawa K: Parathyroid hormonc
has a nacitive inotropic action in the rat. Endocrinology 109(6):2252-2254, 1981.

Kawano S,DeHaan RL: Analysis of the T-type calcium channel in embryonic chick
ventricular myocytes. J. Membrane Biol. 116:9-17,1990.

Kawano S, DeHaan RL: The low-threshold calcium current (I) is larger than the
high-threshold current (I;) in embryonic chick ventricular cells. Biophysical J.
50:305a (Abst.), 1989.

Kenny AD, Pang PKT: Structure-activity relationship of parathyroid hormone:
effeats of oxidation. In: "Comparative Endocrinology of Calcium Regulation®,
Oguro C, Pang PKT (eds.), p.69-78, Japanese Scientific Societies Press, Tokyo,
1982. -

Kilborn MJ, Fedida D: A study of the developmental changes in outward curre.ts
of rat ventricular myocytes. J. Physiol. 430:37-60, 1990.

Kimhi Y: "Excitable Cells in Tissue Culture”. Nelson PG, Lieberman M (eds.),
p. 206-215, Plenum Press, New York, 1981.

Kimhi Y, Palfrey C, Spector I, Barak Y, Littaver UZ: Maturation of
neuroblastoma cells in the presence of dimethylsulfoxide. Proc. Natl. Acad. Sci.
(U.S.A.) 73(2):462-466,1976.

Kimura E, Kishida H: Treatment of vaz.ant angina with drugs: a survey of 11
cardiology institutes in Japan. Circulauon 63:844-848, 1981.

Kimura JE, Meves H: The effect of temperature on the asymmetrical charge
movement in squid giant axons. J. Physiol. 289:479-500, 1979.



357

Kldckner U, Isenberg G: Action potentials and net membrane currents of isolated
smooth muscle cells (Urinary bladder of the guinca-pig). Pfliigers Arch. 405:329-
339, 1985a.

Klockner U, Isenberg G: Calcium currents of cesium loaded isolated smooth
muscle cells (Urinary bladder of the guinea-pig). Pfliigers Arch. 405:340-348,
1985b.

Koch B, Blalock JB, Schonbrun A: Characterization of the cyclic
AMP-independent actions of somatostatin in GH cells. J. Biol. Chem. 263:216-225,
1988.

Koch W, Hui A, Shull GE, Ellinor P, Schwartz A: Characterization of ¢DNA
clones encoding two putative isoforms of the «; subunit of the dihydropyridine-
sensitive voltage-dependent calcium channel isolated from rat brain and rat aorta.
FEBS Lett. 250(2):386-388, 1989.

Kokubun S, Prod’hom B, Becker C, Porzig H, Reuter H: Studies on Ca channels
in intact cardiac cells: Voltage-dependent effects and cooperative interaction of
dihydropyridine enantiomers. Mol. Pharmacol. 30:571-584, 1986.

Kokubun S, Reuter H: Dihydropyridine derivatives prolong the open state of Ca
channels in cultured cardiac cells. Proc. Natl. Acad. Sci. (U.S.A.) 81:4824-4827,
1984,

Kondo N, Shibata S, Tenner TE Jr, Pang PKT: Electromechanical effects of bPTH-
(1-34) on rabbit sinus node cells and guinea pig papillary muscles. J. Cardiovasc.
Pharmacol. 11:619-625, 1988.

Kramer RH, Levitan ES, Carrow GM, Levitan IB: Modulation of a subthreshold
calcium current by the neuropeptide FMRFamide in Aplysia neuron R15. J.
Neurophysiol. 60(5):1728-1738, 1988.

Kuga T, Sadoshima J, Tomoike H, Kanaide H, Akaike N, Nakamura M: Actions
of Ca** antagonists on two types of Ca** channels in rat aorta smooth muscle cells
in primary culture. Cir. Res. 67:469-480, 1990.

Lacerda AE, Rampe D, Brown AM: Effects of protein kinase C activators on
cardiac Ca’* channels. Nature 335:249-251, 1988.

Lack EE, Delay SD, Linnoila I: Ectopic parathyroid tissue within the vagus nerve.



358

Incidence and possible clinical significance. Arch. Pathol. Lab. Med. 112:304-306,
1988.

Langton PD, Huddart H: The involvement of fast calcium channel activity in the
selective activation of phasic contractions by partial depolarization in rat vas
deferens smooth muscle. Gen. Pharmacol. 18(1):47-55, 1987.

Larno S, Lhoste F, Auclair MC, Lechat P: Interaction between parathyroid
hormone and the P-adrenoceptor system in cultured rat myocardial cells. J. Mol.

Cell. Cardiol. 12:955-964, 1980.

Lauger, P: Voltage-dependence of sodium-calcium exchange: predictions from
kinetic models. J. Membrane Biol. 99:1-11, 1987.

Lee KS, Marban E, Tsien RW: Inactivation of calcium channel in mammalian
heart cells: joint dependence on membrane potential and intracellular calcium. J.
Physiol. 364:395-411, 1985.

Lepak K, Lippton HL, Hyman AL, Kadowitz PJ: Parathyroid hormone: a potent
vasodilator in the intestinal circulation. Fed. Proc. 46:949 (Abst.), 1987.

Levitan ES, Levitan IB: Serotonin acting via cyclic AMP enhances both the
hyperpolarizing and depolarizing phases of bursting pacemaker activity in the
Aplysia neuron R15. J. Neurosci. 8:1152-1161, 1988.

Levitan IB: Phosphorylation of ion channels. J. Membrane Biol. 87:177-190,1985.

Levey S, Tillotson: Effects of Na* and Ca** gradients on intracellular free Ca*™*
in voltage-clamped Aplysia neurons. Brain Res. 474:333-342,1988.

Lincoln TM, Comwell TL, Taylor AE: cGMP-dependent protein kinase mediates
the reduction of Ca** by cCAMP in vascular smooth muscle cells. Am. J. Physiol.
258:C399-C407, 1990.

Lincoln TM, Johnson RM: Possible role of cyclic-GMP-dependent protein kinase
in vascular smooth muscle function. Adv. Cyclic Nucleotide Protein
Phosphorelation Res. 17:285-296, 1984.

Lincoln TM, Keely SL: Regulation of cardiac cyclic GMP-dependent protein
kinase. Biochim. Biophys. Acta. 676:230-244, 1981.



359

Lincoln TM, Hall CL, Park CR, Corbin JD: Guanosine 3’:5'-cyclicmonophosphate
binding proteins in rat tissues. Proc. Natl. Acad. Sci. (U.S.A.) 73:2559-2563, 1976.

Linden DJ, Routtenberg *- cis-Fatty acids, which activate protein kinasc C,
attenuate Na*and Ca?* - nts in mouse neuroblastoma cells. J. Physiol. 419:95-

119, 1989.

Lipp P, Pott L: Voltage dependence of sodium-calcium exchange current in guinea-
pig atrial myocytes determined by means of an inhibitor. J. Physiol. 403:355-366,

1988.

Llinas R: The intrinsic electrophysiological properties of mammalian ncurons:
insight into central nervous system function. Science 242:1654-1664, 1988.

Loirand G, Pacaud P, Mironneau C, Mironneau J: GTP-binding proteins
mediate noradrenaline effects on calcium and chloride currents in rat portal vein
myocytes. J. Physiol. 428:517-529, 1990.

Loirand G, Pacaud P, Mironneau C, Mironneau J: Evidence for two distinct
calcium channels in rat vascular smooth muscle cells in short-term primary culture.
Pfligers Arch. 407(5):566-568, 1986.

Louvel J, Abbes S, Godfraind JM, Pumain R: Effects of organic calcium channel
blockers on neuronal calcium-dependent  processes. Exp. Brain Res. Ser.
14:373-383, 1986.

Macdonald RL, Skerritt JH, Werz MA:  Adenosine agonists reduce
voltage-dependent calcium conductance of mouse sensory neurones in cell culture.
J. Physiol. 370:75-90, 1986.

Madison D, Fox AP, Tsien RW: Adenosine reduces an inactivating component of
calcium current in hippocampal CA, neurones. Biophysical J. 51:30- “Abst.), 1987.

Malecot CO, Feindt P, Trautwein W: Intracellular N-methyl-D-glucamine modifies
the kinetics and voltage-dependence of the calcium current in guinea pig ventricular
heart cells. Pfligers Arch. 411:235-242, 1988.

Marchetti C, Carbone E, Lux HD: Effects of dopamine and noradrenaline on Ca
channels of cultured sensory and sympathetic neurons of chick. Pfliigers Arch.
406:104-111, 1986.



360

Marchingo AJ, Abrahams JM, Woodcock EA, Smith Al, Mendelsohn FAO,
Johnston CI: Properties of *H-ddAVP as a radioligand for vasopressin V, receptors
in rat kidney. Endocrinology 122:1328, 1988.

Markwardt F, Nilius B: Changes of calcium channel inactivation during run-down.
Gen. Physiol. Biophys. 9:209-218, 1990.

Marshall J: Vertebrate smooth muscle. In: "Medical Physiology",Mountcastle VB
(ed.), vol 1., p. 121-151. St. Louis, Mosby, 1974.

Martha C, Fox AP, Tsien RW: Long-opening mode of gating of neuronal calcium
channels and its promotion by the dihydropyridine calcium agonist Bay K 8644.
Proc. Natl. Acad. Sci. (U.S.A.) 82:2178-2182, 1985.

Martins TJ, Mumby MC, Beavo JA: Purification and characterization of a cyclic
GMP-stimulated cyclic nucleotide phosphodiesterase from bovine tissues. J. Biol.
Chem. 257:1973-1979, 1982.

Marvin WJ Jr, Robinson RB, Hermsmeyer K: Correlation of function and
morphology of neonatal rat and embryonic chick cultured cardiac and vascular
muscle cells. Circ. Res. 45: 528-540, 1979.

Massry SG : Parathyroid hormone: a uremic toxin. Adv. Exp. Med. Biol. 223:1-17,
1987.

Mattesson DR, Armstrong CM: Properties of two types of calcium channels in
clonal pituitary cells. J. Gen. Physiol. 87:161-182, 1986.

McCann SM: Physiology and pharmacology of LHRH and somatostatin. Annu.
Rev. Pharmacol. Toxicol. 22:491-515, 1982.

McCarron DA, Ellison DH, Anderson S: Vasodilation mediated by human PTH
1-34 in the spontaneously hypertensive rat. Am. J. Physiol. 246:F96-F100, 1984.

Mckenzie RC, Lotersztajn S, Pavoine C, Pecker F, Epand RM, Orlowski RC:
Inhibition of the calcium pump by human parathyroid hormone-(1-34) and human
calcitonin in liver plasma membranes. Biochem. J. 266:817-822, 1990.

Meech RW, Standen NB: Potassium activation in Helix aspersa neurons under
voltage clamp: A component mediated by calcium influx. J. Physiol. 249:211-239,

1975.



RIQ

Meinertz RT, Nowrath H, Schaltz H: Stimulatory effects of db-c-AMP and
adrenaline on myocardial contraction and %Ca exchange: experiments at reduced
calcium concentration and low frequencies of stimulation. Naunyn-Schmiedeberg’s
Arch, Pharmakol. 279:327-338, 1973.

Meisheri K, van Breemen C: Effects of B-adrenergic stimulation on calcium
movements in rabbit aortic smooth muscle: relationship with cyclic AMP. J.
Physiol. 331:429-441, 1982.

Miller RJ, Ewald DA, Fox AP, Hirning LD, McCleskey EW, Perney TM, Sturek M,
Thayer SA, Tsien RW, Walker MW: The effect of calcium channel antagonists on
peripheral neurons. Ann. N.Y. Acad. Sci. 522:269-277, 1988.

Mine T, Kojima I, Ogata E: Calcium rather than cyclic AMP is an intracellular
messenger of parathyroid hormone action on glycogen metabolism in isolated rat
hepatocytes. Biochem. J. 258:889-894, 1989.

Mitchell MR, Powell T, Terrar DA, Twist VW: Characteristics of the second
inward current in cells isolated from rat ventricular muscle. Proc. R. Soc. Lond.
[Biol] 219:447-469, 1983.

Mitra R, Morad M: Two types of calcium channels in guinea pig ventricular
myocytes. Proc. Natl. Acad. Sci. (U.S.A.) 93:5340-5344, 1986.

Mo NR, Ammari N, Dun J: Prostaglandin E; inhibits calcium-dependent
potentials in mammalian sympathetic neurons. Brain Res. 334:325-329, 1985.

Mok LLS, Nickols GL, Thompson JC, Cooper CW: Parathyroid hormone as a
smooth muscle relaxant. Endocrin. Rev. 10(4):420-436, 1989a.

Mok LLS, Ajiwe E, Martin TJ, Thompson JC, Cooper CW: Parathyroid hormone-
related protein relaxes rat gastric smooth muscle and shows cross desensitization
with parathyroid hormone. J. Bone Min. Res. 4:433-439, 198%b.

Mollard P, Vacher P, Rogawski MA, Dufy B: Vasopressin enhances a calcium
current in human ACTH-secreting pituitary adenoma cells. FASEB J. 2:2907-2912,
1988.

Moolenaar WH, Spector I: The calcium current and the activation of a slow
potassium conductance in voltage-clamped mouse neuroblastoma cells. J. Physiol.
292:307-322, 1979a.



362

Moolenaar WH, Spector I: The calcium action potential and a prolonged calcium
dependent  after-hyperpolarization  in mouse neuroblastoma cells. J. Physiol.

292:297-306, 1979b.

Moolenaar WH, Spector I: Ionic currents in cultured mouse neuroblastoma cells
under voltage clamp conditions. J. Physiol. 278:265-286, 1978.

Mori T, Yanagisawa T, Taira N: Phorbol 12,13-induced dibutyrate increases
vascular tone but has a dual action on intracellular calcium levels in porcine
coronary arteries. Naunyn-Schmiedeberg’s Arch. Pharmacol. 341:251-155, 1990.

Mueller E, van Breemen C: Role of intracellular Ca’* sequestration in
B-adrenergic relaxation of smooth muscle. Nature 281:682-683,1979.

Mundy GR: The hypercalcemia of malignancy. Kidney Int. 31:142, 1987.

Murase K, Ryu PD, Randic M: Substance P augments a persistent slow inward
calcium-sensitive current in voltage-clamped spinal dorsal horn neurons of the rat.
Brain Res. 365:369-376, 1986.

Musso M-J, Barthelmebs M, Imbs J-L, Plante M, Bollack C: The vasodilator action
of parathyroid hormone fragments on isolated perfused rat kidney.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 34:246-251, 1989.

Nabel EG, Berk BC, Brock TA, Smith TW: Na*-Ca?* exchange in cultured
vascular smooth muscle cells. Cir. Res. 62:486-493, 1988.

Nachsen DA: Regulation of cytosolic calcium concentration in presynaptic nerve
endings isolated from rat brain. J. Physiol. 363:87-101, 1985.

Nakajima T, Wu S, Irisawa H, Giles W: Mechanism of acetylcholine-induced
inhibition of Ca current in bullfrog atrial myocytes. J. Gen. Physiol. 96:865-885,
1990.

Nakazawa K, Matsuki N, Shigenobu K, Kasuya Y: Contractile response and
electrophysiological properties in enzymatically dispersed smooth muscle cells of rat
vas deferens. Pfliigers Arch. 408: 112-119, 1987.

Narahashi T, Tsunoo A, Yoshii M: Characterization of two types of calcium
channels in mouse neuroblastoma cells. J. Physiol. 383:231-249, 1987.



363

Narahashi T, Moore JW, Scott WR: Tetrodotoxin blockage of sodium conductance
increase in lobster giant axons. J. Gen. Physiol. 47:965-974, 1964.

Nelson MT, Patlak JB, Worley JF, Standen NB: Calcium channels, potassium
channels, and voltage dependence of arterial smooth muscle tone. Am. J. Physiol.

259(28):C3-C18, 1990.

Nelson MT, Standen NB, Brayden JE, Worley Il JF: Noradrenaline contracts
arteries by activating voltage-dependent calcium channels. Nature 336(24):382-385,
1988.

Neuser D, Schulte-Brinkmann R, Knorr A, Kazda S: Long-term hypotensive effect
of parathyroid hormone in stroke prone spontancous hypertensive rats. Eur. J.
Pharmacol. 182:569-571, 1990.

Nickols GA, Nickols MA, Helwig JJ: Binding of parathyroid hormone and
parathyroid hormone-related protein to vascular smooth muscle of rabbit renal
microvessels. Endocrinology 126(2):721-727, 1990.

Nickols GA, Nava AD, Nickols MA, DiPette DJ, Asimakis GK: H' -otensive and
cardiac stimulation due to the parathyroid hormone-related protein, humoral
hypercalcemia of malignancy factor. Endocrinology 125(2):834-841, 1989a.

Nickols GA, Nickols MA, Helwig JJ: Binding of parathyroid hormone (PTH) and
parathyroid hormone-related protein (PTH P) to rabbit renal microvessels and
tubules. FASEB J. 3:A283 (Abstract), 1989b.

Nickols GA, Cline WH Jr: Parathyroid hormone-induced changes in cyclic
nucleotide levels during relaxation of the rat aorta. Life Sci. 40(24):2351-2359,
1987.

Nickols GA, Metz MA, Cline WH: Vasodilation of the rat mesenteric vasculature
by parathyroid hormone. J. Pharmacol. Exp. Ther. 236(2):419-423, 1986.

Nickols GA: Increased cyclic AMP in cultured vascular smooth muscle cells and
relaxations of aortic strips by parathyroid hormone.  Eur. J. Pharmacol.
116:137-144, 1985.

Nickols GA, Cline Jr WH: Vasodilation of canine vascular beds by parathyroid
hormone. Pharmacologist 25:724 (Abstr.), 1983.



364

Nilius B, Hess P, Lansman JB, Tsien RW. A novel type of cardiac calcium channel
in ventricular cells. Nature 316:443-446,1985.

Nissenson RA, Diep D, Stewler GJ: Synthetic peptides comprising the amino-
terminal sequence of a PTH-like protein from human malignancies. J. Biol. Chem.

263:12866, 1988.

Nohmi M, Shinnick-Gallagher P, Gean PW: Calcitonin and calcitonin
gene-related  peptide enhance calcium-dependent  potentials. Brain Res.
367:346-350, 1986.

Noma A, Morad M, Irisawa H: Does the "pacemaker current" generate the
diastolic depolarization in the rabbit SA node cells? Pfliigers Arch. 397:190-194,

1983.

Noma A, Kotake H, Irisawa H: Slow inward current and its role mediating the
chronotropic effect of epinephrine in the rabbit sinoatrial node. Pfliigers Arch.
388:1-9, 1980.

Nowycky MC, Fox AP, Tsien RW: Three types of neuronal calcium channel with
different calcium agonist sensitivity. Nature 316:440-443,1985.

Ochi R, Kawashima Y: Modulation of calcium channels by isoprenaline in guinea-
pig ventricular cells. J. Physiol. 424:187-204, 1990.

Ogata N, Narahashi T: Potent blocking action of chlorpromazine on two types of
calcium channels in cultured neuroblastoma cells. J. Pharmacol. Exp. Ther.
252(3):1142-1149, 1990.

Ogata N, Yoshii M, Narahashi T: Psychotropic drugs block voltage-gated ion
channels in neuroblastoma cells. Brain Res. 476:140-144,1989.

Ohtani R, Kaneko T, Kline LW, Labedz T, Tang Y, Pang PKT: Localization of
calcitonin gene-related peptide in the small intestine of various vertebrate species.
Cell Tissue Res. 258:35-42, 1989.

Ohya Y, Sperelakis N: ATP regulation of the slow calcium channels in vascular
smooth muscle cells of guinea pig mesenteric artery. Cir. Res. 64:145-154, 1989.

Ohya Y, Kitamura K, Kuriyama H: Regulation of calcium current by intracellular
calcium in smooth muscle cells of rabbit portal vein. Circ. Res. 62: 375-383, 1988.



RIN

Ohya Y, Kitamura K, Kuriyama H: Modulation of icnic currents in smooth
muscle balls of the rabbit intestine by intracellularly perfused ATP and cyclic AMP.
Pfliigers Arch. 408: 465-473, 1987a.

Ohya Y, Terada K, Kitamura K, Kuriyama H: D 600 blocks the Ca** channel
from the outer surface of smooth muscle cell membrane of the rabbit intestine and
portal vein. Pfliigers Arch. 408:80-82, 1987b.

Okabe K, Terada K, Kitamura K, Kuriyama H: Selective and long-lasting
inhibitory actions of the dihydropyridine derivative, CV-4093, on calcium currents
in smooth muscle cells of the rabbit pulmonary artery. J. Pharmacol. Exp. Ther.
243(2):703-710, 1987.

Olivari MT, Bartorelli €, Polese A, Fiorentini C, Moruzzi P, Guazzi MD:
Treatment of hypertension with nifedipine, a calcium antagonistic agent.
Circulation 59:1056-1062, 1979.

Ono K, Dely M, Nakajima T, Irisawa H, Giles W: Calcitonin gene-related peptide
regulates calcium current in heart muscle. Nature 340(31):721-724, 1989.

Orloff JJ, Wu TL, Stewart AF: Parathyroid hormone-like proteins: biochemical
responses and receptor interactions. Endocrin. Rev. 10(4):476-495, 1989a.

Orloff JJ, Wu TL, Heath HW, Brady TG, Brines ML, Stewart AF:
Characterization of canine renal receptors for the parathyroid hormone-like protein
associated with humoral hypercalcemia of melignancies. J. Biol. Chem. 264:6097-
6103, 1989b.

Orloff JJ, Wu TL, Goumas D, Stewart AF: Receptors for parathyroid hormone-like
peptide in vascular smooth muscle. Clin. Res. 37:457A (Abstr.), 1989c.

Osterrieder W, Brum G, Hescheler J, Trautwein W, Flockerzi V, Hofmann F:
Injection of subunits of cyclic AMP-dependent protein kinase into cardiac myocytes
modulates Ca* current. Nature 298:576-578, 1982.

Overweg J, Binnie CD, Meijer JWA, Meinardi H, Nuijtem STM, Schmaltz S,
Wauquier A: Double-blind placebo-controlled trial of flunarizine as add-on
therapy in epilepsy. Epilepsia 25(2):217-22, 1984.

Ozaki H, Kasai H, Hori M, Sato K, Ishihara H, Karaki H: Direct inhibition of
chicken gizzard smooth muscle contractile apparatus by caffeine. Naunyn-



366
Schmiedeberg’s Arch. Pharmacol. 341:262-267, 1990.

Palade PT, Almers W: Slow calcium and potassium currents in frog skeletal
muscle: their relationship and pharmacologic properties. Pfliigers Arch. 405:

91-101, 1985.

Pang PKT, Wang R, Shan J, Karpinski E, Benishin CG: Specific inhibition of
long-lasting, L-type calcium channels by synthetic parathyroid hormone. Proc. Natl.
Acad. Sci. (U.S.A.) 87:623-627, 1990.

Pang PKT, Yang MCM, Sham JSK: Parathyroid hormone and calcium entry
blockade in a vascular tissue. Life Sci. 42:1395-1400, 1988a.

Pang PKT, Harvey S, Fraser R, Kaneko T: Parathyroid hormone-like
immunoreactivity in brains of tetrapod vertebrates. Am. J. Physiol. 255:R635-R642,

1988b.

Pang PKT, Kaneko T, Harvey S: Immunocytochemical distribution of PTH
immunoreactivity in vertebrate brains. Am. J. Physiol. 255:R643-R647, 1988c.

Pang PKT. Yang MCM, Tenner Jr TE, Kenny AD, Cooper CW: Cyclic AMP and
the vascular action of parathyroid hormone. Can. J. Physiol. Pharmacol.

64:1543-1547, 1986.

Pang PKT, Nussbaum SR, Rosenblatt M: Vascular actions of bovine parathyroid
hormone fragments. In: "Current Trends in Comparative Endocrinology", Lofts B,
Holms WN (eds.), p. 993-995, Hong Kong University Press, Hong Kong, 1985a.

Pang PKT, Yang MCM, Shew R, Tenner Jr TE: The vasorelaxant action of
parathyroid hormone fragments on isolated rat tail artery. Blood Vessels 22:57-64,

1985b.

Pang PKT, Hong BS, Yen L, Yang MCM: Parathyroid hormone: a specific
potent vasodilator. In: "Contribution to Nephrology”, Berlyne GM, Giovannetti
S (eds.), p. 137-145, Karger, Basel, Vol.41, No.26, 1984.

Pang PKT, Yang MCM, Keutmann HT, Kenny AD: Structure activity relationship
of parathyroid hormone: separation of the hypotensive and the hypercalcemic
properties. Endocrinology 112:284-289, 1983.

Pang PKT, Yang MCM, Tenner Jr TE, Chang JK, Shimizu M: Hypotensive action



367

of synthctic fragments of parathyroid hormone. J. Pharmacol. Exp. Ther. 216:567-
571, 1981.

Pang PKT, Tenner TE, Yee JA, Janssen HF: Hypotensive action of parathyroid
hormone preparations on rats and dogs. Proc. Natl. Acad. Sci. (U.S.A.) 77:675-678,

1980a.

Pang PKT, Yang M, Oguro C, Phillips JG, Yee JA: Hypotensive actions of
parathyroid hormone preparations in vertebrates. Gen. Comp. Endocrinol. 41:135-

138, 1980b.

Papaioannou S, Panzer-Knodle S,Yang PC: Calcium channel blockers: correlation
among receptor binding, calcium uptake and contractility in virro. J. Pharmacol.
Exp. Ther. 241(1): 91-96, 1986.

Paupardin-Tritsch D, Colombaiono L, Deterre P, Gerschenfeld HM: Two
different mechanisms of calcium spike modulation by dopamine. J. Neurosci.
5:2522-2532, 1985.

Peiper U:  What kinds of signals are perceived by vascular smooth muscles,
including physical factors? J. Cardiovasc. Pharmacol. 6:5S328-S335, 1984,

Pelzer D, Pelzer S, McDonald TF: Properties and regulation of calcium channels
in muscle cells. Rev. Physiol. Biochem. Pharmacol. 114:107-207, 1990.

Penner R, Dreyer F: Two different presynaptic calcium currents in mouse motor
nerve terminals. Pfliigers Arch. 406:190-197, 1986.

Piper HM, Probst I, Schwartz P, Hiitter JF, Spieckermann PG: J. Molec. Cell
Cardiol. 14:397-412, 1982.

Polinger IS: Separation of cell types in embryonic heart cell cultures. Exp. Cell
Res. 63:78-82, 1970.

Porzig H: Voltage-gated cardiac Ca channels as a target for new positive inotropic
drugs. J. Cardiovasc. Pharmacol. 14(suppl 3):S15-S19, 1989.

Powel T, Terrar DA, Twist VW: Electrical properties of individual cells isolated
from adult rat ventricular myocardium. J. Physiol. 302:131-153, 1980.

Pumplin DW, Reese TS, Leinas R: Are the presynaptic membrane particles the



368
calcium channels? Proc. Natl. Acad. Sci. (U.S.A.) 78(11):7210-7213, 1981.

Quandt FN, Narahashi T: Isolation and kinetic analysis of inward currents in
neuroblastoma cells. Neurosciences 13(1):249-262, 1984.

Quastel DM, Saint DA, Guan YY. Does the motor nerve terminal have only one
transmitter release system and only one species of Ca?* channel ? Soc. Neurosci.

Abstr. 12:28, 1986.

Rampe D, Skattebol A, Triggle DJ, Brown AM: Effects of McN-6186 on
voltage-dependent Ca™* channels in heart and pituitary cells. J. Pharmacol. Exp.
Ther. 248(1):164-170, 1989.

Reeves JP, Hale CC: The stoichiometry of the cardiac sodium-calcium exchange
system.. J. Biol. Chem. 259:7733-7739, 1984.

Rembold CM: Desensitization of swine arterial smooth muscle to
transplasmaiemmal Ca?* influx. J. Physiol. 416:273-290, 1989.

Resnik TJ, Scott-Burden T, Buhler FR: Endothelin stimulates phopholipase C in
cultured vascular smooth muscle celis. Biochem. Biophy. Res. Comm. 157:1360-

1368, 1988.

Reuter H: A variety of calcium channels. Nature 316:391-391, 1985.

Reuter H: Calcium channel modulation by neurotransmitters, enzymes and drugs.
Nature 301:569-574, 1983.

Reuter H: The dependence of slow inward current in Purkinje fibers on the
extracellular calcium-concentration. J. Physiol. 192:479-492, 1967.

Reuter H, Seitz N: The dependence of calcium efflux from cardiac muscle on
temperature and external ion composition. J. Physiol. 195:451-470, 1968.

Reynolds IJ, Wagner JA, Snyder SH, Thayer SA, Olivera BM, Miller RJ: Brain
voltage-sensitive calcium channel subtypes differentiated by &-conotoxin fraction
GVIA. Proc. Natl. Acad. Sci. (U.S.A.) 83:8804-9907, 1986.

Rodan GA, Rodan SB: Expression of the osteoblastic phenotype. In: "Bone and
Mineral Research”, Peck WA (ed.), p. 244-285, Volume 2, Excerpta Medica,
Armsterdam, 1984.



369

Rosenberg RL, Tsien RW: Calcium-permeable channels from cardiac sarcolemma
open at resting membrane potentials. Biophysical J. 51:292 (Abst.), 1987.

Rosenblatt M : Peptide hormone antagonists that are effective in vivo: lessons
from parathyroid hormone. N. Engl. J. Med. 315(16):1004-1013, 1986.

Rosenblatt M, Callahan EN, Mahaffey JE, Pont A, Potts JT Jr: Parathyroid
hormone inhibitors: design, synthesis, and biologic evaluation of hormone
analogues. J. Biol. Chem. 252(16):5847-5851, 1977.

Rosenthal FD, Roy S: Hypertension and hyperparathyroidism. Brit. Med. J. 4:396-
397, 1972.

Rothermel JD, Botelho LHP: A mechanistic and kinetic analysis of the
interactions of the diastereoisomers of adenosine 3°,5’-(cyclic) phosphorothioate
with purified cyclic AMP-dependent protein kinase. Biochem. J. 251:757-762,
1988.

Ruth P, Flockerzi V, Von Nettelbladt E, Ocken J, Hofmann F: Characterization
of the binding sites for nifedipine and (-)-desmethoxyverapamil in bovine cardiac
sarcolemma. Eur. J. Biochem. 150:313-22, 1985.

Ryu PD, Gerber G, Murase K, Randie M: Calcitonin gene-related peptide
enhances calcium current of rat dorsal root ganglion neurons and excitatory synaptic
transmission. Neurosci. Lett. 89:305-312, 1988.

Sada H, Kojima M, Sperelakis N: Fast inward current properties of voltage-
dependent ventricular cells of embryonic chick heart.  Am. J. Physiol.
255(24):H540-H553, 1988.

Saito A, Ishikawa T, Kimura S, Goto K: Role of calcitonin gene-related peptide
as cardiotonic neurotransmittsr in guinea pig left atria. J. Pharmacol. Exp. Ther.
243(2):731-736, 1987.

Sanguinetti MC, Krafte DS, Kass RS: Voltage-dependent modulation of Ca
channel current in heart cells by Bay K8644. J. Gen. Physiol. 88:369-392, 1986.

Satin, L: Sodium-dependent calcium efflux from single Aplysia neurons. Brain Res.
300:392-395, 1984.

Scheid CR, Fay FS: p-adrenergic stimulation of ‘K influx in isolated smooth



370
muscle cells. Am. J. Physiol. 246:C415-C421, 1984.

Schofl C, Meier K, Gotz DM, Knepel W: cAMP- and diacylglycerol-mediated
pathways elevate cytosolic free calcium concentration via dihydropyridine-sensitive,
&-conotoxin-insensitive calcium channels in normal rat anterior pituitary cells.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 339:1-7, 1989.

Scholz DA, Minn R: Hypertension and hyperparathyroidism. Arch. Intern. Med.
137:1123-1124, 1977.

Schouten VJA, Morad M: Regulation of Ca** current in frog ventricular myocytes
by the holding potential, c-AMP and frequency. Pfliigers Arch. 415:1-11, 1989,

Schroeder JE, Fischbach PS, McCleskey EW:  T-type calcium channels:
heterogeneous expression in rat sensory neurons and selective modulation by
phorbol esters. J. Neurosci. 10(3):947-951, 1990.

Schultz G, Rosenthal W, Hescheler J, Trautwein W: Role of G proteins in calcium
channel modulation. Ann. Rev. Physiol. 52:275-292, 1990.

Scott RH, Dolphin AC: Activation of G proteins promotes agonist responses to
calcium channel ligands. Nature 330:760-762, 1987.

Segre GV, Rosenblatt M, Tully GL III, Laugharn J, Reit B, Potts JT Jr:
Evaluation of an in vivo parathyroid hormone antagonist in vivo in dogs.
Endocrinology 116:1024-1029, 1985.

Severs NJ, Slade AM, Powell T, Twist VW, Warren RL: Correlation of
ultrastructure and function in calcium-tolerant myocytes isolated from the adult rat
heart. J. Ultrastuct. Res. 81:222-239, 1982.

Sigworth FJ: The conductance of sodium channels under conditions of reduced
current at the node of Ranvier. J. Physiol. 307:131-142, 1980.

Silberberg SD, Poder TC, Lacerda AE: Endothelin increases single-channel
calcium currents in coronary arterial smooth muscle cells. FEBS Lett. 247:68-72,
1989.

Slade AM, Severs NJ, Powell T, Twist VW: Isolated calcium-tolerant myocytes and
the calcium paradox: an ultrastructural comparison. Eur. Heart J. 4(suppl.H):113-
122, 1983.



371

Slish D, Engle DB, Varadi G, Lotan I, Singer D, Dascal N, Schwartz A: Evidence
for the existence of a cardiac specific isoform of the «, subunit of the voltage
dependent calcium channel. FEBS Lett. 250(2):509-514, 1989.

Snider RM, Forray C, Pfenning M, Richelson E: Neurotensin stimulates inositol
phospholipid metabolism and calcium mobilization in murine neuroblastoma clone
N1E-115. J. Neurochem. 47(4):1214-1218, 1986.

Somlyo AP: Excitation-contraction couplin and the ultrastructure of smooth
muscle, Circ. Res. 57:457-507, 1987.

Spedding M: Three types of Ca** channels explain discrepancies. Trends
Pharmacol. Sci. 8(4):115-117, 1987.

Sperelakis N, Wahler GM: Regulation of Ca*™ influx in myocardial cells by beta
adrenergic receptors, cyclic nucleotides, and phosphorylation. Mol. Cell. Biochem.
82:19-28, 1988.

Stanton RC, Plant SB, McCarron DA: cAMP response of vascular smooth muscle
cells to bovine parathyroid hormone. Am. J. Physiol. 247:E822-E826, 1985.

Stockbridge, N: EGTA. Comput. Biol. Ned. 17(5):299-304, 1987.

Strauss HC, Prystowski EW, Scheiman MM: Sinoatrial and atrial electrogenesis.
Prog. Cardiovasc. Dis. 19:385-404, 1977.

Sturek M, Hermsmeyer K: Calcium and sodium channels in spontaneously
contracting vascular muscle cells. Science 233: 475-478, 1986.

Su CM, Swamy VC, Triggle DJ: Caicium channel activation in vascular smooth
muscle by Bay K 8644. Can. J. Physiol. Pharmacol. 62:1401-1410, 1984,

Sugiyama T, Yoshizumi M, Takaku F, Yazaki Y: Abnormal calcium handling in
vascular smooth muscle cells of spontaneously hypertensive rats. J. Hypertension
8:369-375, 1990.

Suzuki Y, Lederis K, Huang M, LeBlanc FE, Rorstad OP: Relaxation of bovine,
porcine and human brain arteries by parathyroid hormone. Life Sci. 33:2497-2503,
1983.

Takahashi K, Akaike N: Nicergoline inhibits T-type calcium channels in rat



372

isolated hippocampal CA1l pyramidal neurons. Br. J. Pharmacol. 100:705-710,
1990.

Tamura T, Sakamoto H, Filburn CR: Parathyroid hormone 1-34,but not 3-34 or
7-34, transiently translocates protein kinase C in cultured renal (OK) cells.
Biochem. Biophys. Res. Commun. 159(3):1352-1358, 1989.

Tang C-M, Presser F, Morad M: Amiloride selectively blocks the low threshold (T)
calcium channel. Science 240:213-215, 1988.

Tashjian AH, Ontjes DA Jr, Goodfreind TL: Mechanism of parathyroid hormone
action: effects ‘of actinomycin D on hormone-stimulated ion movements in vivo and
in vitro. Biochem. Biophys. Res. Commun. 16(3):209-215, 1964.

Taylor DA, Bowman BF, Stull JT: Cytoplasmic Ca®* is a primary determinant for
myosin phosphorylation in smooth muscle cells. J. Biol. Chem. 264(11):6207-6213,

1989.

Teitelbaum AP, Nissenson RA, Amaud CD: Coupling of the canine renal
parathyroid hormone receptor to adenylate cyclase: modulation by guanyl
nucleotides and N-ethylmaleimide. Endocrinology 111:1524-1533, 1982.

Tenner TE Jr, Ramanadham S, Yang MC, Pang PKT: Chronotropic actions of
bPTH-(1-34) in the right atrium of the rat. Can. J. Physiol. Pharmacol.

61(10):1162-1167, 1983.

Terada K, Kitamura K, Kuriyama H: Blocking actions of Ca’* antagonists on the
Ca?* channels in the smooth muscle cell membrane of rabbit small intestine.
Pfligers Arch. 408:552-557, 1987b.

Tiaho F, Richard S, Lory P, Nerbonne JM, Nargeot J: Cyclic-AMP-dependent
phosphorylation modulates the stereospecific activation of cardiac Ca channels by
Bay K-8644. Pfliigers Arch. 417:58-66, 1990.

Tomita T: Jonic channels in smooth muscle studied with patch-clamp methods.
Jpn. J. Physiol. 38:1-18,1988.

Toro L, Gonzalez-Robles A, Stefani E: Electrical properties and morphology of
single vascular smooth muscle cells in culture. Am. J. Physiol. 251: C763-C773,

1986.



373

Triggle DT, Janis RA: Calcium channel ligands. Ann. Rev. Pharmacol. Toxicol.
27:347-90, 1987.

Tsien RW: Calcium channels in excitable cell membranes. Ann. Rev. Physiol.
45:341-358, 1983.

Tsien RW, Lipscombe D, Madison DV, Bley KR, Fox AP: Multiple types of
neuronal calcium channels and their selective modulation. TINS 11(10):431-438,
1988.

Tsien RW, Hess P, Nilius B: Cardiac calcium currents at the level of single
channels. Experientia 43:1169-1172, 1987a.

Tsien RW, Hess P, McCleskey EW, Rosenberg RL: Calcium channels:
Mechanisims of selectivity, permeation, and block. Ann. Rev. Biophys. Biophysical
Chem. 16:265-290, 1987b.

Tsien RW, Bean BP, Hess P, Lansman JB, Nowycky MC: Mechanisms of calcium
channel modulation by B-adrenergic agents and dihydropyridine calcium agonist.
J. Mol. Cell Cardiol. 18:691-710, 1986.

Tsien RW, Giles WR, Greengard P: Cyclic AMP mediates the action of
adrenaline on the action potential plateau of cardiac Purkinje fibres. Nature
240:181-183, 1972.

Tsunoo A, Yoshii M, Narahashi T: Block of calcium channels by enkephalin and
somatostatin in neuroblastoma-glioma hybrid NG108-15 cells. Proc. Natl. Acad. Sci.
(U.S.A.) 83:9832-9836, 1986.

Tsunoo A, Yoshii M, Narahashi T: Two types of calcium channels in
neuroblastoma cells and their sensitivity to cyclic AMP. Neuroscience Abstracts
10:527, 1984.

Urakawa ‘N, Holland WC: Ca uptake and tissue calcium in K*-induced phasic and
tonic contraction in Taenia coli. Am. J. Physiol. 207:873-876, 1964.

Van Breemen C, Saida K: Cellular mechanisms regulating [Ca®*] ; smooth
muscle. Ann. Rev. Physiol. 51:315-329, 1989.

Van Breemen C, Cauvin C, Yamamoto H, Zschauer A: Vascular smooth muscle
calcium channels. J. Cardiovasc. Pharmacol. 10(suppl 10):S10-S15, 1987.



374

Van Ginneken ACG, Jongsma HJ: Slow inward current in aggregates of neonatal
rat heart cells and its contribution to the steady state current-voltage relationship.

Pfliigers Arch. 397:265-271, 1983.

Villar A, D’Ocon MP, Anselmi E: Relaxant effects of sulfonylureas on induced
contractions of rat uterine smooth muscle: role of intracellular calcium. Arch. Int.

Pharmacodyn. 279:248-257, 1986.

Wahler GM, Rusch NI, Sperelakis N : 8-Bromo-cyclic GMP inhibits the calcium
channel currents in embryonic chick ventricular myoccytes. Can. J. Physiol.
Pharmacol. 68:531-534, 1990.

Walsh KB, Begenisich TB, Kass RS: f-adrenergic modulation of cardiac ion
channels: different temperature sensitivity of potassium and calcium currents. J.
Gen. Physiol. 93: 841-854, 1989.

Walsh KB, Bryant SH, Schwartz A: Effect of calcium antagonist drugs on calcium
currents in mammalian skeletal muscle fibers. J. Pharmacol. Exp. Ther. 236(2):
403-407, 1986.

Walter U: Distribution of cyclic-GMP-dependent protein kinase in various rat
tissues and cell lines determined by a sensitive and specific radioimmunoassay. Eur.
J. Biochem. 118:339-346, 1981.

Wang HH, Drugge ED, Yen YC, Blumenthal MR, Pang PKT: Effects of synthetic
parathyroid hormone on hemodynamics and regional blood flows. Eur. J.
Pharmacol. 97:209-215, 1984.

Wang R, Karpinski E, Wu L, Pang PKT: Flunarizine selectively blocks transient
calcium channel currents in N1E-115 cells. J. Pharmacol. Exp. Ther. 254(3):1006-
1011, 1990a.

Wang R, Karpinski E, Pang PKT: The effect of bPTH-(1-34) on calcium channel
currents in three different cell preparations. Eur. J. Pharmacol. 183:1242-1243,
1990b.

Wang R, Karpinski E, Pang PKT: Two types of calcium channels in isolated
smooth muscle cells from rat tail artery. Am. J. Physiol. 256(25):H1361-H1368,
1989.

Weishaar RE, Cain MH, Bristol JA: A new generation of phosphodiesterase



375

inhibitors: multiple molecular forms of phosphodiesterase and the potential for
drug selectivity. J Med. Chem. 28:537-545, 1985.

Werz MA, Macdonald RL: Dynorphin and neoendorphin peptides decrease dorsal
root ganglion neuron calcium-dependent action potential duration. J. Pharmacol.
Exp. Ther. 234:49-56, 1985.

West TC, Falk G, Cervoni P: Drug alteration of transmembrane potentials in atrial
pacemaker cells. J. Pharmacol. Exp. Ther. 117:245-252, 1956.

White E, Terrar DA: The effects of ryanodine and caffeine on Ca-activated current
in guinea-pig ventricular myocytes. Br. J. Pharmacol. 101:399-405, 1990.

Worley JF III, Deitmer JW, Nelson MT: Single nisoldipine-sensitive calcium
channels in smooth muscle cells isolated from rabbit mesenteric artery. Proc. Natl.
Acad. Sci. (U.S.A.) 83: 5746-5750, 1986.

Wroblewski JT, Nicoletti F, Costa E: Different coupling of excitatory amino acid
receptors with Ca*™* channels in primary cultures of cerebellar granule cells.
Neuropharmacology 24:919-921, 1985.

Yaari Y, Hamon B, Lux HD: Development of two types of calcium channels in
cultured mammalian hippocampal neurons. Science 235:680-682, 1986.

Yamaguchi DT, Kleeman CR, Muallem S: Protein kinase C-activated calcium
channel in the osteoblast-like clonal osteosarcoma cell line UMR-106. J. Biol.
Chem. 262(31):14967-14973, 1987.

Yanagisawa M, Kurihara H, Kimura S, Tomobe M, Mitsui Y, Yazaki Y, Goto K,
Masaki T: A novel potent vasoconstrictor peptide produced by vascular endothelial
cells. Nature 332:411-415, 1988.

Yang MCM, Tenner TE Jr, Pang PKT: Lack of histamine involvement in
parathyroid hormone hypotensive action. Pharmacology 22:305-310, 1981.

Yatani A, Imoto Y, Cordina J, Hamilton SL, Brown AM, Birmbaumer L: The
stimulatory G protein of adenylyl cyclase, G,, directly stimulates dihydropyridine-
sensitive skeletal muscle Ca** channels.  Evidence for direct regulation
independent of phosphorylation by cAMP-dependent protein kinase. J. Biol. Chem.
263:9887-9895, 1988.



37u

Yatani A, Codina J, Imoto Y, Reeves JP, Bimbaumer L, Brown AM: A G protein
directly regulates mammalian cardiac calcium channels. Science 238:1288-1292,

1987a.

Yatani A, Seidel CL, Allen J, Brown AM: Whole-cell and single-channel calcium
currents of isolated smooth muscle cells from saphenous vein. Cir. Res.
60:523-533, 1987b.

Yatani A, Brown AM, Schwartz A: Bepridil block of cardiac calcium and sodium
channels. J. Pharmacol. Exp. Ther. 237(1):9-17, 1986.

Yates AJP, Guttierez GF, Smolens P, Travis PS, Katz MS, Aufolemorte TB, Boyce
BF, Hymer TK, Poser JW, Mundy GR: Effects of a synthetic peptide of PTH-
related protein on calcium homeostasis, renal tubular calcium reabsorption, and
bone metabolism in vivo and in vitro in rodents. J. Clin. Invest. 81:932-941,1988.

Ynshii M, Tsunoo A, Narahashi T: Gating and permeation properties of two
types of calcium channels in neuroblastoma cells. Biophysical J. 54:885-895,1988.

Yoshino M, Yabu H: Single Ca channel currents in mammalian visceral smooth
muscle cells. Pfligers Arch. 404:285-286, 1985.

Young EW, Bukoski RD, McCarron DA: Calcium metabolism in experimental
hypertension. Proc. Soc. Exp. Biol. Med. 187:123-141, 1988.

Zakhari S: Mechanisms of action of calcium antagonists on myocardial and
smooth muscle membrane. Drugs Exp. Clin. Res. 12(9-10):817-29, 1986.

Zeng YY, Benishin CG, Pang PKT: Guanine nucleotide binding proteins may
modulate gating of calcium channels in vascular smooth muscle. I. Studies with
fluoride. J. Pharmacol. Exp. Ther. 250(1):343-351, 1989.

Zucker RS, Lando L: Mechanism of transmitter releasc: voltage hypothesis and
calcium hypothesis. Science 231:574-579, 1986.



APPENDIX

At the time of printing of this thesis some of its contents have been submitted

for publication or published.

Some results from Chapters 3, 6 and 7 have been published in three journals.

Wang R, Karpinski E, Pang PKT 1990. Journal of Pharmacology and Experimental
Therapeutics. 254(3):1006-1011.

Pang PKT, Wang R, Shan J, Karpinski E, Benishin CG 1990. Proceedings of the National
Academy of Science. 87:623-627.

Pang PKT, Wang R, Wu LY, Karpinski E, Shan J, Benishin CG 1990. Experimental

Gerontology, 25:247-253.

Some results from Chapter 4 have been published or accepted in two journals for

publication.
Wang R, Karpinski E, Pang PKT 1989. American Joumnal of Physiology. 256(25):H1361-
H1368.

Wang R, Karpinski E, Pang PKT 1990. Journal of Thermal Biology. In press.



278

Some results from Chapters 5 and 8 have been submitted for publication.

Wang R, Karpinski E, Pang PKT 1990. Journal of Cardiovascular Pharmacology.

Significant parts of the methods and discussions in above submitted, accepted and

published papers have been incorporated in Chapters 2 and 11.



