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ABSTRACT

The Ca?* channel antagonists are an important group of drugs
used in the treatment of a variety of clinical diseases. Patients
are often on long-term treatment regimens in order to treat their
particular disorder. The purpose of this study was to determine if
chronic administration of verapamil.fa ca®*t channel antagonist)
could alter the biochemical characteristics of the L-type ca?*
channel as determined by [3H]PN 200-110 binding. Various modes of
drug administration such as implantable slow-~-release pellets, s.c.
injection and oral dosages were tested as means of raising plasma
verapamil levels.

Circulating plasma verapamil levels obtained from rats
implanted with slow-release verapamil pellets often reached levels
10 fold higher than s.c. injections and oral dosages. In addition,
large quantities of the drug were released within the first 24
hours post—-implantation, resulting in a high mortality rate in
these animals. It was concluded that implantable slow-release
pellets are an unreliable means of verapamil administration. The
biochemical characteristics of cardiac, brain and skeletal muscle
tissue all appear to be very resistant to alteration by chronic
verapamil treatment. Variations in drug dosage by s.c. injection
(2.5 to 75 mg/kg/day) and duration of treatment (24 hours to 16
weeks) had little effect on altering the ca?t channel biochemical

characteristics. However, a decrease in B ,, and K, was observed

X
in cardiac tissue obtained from rats implanted with a high dosage

(50 mg) slow-release pellet after 2 weeks duration. In addition,

ii



a significant increase in B,.x and K, was observed in skeletal

X
muscle with increasing verapamil concentration administered by s.c.
injection. This increase observed in skeletal muscle may be a
consequence of high local verapamil concentrations as a result of
the injection protocol.

In summary, our results demonsﬁrate that the implantable
pellets are not a reliable administration method for verapamil.
Further, cardiac (in addition to brain and skeletal muscle) ca?t
channels are highly resistant to change during chronic verapamil
administration. Our data suggest that the beneficial action of
ca?* antagonist therapy in different cardiac pathologies may not
involve a change in the biochemical characteristics of the channel.
Our data also question the validity of previous studies which have

described significant changes in receptor density after ca?*

antagonist therapy.
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Introduction.

Calcium channel antagonists, since their conception some 30
years ago, have received considerable attention both clinically and
experimentally. Their unifying characteristic of blocking the L~
type Ca?' channel in excitable and non-excitable cells has led to
their extensive use in treating a variety of clinical disorders.
Researéh is now being carried out in order to further elucidate
their molecular binding properties, mechanism of action and
continuing therapeutic considerations.

Four distinct types of Ca2® channels exist in excitable and
non-excitable cells.!?! The T-type Ca?' channel has been isolated
from heart, skeletal muscle, smooth muscle and neuronal tissue, 123
It is opened by mild depolarization and their ionic currents are
fast and transient.® T-channels are thought to play an important
role in the activity of the sinoatrial node in the heart and are
generally thought to be insensitive to ca?* channel antagonists.123
The N-type Ca?* channel is located primarily in neuronal tissue and
is thought to be responsible for controlling the influx of ca?t

130 N-channels are

necessary for neurotransmitter release.
insensitive to ca?' channel antagonists and are inhibited by a
group of snail toxins, w-conotoxins.130 a recently discovered ca?*
channel was isolated from cerebellar Purkinije cells and was denoted
P-type Ca®' channel.3° It was found to be insensitive to both ca<?*
antagonists and e-conotoxin but was inhibited by a spider venom

138

toxin. Very 1little is known about these channels, including

whether the P-type Ca?' channel is a distinct channel or a group of



several related channels. The L-type ca?* channel has been
isolated from cardiac, skeletal, smooth and neuronal tissue.2¢ 71t
is the primary means of Ca?* influx during the cardiac action
potential and provides the necessary Ca?' for the "Ca?* induced ca2*
release" mechanism from the sarcoplasmic reticulum.!®! The organic
ca?* channel antagonists preferentiaiiy bind to this channel and
block the inward flux of Ca®' across the plasma membrane.®

The ability of ca?' channel antagonists to block the slow
inward ca®’ movement was identified by Dr. A. Fleckenstein and his
colleagues in the early 1960's. At that time, two prototype ca?*
channei blockers were being studied; prenylamine and verapami1.2°9
These two compounds were shown to have a cardiopressant effect
similar to that seen by the removal of ca??, resulting in the
inhibition of excitation-contraction coupling and cardiac

1 Further research identified the ability of ca?*

contractility.?l
channel antagonists to selectively block the L-type ca?* channel,
crucial in the excitation-contraction coupling process in cardiac
tissue. 1In 1966, a new class of drugs was designated, the Calcium
Antagonists.?10 At that time, two major groups of ca?* antagonists
existed, the Group A, or highly specific antagonists and Group B,
the less specific antagonists.?l® It has been the Group A Ca?*
antagonists that have received the majority of clinical and
experimental focus. Group A consists of three major subgroups: the
dihydropyridines (e.g. nifedipine), the phenylalkylamines (e.q.
verapamil) and the benzothiazepines (e.g. diltiazem).?17

The Ca?* channel antagonists are being used clinically to



treat a variety of disorders. Their primary use has come in the
treatment of complications related to the cardiovascular system
including arrhythmias, angina, hypertension and cardiomyopathy.?21%
Due to the underlying nature of these disorders, treatment regimes
incorporating ca®' antagonists can be administered over prolonged
periods of time, from months to eveﬁ years. This raises the
question of what effect these prolonged treatment regimes are
having at a cellular level.

Studies looking at the effects of long-term treatments with
certain compounds have shown that there is a relationship between
alterations at a cellular level and prolonged drug treatment.
Certain drugs, like Ca®* channel antagonists, mediate their action
by binding to a specific receptor on the tissue plasma membrane.
The receptor's activity and density can be regulated by circulating
drug éoncentrations and by particular ©physiological and
pathophysiological states.!87 A classic example of a circulating
drug regulating important characteristics of its receptor comes
from studies looking at the B-adrenergic receptor and treatment
with B-receptor agonists and antagonists. Prolonged treatment with
the B-adrenergic blocking agent propanalol may lead to the
development of an increase in the number of B-receptor numbers in
certain tissues like the heart.334 Conversely, prolonged treatment
with a B-adrenergic stimulating agent like epinephrine may lead to
a decrease in the number of functional B-receptors present in a

266

tissue. The resulting increase in functional receptor number

following prolonged treatment with an antagonist is referred to as



an "up-regulation", while the decrease following agonist treatment
is a "down-regulation®. The change in the functional receptor
numbers following agonist/antagonist treatment follows this general
pattern, but it should be noted that such regulation is not an
automatic consequence to drug exposure and in some systems drug
application may result in no change ér a change in the opposite
direction335,

Tﬁis study was undertaken to examine the effects on the L-type
ca®* channel after chronic exposure to the Ca?* channel antagonist,
verapamil. Previous studies have examined the effects on cCa2*
channel density in a variety of tissues using different members of
the ca?* antagonist group. A reduction in the number of mouse
brain ca?' channels was noted after 28 days of oral administration
of nifedipine and verapamil.?’® A similar decrease in ca2* channel
number was observed in rat brain and heart after 20 day intravenous

t275, while no change was observed in rat heart

nifedipine treatmen
after 14 day oral nifedipine treatment.??’?” It is apparent that
there are a variety of experimental factors that may play a role in
the reéulation of channel number. Such factors may include the
mode of drug administration (e.g. intravenous, subcutaneous or
orally), type of drug (e.g. nifedipine, verapamil or diltiazem),
species and tissue specific differences and the duration of drug
treatment.

. In order to address some of these factors a variety of

experimental protocols were introduced. An initial study was

undertaken to address whether alterations in ca?* channel density



were influenced by the duration of drug administration and/or drug
concentration. To assess the influence of drug administration
duration, a constant drug dosage was administered for varying
periods of time (ranging from 1 day to 16 weeks). Concentration
dependent changes were assessed by administering a range of
verapamil concentrations for a fixed ﬁeriod of time. The mode of
drug administration was addressed by utilising subcutaneous (s.c.)
implantable slow-release pellets, s.c. injection and oral
administration via a p.o. intubator. ca?t channel density and
affinity were determined using a radioligand binding assay
employing [®H]PN 200-110 as the radioactive ligand. PN 200-110 is
a membér of the dihydropyridine group and has a high specific
binding to the L-type ca?* channel, allowing for accurate

guantitation of density (B and activity (Kp).

max )

Presently, it is unclear what the relationship is between ca?*
channel density and circulating levels of ca?' channel antagonists.
The exact circulating concentration of verapamil, for example,
which is required to alter Ca®' channel characteristics is unknown.
Verapamil is 87-93% protein bound, and has a first pass clearance
of approximately 80% by the liver.?l® The elimination half-life of
verapamil in the blood is usually between 3-7 hours, but does
increase during chronic administration and in conditions where

there 4is liver or renal damage.21°

Therefore, in order to
gquantitate the amount of verapamil that was actually reaching the
different tissues, blood samples were taken at varying times and

the plasma verapamil and its metabolites were gquantitated by High



Performance Liquid Chromatography (HPLC). Plasma quantitation of
verapamil and its metabolites also enabled us to compare the
various means of drug administration with respect to circulating
plasna levels.

The binding sites for the three major classes of Ca?' channel
antagonists (dihydropyridines, phenylalkylamines and
benzothiazepines) are located on the @3 subunit of the ca?t
channel.164:23%4  Thege molecular binding sites are allosterically
linked to one another and binding of the antagonists to their
respective sites is modified by the presence of other blockers and
divalent cations (e.g. ca®*)338, 1In order to assess whether chronic
verapamil treatment alters these allosteric interactions or the
response to CaZ*, radioligand binding assays were carried out in
the presence of wvarying verapamil concentrations and in the
presence/absence of Ca?*,

The purpose of this study was to obtain a better understanding
of the molecular consequences of long-term therapy with ca?*
channel antagonists. This information is currently lacking in the
literature and vital to the understanding of the long-term effects

of prolonged clinical treatments with Ca?* channel antagonists.



REVIEW OF LITERATURE
Excitation=Contraction Coupling in Ccardiac Muscle

The E-C coupling process within cardiac muscle can been
separated into four stages: (i) action potential depolarization of
the sarcolemmal (SL) membrane, (ii) Ca?* release from stores in the
sarcoplasmic reticulum (SR) induced by extracellular
transsarcolemmal Ca?* movement, (iii) binding of Ca?* to the thin
filament troponin C protein and via a series of reactions allowing
interaction between actin and myosin to fornm cross-bridges
resulting in muscle shortening (contraction), and (iv) relaxation
of the muscle fibres by lowering of the intracellular [ca®t] via
uptake by the SR and ca?t extrusion through the sarcolemnma.

i]_Depolarization of the myocardial cell

The resting membrane potential of myocardial cells is
approximately -85mV to -95mV. Myocardial depolarization results in
a rapid but brief Na’ inward movement through tetrodotoxin
sensitive sodium channels in the T-tubule/SR junctional space.3
Further depolarization of the SL membrane results in the opening of
voltage dependent Ca?* channels. Two types of Ca2* channels exist
in cardiac cells; T channels (transient) and L (long-lasting).? T-
channels are found primarily in pacemaking cells but are alsoc found
in ventricular tissue. These channels are activated rapidly at
polarization potentials more negative than -50mV to -60mV, peak at
-30mV, and inactivate quickly (5-30 msec). These channels appear
to contribute little to the ca?* current. I-channels activate at -

40mV  to =-30mV, inactivate slower than T-channels and carry



approximately three to fourfold more current. These channels
appear - to be the major contributor to the formation of the
characteristic myocardial action potential plateau and provide the
necessary Ca?' flux to initiate contraction. The L-type channels
are the main route for transsarcolemmal Ca?' influx.®

With the discovery of the SL Na*-Ca?* exchange system, it was
thought that this may be another route for Ca2* influx during the

E-C coupling process.®

Much research over the past couple of
decades has focused on discovering the role of the Na/Ca exchanger.
Electrophysiological and flux measurement studies have shown that
the exchanger moves 3 Na* for every 1 ca?* ions, and is
electrogenic.”:® The Na/Ca exchanger may contribute little to ca2?*
influx during depolarization in cardiac cells, but may act as a
high capacity Ca®?* efflux mechanism.® The Na/Ca exchanger may play
a more important role with respect to cCa?' influx in situations
where the SL membrane has been depolarized to potentials around
OmV, or when there is an elevation of intracellular [Na*] as would

be observed after blocking of the Na*/K* pump (eg. digitalis).l0

iij_Calcium release from sarcoplasmic reticulum.

The sarcoplasmic reticulum (SR) of cardiac cells is a tubular,
lipid bilayer network of membranes analogous to the endoplasmic
reticulum of non-contracting cells.'! The SR is composed of two
morphologically distinct components; (i) the junctional SR, and
(ii)_the longitudinal SR.1? The junctional SR comes into close
apposition to the T-tubule system of the sarcolemma. The

junctional SR contains feet that span the gap between the SR and



the T-tubules. These feet are believed to be the mediators of ca2?*
release from the Jjunctional sRr.13 The longitudinal SR is
responsible for the pumping of Ca?’ ions from the cytoplasm into
the SR via the ATP dependent cCa?' pump contained within the
longitudinal SR membrane.l? The primary functions of the SR
include: (i) release of stored Ca2+-§ia the ryanodine-sensitive
ca’* release channel to provide the final signal in the contractile
protein activation, and (ii) relaxation of the muscle by re-
accumulation of ca?* by the calcium pump.ll

Other sources of ca?* necessary for activation of the
contractile apparatus have been proposed including direct
transsarcolemmal ca?' influx!® and mitochondrial® acting as a
reversible ca?* storage site. At present, mitochondria appear
unlikely to participate in regulation of cytosolic ca?' on a beat
to beat basis because its affinity for ca?' and rate of ca2?* uptake

are too low.l7?

Insufficient data are available presently to
adequately answer the question of transsarcolemmal influx of Ca<?’
directly activating myofilaments. It appears that the relative
contribution of direct transsarcolemmal Ca?' influx varies between
species. Rat is almost totally dependent upon SR Ca?’ release for
contraction, while rabbit and guinea pig can develop full
contraction (at a slower rate) in the absence of SR ca?? release
and by direct transsarcolemmal influx.18:19,20 SR 1is almost
nonexistent in frog ventricle, therefore, the frog is completely

dependent upon extracellular Ca®' for contraction.?l It appears

that all cardiac muscles are dependent upon some transsarcolemmal



ca?* influx, if only for activation of ca2* release from the SR.

The current hypothesis for the activation of Ca?* release from
the SR is via Ca?* induced ca?* release.?? Transsarcolemmal ca2*
influx results in an increase in the myoplasmic free [Ca?*] on the
outer surface of the SR, inducing a release of ca?’ from the SR via
the ryanodine sensitive cCa®* release channels. Current
experimental data shows that part of the transsarcolemmal influx
actually loads the SR with ca?" available for release during
subsequent contractions.?2:24:25 1¢ appears that there is a time
dependent and Ca®' dependent component to activation of ca2* induced
ca?t release. A fast increase of free ca’' on the outer surface of
the SR appears to result in release of Ca2* from stores in the SR,
while a slow increase in the same [Ca®'] results in a loading of
the SR with ca?*. This loading of the SR would make that ca2*
available for release on subsegquent contractions.?2%
Transsarcolemmal Ca®' currents have both a fast and slow component
which would appear to confirm the above observations.Z2®

Na/Ca exchange may also play a role in influx of SR caZ2t,
Recent investigations into Ca?' release from the SR have revealed
a possible triggering role by Na®. Na* influx into the T-tubule/SR
junctional space during the upstroke of the action potential may
result.in the activation of the Na/Ca exchanger, extruding Na*
while moving ca?' inward. The resulting inward Ca®’ flux via the
exchanger results in the triggering the release of ca?' from the
SR, 327

A difficulty raised in the hypothesis of ca2t-induced ca2t

10



release was whether the Ca?' released from the SR was an all-or-
none process. If this were the case, then the known gradation of
contraction seen in cardiac muscle with varying transsarcolemmal

8 Activation of SR ca?t release

ca?* flux would not be possible.2
would result in all of the stored Ca?' being released, or none of
it, and graded contractions would nét be possible. Experiments
performed on skinned cardiac cells demonstrated a negative feedback
system operating on the Cca?*-induced Ca?* release from the SR.22 At
high free [Ca2+] there was inhibition of further release from the
SR. These skinned cardiac cell experiments demonstrated that the
amount of Ca?' released via Ca2*-induced ca?* release is graded

depending upon the [Ca®'] that triggers it.22r26

iii] Myofilament interactions

The principle role of Ca?t released from the SR is to initiate
the contraction of the muscle. Cca®' initiates the contraction of
cardiac muscle at the level of the myofilament, which is the
contractile apparatus of the muscle cell. Myofilaments responsible
for cardiac contracture include thick and thin filaments which
interact with one another resulting in muscle shortening
(contracture) and relaxation. There is a parallel arrangement of
the thick and thin filaments which are interdigitated throughout
the cell. During contraction there is an energy dependent sliding
between the two filaments resulting in muscle cell shortening.
Relaxation occurs when the sliding motion is passively reversed
(i.e., there is no energy expenditure by the filamentous array).

The thick/thin filaments are grouped to form fibrils, which when

11



arranged in parallel, form a sarcomere. Bundles of fibrils
cooperate as a functional unit in the whole muscle. ?°

The thick filaments consist of myosin molecules which are
specifically arranged to form the filament. The myosin molecule is
a dimer of two identical heavy chains arranged in an alpha=-helical
fashion with each chain ending in a globular head. The heads are
arranged so that both heads protrude at the same end. The overall
structﬁre of the filament results in the globular heads protruding
in a staggered pattern at each end of the filament while the
midregion is devoid of heads. Contained within the heads is a
myosin ATPase which interacts with the thin filament (specifically
the actin component of the thin filament). The myosin ATPase
requires magnesium as cofactor and with its association with actin
is referred to as actomyosin ATPase. ATP (adenosine triphosphate)
is hydrolysed to ADP (adenosine diphosphate) and inorganic
phosphate by actomyosin ATPase to provide the biochemical energy
required for muscle contraction.??

The thin filament is composed of filamentous actin (a
constituent of the actomyosin complex), tropomyosin and troponin in
a ratio of 7:1:1.3% The actin is arranged in a double-stranded
helix fashion, while tropomyosin is a coiled helical dimer.
Tropomyosin appears to associate in a head-to-tail series along the
actin molecule within or near the helical groove of the actin
double strand. This placement of tropomyosin appears to regulate
actin/myosin interaction during contraction.?2° Tropomyosin

movement in/out of this groove is regulated by the thin filament
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associated troponin, which is a complex of three functionally
distinct proteins in a ratio of 1:1:1.°% Troponin I (TnI) is the
subunit that acts to inhibit actomyosin ATPase activity. Troponin
C (TnC) mediates calcium sensitivity by binding calcium in a
specific manner and acting to decrease the inhibitory action of
TnI. TnC will influence TnI only when.in the presence of the third
troponin subunit, Troponin T (TnT). TnT appears to mediate the
inhibitory action of TnC on TnI as well as anchoring the troponin
complex to tropomyosin. In order for contraction to proceed, all
three components must be present.29

Excitation of the myocardial cell and subsequent increases in
the free intracellular [Ca2+] reach a threshold point at which time
TnC undergoes an interactive change with TnI. Additional changes
occur between TnI, TnT and tropomyosin. The result of these
alterations in protein-protein interactions is a positional shift
of the tropomyosin molecule relative to +the actin molecule,
removing the inhibition of actin/myosin interaction. Myosin/actin
interaction results in activation of actomyosin ATPase,
hydrolysation of ATP, and the resultant biochemical energy is
transformed into mechanical energy resulting in contraction.2?
Alterations in the 1levels of cytosolic free ca?t available for
binding will result in differing levels of contractility. For
example, increased levels of cCa®' will result in a positive
inotropic effect.31 Adjustments in the activity of the regulatory
troponin subunits, such as occurs when magnesium binds to the TncC

subunit34 or when TnI is phosphorylated by cAMP dependent protein
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kinase upon B-adrenergic stimulation3zﬁw, will also alter the level
of contraction.

iv] Relaxation

Relaxation of cardiac muscle occurs upon a decrease 1in the
level of cytosolic free [cCa?*]. Decreases in the level of
cytosolic free Ca®* causes a dissociaﬁion of TnC bound ca?%, which
results in the inhibitory effect of TnI being re-established.
Tropomyosin shifts back into the groove on the actin molecule
preventing interaction between actin and myosin. Active cross
bridge formation is no longer possible and the muscle relaxes. The
level of free cCa®' which was critical in the initiation of
contraction is also important in the relaxation process.?°

The reduction in the cytosolic free Ca?' levels occurs by
several means and at different levels of the cell. At the level of
the sarcolemmal membrane, two extrusion mechanisms are present: (i)
Na/Ca exchange®, and (ii) ATP-dependent caZ* pump.3®/37 The primary
route of efflux of free [Ca?'] at the sarcolemma is via the Na/Ca
exchange system. The Na/Ca exchanger's role in the normal influx
of ca?* during E-C coupling is still controversial, but it does
have a dominant role in Ca?' extrusion.?35 The Na/ca exchanger
moves 3 Na® ions into the cytosol for every 1 Ca2* ion extruded.’
Experimental data in which the SR was inhibited by caffeine so that
transsarcolemmal transport was the only means of cell relaxation
showed that relaxation was considerably slowed in the absence of
external Na® which would greatly decrease the effectiveness of the

Na/Ca exchanger.9 It is now apparent that the Na/Ca exchanger and
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not the SL ca?* pump contributes to the beat-to-beat relaxation.
The alternative means of reducing cytosolic free [Ca®*’] is via
re-uptake by the SR. The longitudinal membrane of the SR contains
an ATP-dependent calcium pump, functioning to transport ca®* from
the cytosol back into the SR stores.!? With each cycle of the ca?t
pump, two ca?* ions are moved for evefﬁ ATP hydrolysed to ADP plus

! The SR ca?' pump competes with the Na/cCa

inorganic phosphate.?
exchanger as the main relaxing system of myocardium. It is usually
the SR -Ca®® pump that is the more significant in the movement of

ca?* necessary for relaxation.38

The Na/Ca exchanger appears to
efflux Ca?* equivalent to that which entered via the ca?* channels
during the action potential plateau. Most of the free
intracellular Ca?' that was used for activation of the myofilaments
during contraction originated from the SR, and it is the SR caZ2?t
pump that re- accumulates the same quantity of ca2*.39
Excitation-Contraction Coupling in Skeletal Muscle

The E~C coupling process in skeletal muscle is very similar to
that of cardiac muscle. Skeletal muscle E-C coupling can also be
separated into four stages: (i) action potential depolarization of
the sarcolemmal membrane, (ii) Ca?t release from stores in the
sarcoplasmic reticulum (SR), (iii) binding of ca?’ to the thin
filament troponin C protein and via a series of reactions allowing
interaction between actin and myosin to form cross-bridges
resulting in muscle shortening (contraction), and (iv) relaxation

of the muscle fibres by lowering of the intracellular [cCa?'] via

uptake by the SR and ca?' extrusion through the sarcolemma.
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Fundamental differences do, however, exist between skeletal and
cardiac tissues. The most evident differences are in the action
potential and the mechanism of Ca?’ release from the SR. Because
the processes are very similar between the two types of tissue, the
discussion here will be limited to describing the differences which
exist.

The action potential in skeletal muscle is significantly
different from that seen in cardiac tissue. The duration of the
action potential in skeletal muscle is approximately 1-5
milliseconds, which is a magnitude of 30 to 50 times shorter than
the action potential produced in cardiac tissue (250-300
milliseconds).4! The depolarization upstroke of the skeletal
muscle is a result of the opening of tetrodotoxin sensitive sodium
channels, resulting in a brief inward movement of Na' ions ('fast’
sodium current) into the t-tubule/SR junctional space. These
sodium channels inactivate and close the channel within a few
10,000ths of a second, not allowing any further Na® influx.%? fThe
same membrane potential change that activated the sodium channels
also activates voltage-gated potassium (K*) channels. ‘These K*-
channels are slower in opening then the Na® channels. They open at
the same time that the Na'-channels are inactivating. The K*-
channels permit X' ion efflux from the cell, resulting in the
downward portion of the action potential (repolarization) towards
the resting membrane potential (approximately -90mv) 43,44 Missing
in the ékeletal muscle action potential that is seen in the cardiac

action potential is the plateau phase, resulting from the opening
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of voltage-gated ca’* channels. As described previously,
depolarization of the cardiac sarcolemmal membrane results in the
activation of voltage-dependent L-type Ca?' channels, which allow
transsarcolemmal influx of cCa?% ions.? This inward ca?' current
produces the long plateau phase characteristic of the cardiac
action potential and necessary for iﬁduction of Ca®’ release from
the SR.5

An additional difference in the E-C coupling process between
skeletal and cardiac tissues is the means by which Ca2' release
from the SR stores is triggered. In cardiac tissue, a ca?*-induced
ca?* release mechanism resulting from an increase in the free [CaZ')
by transsarcolemmal influx is the current popular hypothesis.??
The precise means by which an action potential in the t-tubule
system of the skeletal muscle produces a release of Ca?' stored in
the terminal cisternae of the SR is controversial.?® Several
different hypotheses for this triggering mechanism have been
proposed.

The triggering mechanism for Ca?' release from the SR that is
currently favoured in the literature was developed by Frank and
Bianchi, and involves the use of "trigger Ca®' ions" to induce ca2*
release from the SR stores.%®:47 A tyitch action potential enters
the t-tubule system of the skeletal muscle fibre and causes a
release of the ca?' ions that are bound to the t-tubule
intracellular surface. These Ca2' ions are released into the t-
tubule/SR Jjunctional space and diffuse across to the surface

membrane of the terminal cisternae (junctional SR). The released
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ca’t ions are referred to as "trigger Ca?' ions" and they induce
Cca’’ release from the terminal cisternae of the SR via the
ryanodine-sensitive ca’?' release channels. ca2?* from the terminal
cisternae is released into the myoplasm of the muscle cell.*® The
increased [Ca®’] produces a mechanical response similar to the
process observed in cardiac tissue.

Skeletal muscle and cardiac muscle differ in their
requirements for extracellular Ca?' in the E-C- coupling process.
In the absence of extracellular ca®’, cardiac muscle fibres will
cease to contract as the necessary Ca?‘ required for ca?*-induced
ca?* release from the SR comes from transsarcolemmal influx via the
L-type calcium channels.?? gSkeletal muscle fibres that are bathed
in ca?* free solutions will continue to elicit twitch contractions
for several minutes. The cessation of twitch contractions appears
to be dependent upon the time required for the ca?* ions bound to
the t-tubule intracellular membranes to diffuse out (2-5
minutes).®? The SR ca?’ stores require several hours to diffuse out
a sufficient quantity of ca2?' to interfere with the contraction
process and, therefore, are not the reason for termination of

contractions. 4°

Blockage of the twitch contractions appears to be
due to the removal of Ca?' from the t-tubular membranes. Studies
using organic channel blocking drugs (verapamil and gallopamil)S?
and blockers of calcium dependent processes (TMB—S)52 have added
support to this hypothesis.

There are two additional proposed mechanisms for E-C-coupling

during the twitch contraction. The first proposes that inositol
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1,4,5-triphosphate (IP3) produced by the hydrolysis of membrane
bound phosphotidylinositol 4,5-biphosphate 1is the chemical
transmitter in the skeletal muscle.?3:5% Recent investigations into
IP3's action have shown that IP; could act as a chemical
transmitter in smooth muscle but in skeletal muscle the response to
IP; is far too slow (a magnitude of 3) and the concentration
required far too high for it to play a principle role in the

55

coupling process. IP, may play a role in the modulation of cell

function rather than a chemical messenger role in the E-C coupling
process. %8/37

The second proposal involves a mechanical link between the t-
tubular membrane and the terminal cisternae of the junctional SR.
This mechanical connection is proposed to be via the junctional
feet. The mechanical 1link involves the use of voltage-dependent
charge movements to activate ca?* release from the SR. There
appears to be far more dihydropyridine binding sites than actual

calcium channels in skeletal muscle.S>8

If these dihydropyridine
receptors are not linked to functional calcium channels, they are
thought to possibly act as "voltage sensors"®® and be associated,
anatomically and functionally, with the junctional feet processes
that span the t-tubule/SR gap. These dihydropyridine "voltage
sensors" are suggested to couple the electrical activity of t-
tubule depolarization with Ca?* release from the terminal cisternae
at the junctional SR.®0

Whatever the mechanism of triggering the release of Ca?' from

the Jjunctional ryanodine-sensitive cCa?' release channels, the
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resultant increase in myoplasnic free [Ca2+] activates the skeletal
muscle myofilaments to contract. The process of myofilament
activation, cross bridge formation and relaxation are similar to
that seen in cardiac tissue.®! Mechanisms involved in the lowering
of intracellular [Ca2+] necessary for relaxation are also similar
between the two tissues and includé Na/Ca exchange, SR ATP-
dependent Ca®* pump, and sarcolemmal ATP-dependent Ca?' pump. The
relative importance of each of these mechanisms also appears to be
similar to cardiac tissue, with the SR ATP-dependent cCa?* pump
contributing the most to the relaxation process, 6?2
Excitation=Contraction Coupling in Smooth Muscle
The E-C coupling process in smooth muscle differs
significantly from that of either skeletal or cardiac muscle. A
major reason for this difference is the structural makeup and
functional role of smooth muscle cells. Unlike cardiac and
skeletal muscle which are fast contracting fibres, smooth muscle
contraction is tonic in nature and may remain in a contracted state

for prolonged periods of time.®3

The structural makeup of smooth
muscle cells is unlike either cardiac or skeletal muscle. In
skeletal muscle the organization of the contractile apparatus is
highly ordered with a well defined SR. 1In smooth muscle cells, the
organization is less ordered and ambiguous.

The contractile apparatus in smooth muscle consists of thin
(actin)}, thick (myosin) and intermediate filaments. The thin

filaments are compromised primarily of actin and tropomyosin and

insert into dense fusiform bodies on the plasma membrane or within
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64  These dense bodies are comprised of intermediate

the cytoplasm.
filaments which are thought to function in a cytoskeletal role and
providé mechanical support for the myofilaments. The intermediate
filaments are comprised of vimentin and desmin.®3 Myosin is
composed of two heavy chains and two sets of light-chain subunits,
one of which (LC,3) is 20,000 Da in size and regulatory in

66 The ratio of thin:thick filaments differs between

function.
smooth muscle types and may range from 5:1 up to 27:1.87

The SR of smooth muscle, though present, is not as defineable
a structure as it is in skeletal or cardiac tissues. All smooth
muscle cells have a system of sarcoplasmic reticulum, though the
volume is variable between smooth muscle types and may range from

2 to 7.5% of the cell volume.®® The SR of smooth muscle cells is

often a'diffuse structure, with no "defineable" location within the

cell. Certain regions of the SR do, however, show structural
specialization. For example, the junctional SR is connected via
bridging structures to the surface membrane. This structure

resembles the triadic formation found in skeletal muscle.®® The
coupling of the surface membrane with the junctional SR allows for
the possible transfer of surface electrical activity or the action
of drugs on surface receptors to trigger ca?? release.’° The
longitudinal SR contains an ATP-dependent cCa?* pump which is
structurally similar to the ca?' pump found in both skeletal and
cardiac muscle SR.7? In addition, smooth muscle cells have a
similar ryanodine-sensitive Ca?' release channel located in the

junctional SR, responsible for release of SR Ca?* stores during
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contraction.’?

The action potential in smooth muscle differs from the action
potentials seen in either skeletal or cardiac tissue. The resting
membrane potential of vascular smooth muscle cells is approximately
-40 to -55 mV.’? Vascular smooth muscle cells lack tetrodotoxin-
sensitive Na* channels at the sarcolemmal memprane, and possess a
lower permeability to K* ions as compared to cardiac tissue.’? 1In
the absence of Na' channels, the inward current is carried by ca?t
ions via voltage-dependent ca?* channels.’5 The repolarization
phase of the smooth muscle cell is carried by K' channels. Several
types of K' channels have been identified, including ca?*-activated
K" channels, delayed rectifier K' channels, and ATP-sensitive K*
channels.’®

There are two E-C coupling mechanisms active in smooth muscle
cells. Electrochemical coupling depends upon depolarization of the
sarcolemmal membrane by the opening of voltage dependent ca?*
channels, resulting in an inward transsarcolemmal movement of ca2?t

77 Pharmacomechanical coupling results in contractions

ions.
without polarization of the sarcolemmal membrane and nmay be a
result of the ca?' released from sequestered stores or ca2* entry
through channels opened by receptor occupation, or both.”7
Electrochemical coupling is dependent upon depolarization of
the sarcolemmal membrane to open voltage-dependent ca?* channels
allowing inward transsarcolemmal flux of Ca?' ions. The opening of

voltage-dependent cCa2* channels occurs at varying levels of

membrane depolarization in the different smooth muscle tissues.
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For example, depolarization above -30mV will result in opening of

2* channels in rabbit intestine.®l This inward

voltage-dependent Ca
Cca?* flux results in an increase in the nyoplasmic free [Ca2+},
inducing release of cCa?' from junctional SR stores via the
ryanodine-sensitive Ca’?' release channels. This is equivalent to
the ca?*~induced ca?* release observed in cardiac tissue.7’2
Contraction of smooth muscle is also possible without the
necessity of sarcolemmal membrane polarization. In addition to
those Ca?' channels that are opened upon membrane depolarization,
there is a set of ca?* channels that are not opened by
depolarization but opened in response to receptor occupation by an
appropfiate agonist, for example acetylcholine.’® This type of
smooth muscle contraction is via pharmacomechanical coupling in
which binding of an appropriate ligand to the Ca?* channel receptor
results in opening of the channel and an inward ca?* flux.
Contraction using this process is dependent upon extracellular
ca®*,79 Stimulation with certain other compounds (PGE,~
prostaglandin E1, angiotensin II) can elicit contractions in smooth
muscle cells without initiating any Ca2?" inward current and appear
to act in releasing Ca?' from sequestered stores in the SR via a
second messenger system (IP;).8%% The hormone receptors on the
sarcolemma are coupled via G-proteins to phosphatidylinositol
hydrolfsis. The activated G-protein complex is speculated to
target phospholipase C which converts phosphatidylinositol-4,5-

diphosphate to diacylglycerol and IP;.%1/8% 1p, diffuses across to

the junctional SR and stimulates IP;-responsive ca?t channels, thus
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causing release of ca?* stores and contraction.82

It is evident that there are several ways in which to trigger
the necessary Ca’* release from the SR stores. The triggered
release of Ca®' ions results in an increase in the myoplasmic free
[ca®?*]." This increase in the [Ca®*] can regulate contraction of
smooth muscle in a variety of ways. Oﬁe of the more important ways
involves the phosphorylation of the myosin myofilament. Myosin
contains a regulatory light chain subunit denoted LC,;. LC,yy is
phosphorylated (at Serine-19) by myosin light chain kinase (MLCK).
MLCK is activated by Ca?' and calmodulin (a ca?*-binding protein) .8
The phosphorylation of LC,, by MLCK is the signal that initiates
the cycling of cross-bridges necessary for contraction. LCyy's
phosphorylation appears to initiate contraction by turning on
actomyosin ATPase activity®® as well as inducing conformational
changes within the thick filament facilitating cross-bridge
formation.B8®

Additional regulation of smooth muscle contraction has been
shown to come from two actin-binding proteins, caldesmon and
calponin. These two proteins have been identified in smooth muscle
cells and are thought to requlate the thin-filament. Caldesmon
from vascular smooth muscle inhibits actomyosin ATPase activity®’
and enhances the binding of myosin to actin.®® Alterations in
actomyosin binding or ATPase activity by caldesmon may slow
crossbridge detachment.88 Calponin binds both myosin and actin and
inhibits actomyosin ATPase activity.®’ This inhibition is reversed

by phosphorylation by protein kinase ¢, ca?' and calmodulin.®°
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Relaxation in smooth muscle appears to be dependent upon the
state of phosphorylation of the myosin filament. Phosphorylation
of myosin LC,; 1is crucial in initiating contraction, and the
reversal of LC,, phosphorylation is a prerequisite for relaxation.
The state of myosin phosphorylation can be regulated by the
opposing actions of myosin phosphataée and by modulation of the
activity of MLCK. Myosin phosphatase activity results in
dephosphorylation of LC,, causing a decrease in actomyosin ATPase
activity and reduced cross-bridge cycling. Inhibitors of myosin
phosphatase (okaidaic acid toxin®!) induce contraction or prevent
relaxation of fibre preparations®?, highlighting myosin
phosphatase's role in the relaxation process. MLCK phosphorylates
LCyy and reguires ca®* and calmodulin for activation.
Phosphorylation of MLCK reduces its affinity for ca?", resulting in
decreased activity and reduced phosphorylation of LC20.93 MLCK can
be phosphorylated by several protein kinases including cyclic AMP-
dependent kinase?4, Ca2+/calmodulin-dependent kinase II%®, and
protein kinase ¢%6,

The relaxation process in smooth muscle is also dependent upon
lowering the myoplasmic free [Ca®’] that was the trigger for the
contraction process. The principle mode for this reduction is via
the SR ATP-dependent ca?’ pump, which is structurally similar to
the ca?* pump of skeletal and cardiac muscle SR.?7 Alterations in
the pump's activity are mediated by phospholamban.®® 1In addition,

Na/Ca exchange®® and sarcolemmal ATP-dependent Ca2* pumpl® have

been identified in smooth muscle and may participate in the
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relaxation process by transsarcolemmal efflux of Ca®t.
CALCIUM AND THE CALCIUM CHANNEL

Calcium:

Role of Calcium

Calcium plays an essential role in the normal functioning of
the cell, and in certain cases, thé abnormal or pathological
behaviour of cells. Free calcium is not only involved in the
direct regulation of certain cellular functions (E-C coupling) but
also acts in maintaining the cell's structural integrity. The
following discussion will examine in further detail the role of
ca®? in the cell.

The preceding treatise on excitation-contraction coupling in
cardiac, skeletal and smooth muscle described the crucial role of
ca®* in the contraction process. Ca?t's regulatory role is, however,
not limited to the contraction process. The opening and closing of
cellular gap Jjunctions is also dependent upon the intracellular
[Ca2+]. Cardiac gap junctions are connections formed between two
opposing sarcolemmal membranes. These connections are hydrophillic
protein channels (connexons) insulated from the extracellular space
spanning between the cells.%? Electrical uncoupling between normal
cardiac cells occurs upon intracellular injection of Ca?* which is
completely reversed when the intracellular [Ca2+] is lowered.103
The increased [Ca2+] electrically uncouples cell-to-cell
interactions by increasing the junctional resistance and abolishing
the cell-to-cell movement of molecules. The mechanism by which

this happens is not completely understood but two hypotheses have
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been proposed: (i) ca?? ions bind to the gap junction phospholipids
resulting in a conformational change and closure of the gate

104

between the cells , and (ii) ca?t triggers an enzymatic reaction

that alters the conformation of gap junctional protein and causes
blockage of the channel.l0

The release of neurotransmitters during stimulus-secretion
coupling in neurons is also controlled by changing levels of
intracellular caZ®*. Douglas and Poisner first demonstrated the
necessary role that ca?* plays in the neurosecretory process.106
Since then, the mechanism by which ca?' regulates this process has
been further elucidated. Upon excitation, activation of voltage-
dependent Ca®* channels embedded in the nerve terminal membrane
results in transmembrane influx of Ca?* from the extracellular
space.l%” fThe resulting increase in intracellular [Ca?*] initiates
exocytosis, where neurosecretory vesicles fuse with the plasma
membrane and release their contents (neuropeptides) into the
synaptic junction.1%® 1In addition, ca2?* not only appears to control
the neurosecretory process but may also regulate the development of
the neurons themselves. During chick embryonic development, there
is a period of naturally occurring motoneuron cell death. It is
evident that ca?* levels preceding this event are critical in the
regulation of this process.10? Therefore, there may be a causal
association between the onset of cell death and the expression of
the _Ca2‘+ channels necessary for Ca?’ movement, 110,111

In a structural capacity, ca’* has been recognized as

necessary for proper cell-to-cell adhesion, as well as for
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maintaining cell membrane structural integrity.!!? The exact means
by which ca?' associates with the components of the membrane to
establish its structural integrity is not yet known. However,
removal of Ca®* from the surrounding medium appears to disrupt ca?*-
dependent connections between the surface coat and the external

113 These

lamina, vresulting in a fluid-filled separation.
connections may be Ca®*-carbohydrate bridges which require ca?‘ for
stability.114

In certain pathological conditions, alterations in ca?® levels
and efflux/influx mechanisms results in irreversible damage and
cell death. One such condition is that of the 'ca?* paradox',
observed when Ca’* is removed from the interstitial fluid and then
restored. There 1is a vresulting dramatic increase in the
intracellular [Ca2+] causing cell damage and eventual cell death.
Several routes of Ca?* influx have been examined including Na/ca
exchange, ca?* channels, K/Ca exchange, and even the passive
movement of caZ?’ through the damaged cell membrane,l15:116,116a,117

Irregularities in normal beating of the heart are referred to
as cardiac arrhythmias. Cardiac arrhythmias can be separated into
two large classes; (i) those due to abnormal initiation of impulses
for contraction, and (ii) those caused by abnormal impulse

118 g2t plays an important role in the generation of

conduction.
both types of arrhythmias. ca?* can affect both the automatic
cells required for the initiation of contraction and the conducting

fibres required for the spread of the contraction signal.ll® 1np

addition, ca?* can induce arrhythmias indirectly by influencing the
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cardiac oxygen supply and demand. These indirect effects involve
ca®* altering the coronary or peripheral circulation, and changes
in the heart rate or myocardial contractility.120

Calcium Channels:

Types and Location

There are currently four types of'CaZ+ channels that have been
discovered in both excitable and non-excitable cells. These
include: (i) T-channels, (ii) N-channels, (iii) P-channels, and
(iv) L-channels. The separation of these Ca?* channels into their
respective groupings has come from biophysical, pharmacological,
and structural data.l?l

T-type Calcium Channels.

The T-type Ca®' channel was first described in vertebrate
sensory neurones by Carbone and Lux.122 They described this new
channel as a fully inactivating, low voltage activated ca2*
channel.?2 gince their discovery, the T-type Ca2* channel has been
described in a wide variety of excitable and non-excitable cells
including cardiac tissue, skeletal muscle, smooth mnuscle and
neurons. 123

T-type channels have a low activation voltage (-50 mV to -60
mV), peak at -30 mV and are inactivated quickly (5-30 nsec).® This
quick inactivation results in a small, unitary conductance of
ca?t,124 1n cardiac tissue, the conductance of Ca?' is too brief to
be a major contributor to the E-C coupling process.5 However, this
brief conductance may be sufficient to play an important role in

the activity of the pacemaking cells in the sinoatrial node where
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the majority of the ca?* channels are of the T-type.>s126
Pharmacological data has shown the T-type channels to usually
be considered as insensitive to dihydropyridines, and, in sensory
neurons, to verapamil (a phenylalkylamine).123,124 Sensitivity of
the T-channels to felodipine (a dihydropyridine) has, however, been
demonstrated. 125 The dihydropyridines, phenylalkylamines and

benzothiazepines are three groups of a class of organic compounds

referred to as calcium channel blockers {antagonists). These
compounds will be discussed in detail subsequently. Drugs like
tetramethrinl?®, diphenylhydantoianﬂ and amiloridel?® have all

shown to act on the T-type Cca?* channel, although none appear to be
selective for the channel. Nickel and cadmium are also capable of
blocking the T-channel, with nickel usually more effective.l2?

N-type Calcium Channels

The N-type Ca?' channel was first described by Nowycky in the
chick dorsal root ganglion.130 N-type ca?* channels appear to be
present only in neuronal tissue and do not seem to exist in muscle
tissue. N-channels have also been found in certain endocrine cells
such as the pancreas, anterior pituitary and the adrenal gland.23°
N-channels are activated by membrane potentials similar to those
that activate L-type ca?' channels (-30 mvV to =40 mvV) and
inactivate within tens to hundreds of milliseconds at potentials
similar to L-type channels.!3! fThe actual differences between N-
and L-type Ca?* channels appear to be minimal. They activate and
inactifate at similar membrane potentials and their ca2*

conductance also appear to be very similar.132 The distinguishing
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factor between N- and L-type Ca2* channels is their pharmacological
properties. N-type Ca?' channels are inhibited by a group of snail
toxins, w-conotoxins, while being insensitive to modulation by
dihydropyridines.130:133 7phe primary means of modulation of the I.-
type Ca?' channels 1is via dihydropyridines (calcium channel
blockers) for which they are selective.

In neuronal membranes, both N- and L-type ca’?’ channels have
been identified.137 However, there, appears to be a specific
distribution of the two channel types. Radioactive antibody
binding studies have shown that N-channels are particularly
associated with the neuron terminus, probably functioning in
neurotransmitter release.!3%/13% 71t appears that the N-type ca2*
channels carry the bulk of the inward current during activation of
the neuron, and the L-type channels play a much smaller role in
136

this process.

P=type Calcium Channels

Certain neurons exhibit a ca?* channel that is activated at
high membrane potentials and insensitive to both dihydropyridines
and o-conotoxin.138:13%9 mhig particular channel has characteristics
which are dissimilar to other Ca2* channels. These new Ca2* channels
are abundant in cerebellar Purkinje cells and virtually absent in
other neurons.139:140 pyue to their predominance in Purkinje cells,
they were denoted as P-type channels, though it is not known
whether it is one type of channel or a group of similar channels.
These P-type channels are not blocked by either the w-conotoxin or

DHP, but are blocked by another toxin derived from the venom of the
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spider Agelenopsis aperta.!3? Little work has been carried out into
the biophysical and structural make-up of the P-type channel, but
it is suggested from preliminary work completed that the P-channels
have a similar subunit structure to that of L-channels. !4l

L-type Calcium Channels

The L-type Ca?' channel has been fhe most extensively studied
of all the Ca“* channels. The L-type ca?* channel is often referred
to as the dihydropyridine-sensitive caZ?* channel, because much of
the characterization of the channel has come from the use of
dihydropyridine ca?* channel ligands which specifically bind to
this tfpe of Ca?* channel. The L-type ca?' channel has been
identified in all types of cells within the body, including
skeletal, cardiac and smooth muscle, and nervous tissue. Within
these different tissues, there are certain unifying characteristics
among the L-type ca?' channels found there. These include: (i)
sensitivity to inorganic and organic blockers, (ii) stereotypical
response to dihydropyridine ca<* agonists, (iii) activation range
(-40 mV to -30 mV)®, (iv) slow inactivation when cCaZ2* is not the
primary charge carrier, and (v) steady-state inactivation at
positive holding potentials.??? variations between the various
tissue type Cca?' channels exist as well, such as Ca2+-dependent
inactivétion142 and the increase in channel activity by cyclic-AMP-
dependent kinase activity (seen in cardiac tissue)!%3. The most
variable parameter between the tissue L-type Ca®?' channels is

voltage-dependent inactivation. The most rapidly inactivating

channels are from cardiac tissue, while neuronal or secretory L-
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type Ca?* channels appear not to have any voltage-dependent
inactivation. Variability in the rate of inactivation has also
been observed in channels from the same tissue.1%4

Td explore the L-type ca?* channel in further detail, a tissue
specific examination of skeletal muscle, cardiac tissue, and smooth
muscle follows. |

Skeletal Muscle L-type Calcium Channels.

Skeletal muscle has a very high concentration of
dihydropyridine-binding sites, and therefore, much of what is known
about the dihydropyridine receptor and the L-type ca?* channel has
come from study of skeletal muscle tissue. However, the
dihydropyridine receptors found in skeletal muscle tissue are not
all functional L~type Ca?' channels. Schwartz determined that the
density of dihydropyridine receptors was 35-50 times the number of

60 Solublization studies of the

functional L-channels.!
dihydropyridine-binding site and reconstitution into phospholipid
vesicles resulted in an active L-channel. The solublization
process yields a multisubunit complex.45:/146  1mhe gkeletal L-
channel has been shown to be a pentameric formation composed of 4
distinct subunits, o, (170 kDa), @,/8 (175 kDa), B (52 kDa) and the
v subunit (32 kDa). The § subunit can be released from the 0y/6
configuration by reduction of a disulfide bond.147

The «; subunit sequence shows considerable homology to those
of other members of a voltage-dependent ion channel superfamily

45

which includes K' and Na* channels.? For example, there is

approximately 30% homology in the skeletal muscle @; subunit and
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the voltage dependent Na‘ channel. The «; subunit in skeletal
muscle contains four internal repeating units which contain six
membrane-spanning helices. The voltage-sensing location of the
channel is thought to reside on the fourth of each these helices
where there is a positively charged amino acid every three to four

residues.?!

The @; subunit is also where the organic compounds,
the calcium channel antagonists, are thought to bind. The
dihydrépyridine—binding site is believed to be located on the
extracellular surface of the o subunit.148

Expression of the @; subunit in mouse cells devoid of 85,a,/$,
and y subunits demonstrated the appearance of dihydropyridine-

4% This observation would suggest

sensitive L-type ca®* channels.?!
that the «; subunit itself can form a functional ca?t channel, and
that the additional subunits may provide functional and structural
support. The «; subunit is also thought to play a distinctive role
in skeletal muscle by acting as a voltage sensor in the excitation-

contraction coupling process.l‘g6

The previously described E-C
coupling process in skeletal muscle indicated that the release of
ca?* ffom the SR stores may be mediated by a linking of the
dihydropyridine voltage sensor to the junctional SR ryanodine-
sensitive ca?' release channel. Depolarizing stimulus is 'sensed!
by the dihydropyridine-voltage sensor resulting in a conformational
change in the o; subunit. This conformational shift is transmitted
to the Ca’' release channel causing it to open and release the Ca2t

59

stores. Additional support for this hypothesis comes from the

observation that not all the dihydropyridine receptors are actually
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linked to functional L-type cCa®' channels and may act as voltage

Sensors. 160

Therefore, the @, subunit of skeletal muscle appears
to not only act as the functional unit for the Ca?' channel but may
also act as a sensoring mechanism necessary for triggering release
of Ca?* from the SR during E-C coupling.

The @,/6 subunit (175 kbDa) canlﬁe reduced to a 150 kDa o,
subunit and 3 peptides of 25,22, and 17 kDa forming the §
subunit.14® The separation of the complex occurs when disulfide
bonds which hold the subunits together are reduced. The a,/$§
complex is the product of a single gene with the a, sequence
forming the N-terminal and the § sequence forming the C-terminal.?15?!
The a2/6 complex has a high level of glycosylation with both
subunits being glycosylated.®® The structural arrangement of the
a,/§ complex within the ca’* channel has not been fully elucidated,
but it is thought that the § portion may act as an anchor for the
ay portion, 145,150 Functionally, the a,/é complex appears to be able
to modify the activity of the ca?* channel. Coexpression studies
of o, and a,/§ showed altered ca2t current, in both magnitude and
kinetics, in skeletal muscle preparations,152:153 1p addition, the
rate of Ca®' influx through L-channels was enhanced in liposomes
reconstituted with «; and a,/§ subunits, 154

The B subunit was originally identified as a protein that
consistently copurified with the a, subunit, 145 The £ subunit
contains several phosphorylation sites. Ca2* channel function is
known to be modulated by phosphorylation events, and the £ subunit

may be the area upon which the enzymes act to alter ca?* channel
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kinetics.
The B subunit is believed to be associated with the

t.155 The consistent

cytoplasmic component of the @; subuni
copurification of the 8 subunit with the a, subunit suggested that
the B subunit interacted with the @y in a functional manner.
Coexpression studies of «; transfected L-cells along with &8
subunits showed a dramatic increase in the number of
dihydropyridine binding sites but no effect on current density.
There was, however, an increase in the rate of ca?* current

activation, 149,156

Coexpression studies in which the «,/§ subunit
was added (a,/a,6/B combination) yielded a peak current above that
seen with the «;/B complex, indicating a close requlatory
interaction between the various subunits.l41,157

The ¥y subunit is the least characterized of the skeletal
muscle L-channel subunits. The y subunit consistently copurifies
with the @; subunit, appears to be very hydrophobic and is
extensively glycosylated.145,158,159 Coexpression studies using the
skeletal muscle y subunit with the other subunits has shown little
functional significance!#! and requires further research.

Cardiac L-type Calcium Channels.

The cardiac L-type Cca?" channel plays a significantly
different functional role than does the skeletal muscle L-channel.
In cardiac tissue, the release of SR Ca?’ stores is induced by
transsarcolemmal influx of ca®' dQuring the plateau phase of the

cardiac action potential. This transsarcolemmal influx of ca?' is

mediated by L-type Ca?* channels.'®! This ca?*~induced Ca2® release
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mechanism in cardiac tissue, as opposed to the possible voltage
gated release in skeletal muscle, may account for the observation
that the majority of dihydropyridine receptors found in cardiac
tissue are functional L-type Ca2* channels. 162

The L-type Ca®' channel has been characterized, and has been
found to consist of four subunits; aq k170~190 kDa), a, (170 kDa),
B (52 kDa), and § (28 kDa)163:164 The ¥ subunit found in the
skeletal muscle L-channel has not been found in cardiac tissue. 165
The cafdiac @; subunit shows structural similarities to the
skeletal muscle «; subunit. The cardiac @, subunit contains the
four repeating motifs, each consisting of 6 transmembrane domains
similar to that of skeletal muscle,166/167 However, there are
several (5) protein kinase A phosphorylation sites identified in
the skeletal muscle «; subunit which are missing in the cardiac
form and are replaced by four new sites.®® gtructural differences
have also been noted with respect to the extracellular protein
regions, which may account for the lack of cross-reactivity of
antibodies raised against the skeletal muscle oy subunit,168
Differences have also been observed in the lengths of the 5' and 3!
ends of the c¢DNA clones that are responsible for encoding the
skeletal and cardiac muscle a4 isoforms.1®7 The cardiac isoform of
the a; subunit appears to have the same functional characteristics
as does the skeletal muscle form. The o, subunit is capable of
functioning as a L-channel and is the site of binding of the
calcium channel antagonists,l1%8

The B subunit has been found and cloned in cardiac tissue.
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Coexpression of this B subunit with a cardiac a; subunit resulted

in altered ca2*

channel kinetics including increased peak currents,
accelerated activation kinetics and shifts in the voltage-current
relationship to more hyperpolarized potentials. The cardiac B
subunit is similar in structure to the skeletal muscle isoform and
is thought to act in a modulatory role.?%® The additional subunits
that have been reported likely function in structural support
(anchoring) and in regulation of channel kinetics.108
Smooth Muscle L-type Calcium Channels

The smooth muscle L-type ca’* channel is not as well
characterized as the cardiac or skeletal muscle channel. There are
fewer dihydropyridine binding sites in smooth muscle tissue, as
comparéd to the numerous availability found in skeletal muscle,
which has made characterization of the channel difficult. The
smooth muscle L-type Ca2* channel is likely very similar to the ca2?*
channel found in cardiac muscle. It is proposed to be a quaternary
structure, composed of a3, @y, B and § subunits. The ¥ subunit
which was observed in skeletal muscle but not in cardiac muscle,
also appears to be absent in smooth muscle. Using a reverse-
transcribed polymerase chain reaction technique, the presence of
the ¥ transcript in RNA isolated from mouse brain, cardiac muscle,
spleen, kidney, liver, and stomach as well as from human brain and
cardiac muscle was undetectable. The ¥ subunit was detected in
human and mouse skeletal muscle preparations. 165

A CDNA library isolated from rat aorta has shown the aortic Qq

CDNA to be very similar to «; cDNA isolated from cardiac tissue.
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The close identity of the two @, CcDNA libraries has suggested that
the o, subunit from these two tissues arise from the same gene.zo7
Differences that exist in the smooth muscle isoform are thought to
arise from alternative splicing that occurs in both the cardiac and
smooth muscle ¢; subunits.?07
Ion Movement Through Calcium Channels

There are currently two popular hypotheses about the method of
ca?* ion movement through Ca?* channels: (i) the allosteric or one-
point modell®?, and (ii) two-site model.170:171 oppe strengths and
weaknesses of these two models will be discussed.

The allosteric model (one-site model) predicts that there is
a high-affinity ca?* binding site located on the external surface
of the Ca?* channel and has a net charge of -2 el72, This ca2*
binding site controls the selectivity of the channel. When the
extracellular [Ca?'] is greater than 1 uM, this ca2* binding site
is primarily occupied by cCa?' and there is a resulting
conformational change in the channel resulting in only ca2* ions
passing. The ions that are moving through the channel, transiently
bind to a site in the pore itself, but only weakly. When the ca?*
binding site on the external surface is not occupied by ca?*, the
channel pore becomes nonselective, allowing passage of monovalent
ions, 124
The weakness of this model is the conformational change that
occurs upon binding of ca?* to the regulatory site, resulting in
selective Cca?* ion permeation. The character of this

conformational change is difficult to assess and therefore the
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precise mechanism by which the channel selects between blocking and
permeant ions remains unclear,.124:173

The two-site model proposes that there are two high-affinity
ca?* binding sites, located at either end of the channel. An ion
moving from the outside to inside of the cell has to first bind to
the outer site, then inner site, and then finally passing into the

cytoplasm.l24

When both sites are occupied, the affinity of each
of the binding sites for the c¢a?* ion is reduced due to
electrostatic repulsions of the two same charged ions. This
electrostatic repulsion speeds up the departure of the other ion.
The model makes the assumption that an ion can only move into a
site that is vacant. Therefore, at high [ca?%], both binding sites
are likely to be occupied. This destabilizes the inner binding site
which increases the probability that the binding site will lose its
ca?* ion to the cytoplasm.!74:175 The outer site ca?* ion can then
move to the free inner site. Binding of another Ca2?* ion to the
outer site, again destabilizes the inner site and that ion then
moves into the cytoplasm.172:174,175 ppe selectivity of the channel
is determined by selectivity sequences contained within the high-
affinity binding sites.124

The two-site model is able to explain many of the experimental
fesults obtained using dihydropyridine-sensitive ca?* channels.
For example, the two site model can explain monovalent conduction
through the channel in the absence of divalent cations, saturation
of current as a function of [ca?*], the ability of very low

divalent concentrations to inhibit monovalent conduction, and the
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ability of 1low [Ca2+] to inhibit Ba?* conduction through the

1.172  The main weakness in this theory is that it assumes

channe
symmetry of the channel energy profile, so that the forces at work
at the outer binding site are equivalent to those at the inner
site. In addition, the model assumes the channel to be a
relatively inert structure that does-not interact with the ions
passing through the channel, except for binding and unbinding
reactions. There is, therefore, no conformation change associated
with the channel upon ion permeation.124
Regulation of Calcium Channel Activity

The Ca?' channel can exist in one of three conformational
states at any one time. Those states are: (i) activated or open,
(ii) inactivated, or (iii) resting. The activated or open state is
evident upon depolarization of the membrane resulting in opening of
the ca2' channel from the resting state. In the activated state,
there is conductance of ions across the sarcolemmal membrane into
the cytoplasm. Inactivation is the process by which the ca?*
channel enters into; (a) a non-conducting state once it has been
activated, or (b) a state where it is not available for activation.
The inactivated state is an intermediate stage in which the channel
is not conducting any ion current (closed) but it not presently
available to be reopened with another depolarizing stimulus. The
recovery process moves the Ca?* channel from the inactivated state
to the resting state. At this stage, the channel is closed (non-

conducting) but is available to be reopened upon being presented

with a depolarizing stimulus.® The normal progression of the ca?*
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channel upon being presented with a depolarizing stimulus is to
move into the open conducting state from the resting state.
Following the open state, the channel moves into the inactivated
state where there is no further ion movement and the channel is not
available to be reopened if another stimulus were to be presented.
When the membrane potential reaches é certain point, the channel
moves from the inactivated state back to the original resting
state. For the channel to be opened it has to first be in the
resting state, and for the channel to get back to the resting state
it has to go through the inactivated state.

The current flow through the Ca?* channel may be modulated by
several enzyme and organic ligand compounds. The resulting current
flow may be increased or decreased depending upon the compounds
antagonistic or agonistic tendency. One well known modulator of
Cca?* current is the stimulatory effect of B-adrenergic agonists on
heart cells. B-adrenergic stimulation of Ca?* current in heart
cells may occur via two means: (1) indirectly via the
phosphorylation of the ca?' channel, and (ii) directly by the
stimulation of the ca?' channel by binding of activated ¢
protein.176

The application of a B-adrenergic agonist (like isoprenaline)
to heart cells results in a cascade of events culminating in a
stimulation of I,, (calcium current). B-adrenergic binding to B-
receptors located on the sarcolemmal membrane stimulates adenylate
cyclase activity. Adenylate cyclase activation increases the

levels of cyclic adenosine monophosphate (cAMP), an intracellular
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second messenger. Increased levels of cAMP activate the enzyme
protein kinase A which phosphorylates the a; subunit of the ca??
channel protein complex. Phosphorylation of the @, subunit alters
the ca?" channel properties causing an increase of ICa.176 The
resulting increase in I.s by cAMP-induced phosphorylation of the
ca?* does not change the rate or the aﬁount of Ca?' that enters via
an individual channel, but it does increase the probability that
the channel will open. Therefore, there will be an increased
number of channels open at any given moment increasing the influx
of Ca2*, 180 Experimental evidence supporting this cascade and the
resulting increase in I,, by phosphorylation of the Ca2?* channel
comes .from the wuse of protein kinase inhibitorsl?’? and
phosphatases.1’® Addition of a heat stable protein kinase inhibitor
via internal cell dialysis to inhibit cAMP production resulted in
the suppression of the B-adrenergic agonist enhanced ICa.177 In
addition, the intracellular application of a protein phosphatase
(calcineurin) which would dephosphorylate the Ca?* channel was also
able to reverse the increment in I, by B-adrenergic stimulation.78

B-adrenergic stimulation of I, may also come from the direct
coupling of the activated G, subunit with the ca?* channel. When
the cAMP-dependent phosphorylation pathway was blocked, addition of
a B-adrenergic agonist (isoprenaline) still evoked an increase in
the ICa_.176 The resulting increase in I, by G; was relatively small
compared to that invoked by the cAMP-mediated pathway. It is
thought that G, may act to prime the ca?* channels for up-regulation

by the cAMP-dependent phosphorylation.76
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Phosphorylation of the ca?* channel may not be a means of
increasing I., alone but may also be necessary for the channel to
respond to membrane depolarization. Studies in which the o,
subunit of the ca?' channel has been used to reconstitute a
voltage~activated channel has shown phosphorylation by the caAMP-
dependent protein kinase is necessarf and sufficient to restore
activity of these preparations. Addition of a protein kinase
inhibitor to the preparation blocked activity. An endogenous
protein kinase A is believed to be associated with the membrane in
close proximity to the channel to regulate its gating activity.7°

B-adrenergic stimulation also increases the rate of
resequestering of Ca®* back into the SR, via the SR ca?* pump.
Phosphorylation of the protein phospholamban by cAMP-induced
protein kinases results in increased activity of the SR ca2?*

3 This increased activity of the pump allows for a faster

punp. 18
re—-accunulation of Ca2+, allowing for the relaxation process to
occur at an accelerated rate.l®l additional proteins like Troponin
I, C, and myosin light chain kinase are also phosphorylated by
cAMP-dependent kinases wupon R-adrenergic stimulation. The
phosphorylation of these protein complexes allows for quicker
cycling of the myofilaments during the contraction process.182 The
overall consequence of R-adrenergic stimulation is an increase in
the chronotropic and inotropic aspects of the cardiac cycle.180,184

A group of compounds that decrease the conductance of Ca?* via

the ca?* channels are the calcium channel blockers (antagonists).

This particular group of compounds will be discussed in detail
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later, and it will be sufficient at this time to simply outline
their effects on calcium channel kinetics. The calcium channel
blockers bind to the o; subunit of the L-type Ca?' channel. There
are currently, three main classes of calcium channel blockers, the
dihydropyridine (dihydropyridines), phenylalkylamines and

185 A1l three classes have their receptor-sites

benzothiazepines.
on distinct but closely related sites on the @, subunit of the L~
type ca?' channel.186 It is thought that the calcium channel
antagonists preferentially bind to the depolarized or inactivated
state of the calcium channel, and in some way decrease the
probability of the channel reopening.!®% The process by which the
calcium channel antagonists prevent or slow the reopening of the
channel is thought to be by slowing channel rephosphorylation.17°
Armstrong proposed that for the ca?' channel to be opened upon
membrane depolarization, it first must be phosphorylated by an
associated protein kinase A.17? If the calcium channel blockers
slow the rephosphorylation process, the channels would not be
available for opening upon further membrane depolarizations.17°
The result of binding of the calcium channel blockers to the
L-type Ca?* channel is to reduce the influx of ca?* ions via the
channels. This reduction in 'trigger' ca?*' causes a decrease in
contractility in cardiac tissue, and relaxation in vascular smooth
muscle. 185
Regulation of Calcium Channel Density

One of the primary means of controlling the Ca®* available for

cellular functions is via the activity of the Ca?* channels. The
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regulation of the number of Ca?' channels present in a tissue at a
particular time is also controlled. It is well known that the
number of Ca?' channels present in a specific tissue is influenced
by circulating drug (hormone) levels and particular disease states.

The regulation of ion channels and their densities appears to
follow a similar pattern to that observed in the regulation of
membrane receptors. Receptor regulation can be separated into two
main categories: (i) homologous regulation, in which a 1ligand
regulates its own receptor, and (ii) heteroclogous regulation, where
the receptor is regulated by a ligand/process occuring at a

discrete receptor system.187

The exact mechanism by which a ligand
will regulate its receptor is different and specific for that
particular receptor systen.

Receptors can be regulated after either long- or short-term
exposure to a ligand. It is usually following a prolonged exposure
that changes in receptor regulation are noticed. Short term
exposures usually result in temporary modifications to membrane
potential, coupling systems, receptor distribution, phosphorylation
state and membrane 1lipid environment causing their change in

receptor metabolism?67268

(i.e. synthesis, membrane insertion,
internalization, recycling and degradation?®®). chronic or long-
term ligand exposure usually results in a decrease (down-
regulation) of receptors with a agonist ligand and an increase (up-
regulation) with an antagonist,265,269

The regulation of ion channels (e.g. ca?* channels) is likely

similar to those processes that regulate cell surface receptors as
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both are membrane proteins and therefore have similar processing
mechanisms. The following discussion will examine the influence on
ca?* channel density of certain disease states and after exposure
to chronic circulating drugs (hormones).
Circulating Drugs/Hormones
There are several well characterized responses of cell-surface
receptors to circulating hormones. These include down-regulation

272

266'270, and low-

of pB-adrenergic receptors insulin receptors
density lipoprotein receptors?’4 to high circulating hormone levels.
The down-regulation seen in B-adrenergic receptors occurs after
exposure of the B-receptors to high circulating 1levels of
epinephrine. This exposure of the B-receptors to high circulating
epinephrine results in a nonfunctional binding of 1ligand to
receptor, and effective down-regulation of the B-receptors. The B-
receptors are still able to bind epinephrine, but the bound
epinephrine is not able to activate the adenylate cyclase system
necessary for cellular action and this inactivation is thought to
be mediated by phosphorylation of the B-receptor.266:270,271  qpe
down-régulation seen 1in 1insulin and 1low-density lipoprotein
receptors is mediated by a different process. High circulating
levels of insulin hormone or low-density lipoproteins results in
cell-receptor internalization by endocytosis.?272,273,274 This
effectively reduces the number of receptors present on the surface
at any one time, resulting in a down-regulation of the receptors.

Exposure to circulating compounds such as ethanol, 1lead,

insulin, thyroid hormone and calcium channel antagonists all have
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been implicated in altering the number of ca?* channels present in

certain tissues.187

For example, animals or cells chronically
exposed to ethanol or lead resulted in an increase in the number of
1, 4~dihydropyridine-binding sites present in certain brain regions.
Lead treatment resulted in an increase (48%) in the B,

(nitrendipine binding) in rat striatum and cortex, but was found

not to change in the hippocampal region.188

The development of
ethanol dependence is proposed to involve an increase in the number
of 1,4-dihydropyridine-binding sites as a result of chronic ethanol
administration. Ethanol is known to inhibit ca?' influx in cells
following chronic treatment, resulting in an increase in the
densitf of Ca?* channels.189/190

The body's own circulating hormones may also regulate the
density of channels. Treatment with the hormone insulin over a 21-
day period resulted in an increase in the density of 1,4-
dihydropyridine binding sites in cultured human muscle cells,191
However, an increase in the number of ca?* channels was also found
in cardiac mnuscle membranes isolated from streptozocin induced
diabetic rats.337 Additional functional alterations may also result
from altered hormone levels as was observed 1in rat ventricular

muscle after chronic diabetes mellitus.192

Chronic thyroid hormone
treatment in chick ventricular cells resulted in an increase in the
number of 1,4-dihydropyridine binding sites and a concurrent
increase in the number of B receptors present.193 However, in heart

membranes obtained from hyperthyroid rats, a decrease in the number

of Ca®’ channels present with a concurrent increase in B-receptor
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density was reported. Hypothyroid rats from the same study showed
the opposite effect, with an increase in ca®’ channels and a
decrease in the number of B-receptors present.lg4 The discrepancy
may be due to a species specific difference, but additional work
into thyroid hormone regulation is required.

The compounds that would be expeéted to regulate the density
of the Ca®' channels to the greatest degree and with the most
specificity would be the calcium channel antagonists. Several
studies have been undertaken looking at different types of calcium
channel antagonists, modes of administration, species and tissue
reactions.8? In membranes prepared from mouse brain tissue, a 40%
reduction in 1,4~dihydropyridine binding sites was noted after oral
treatment with either nifedipine or verapamil for 28 days and no
change was noted with oral diltiazem over the same period.2?7% A 23%
decrease in 1,4-dihydropyridine sites in brain and 49% in heart was
noted in a rat model after 20 days of intravenous nifedipine.276
No change was noted in heart tissue prepared from rats treated with
a lower dose of oral nifedipine for 14 days?’’, indicating that
alterations may be time, mode of application and dose dependent.
1,4-dihydropyridine binding sites in PC1l2 cells were also noted to
increase (29%) after 5 days of nifedipine treatment, while a
decrease (24%) was noted after 5 days of treatment with Bay K 8644
(Ca®* channel agonist).27°? It is difficult to obtain reliable
information on the action of the calcium channel antagonists on
ca?* channel density due to the variability in experimental

protocols.
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Disease States

Several pathological conditions are associated with an
alteration in the number of ca?* channels present in certain
tissues., Studies conducted on hypertensive rats have shown
alterations in 1,4-dihydropyridine-binding sites and has led
researchers to suggest that these alﬁerations may be a result of
some functional change in these animals, playing a role in their
hypertensive condition. Several studies were conducted on a strain
of rats referred to as SHR (spontaneously hypertensive rats) in
which, due to a genetic condition, all develop hypertension.
Radicactive nitrendipine binding on heart membranes prepared from
24-week-old SHRs and 9-week old SHRs showed an increase in K; and

B in the 24-week but not the 9-week group, as related to

max

95 fThis was confirmed later with elevated

normotensive controls.?!
nitrendipine sites in cardiac tissue isolated from 16-week-old SHRs
but not in 10-week-old SHRs.1°6 Aan up-regulation in the number of
1,4~-dihydropyridine sites was noted in heart tissue isolated from
spontaneously hypertensive rats (33% increase) and salt-sensitive
rats (55% increase) after 7-21 day nitrendipine treatment.?78 Tt
has, therefore, been suggested that alterations in the density of
ca?* channels may be related to hypertension and the possible
development of the disease.

An increase in the number of Ca?* channels has been reported

in hypertrophied cardiac muscle.l197:198,199,200 The

Syrian
cardiomyopathic hamster serves as a model for human hypertrophy.

Radioactive labelling studies have shown increased dihydropyridine

50



binding sites in heart, brain, skeletal muscle and smooth muscle in
the cardiomyopathic hamster.2%® Agditional support for the increase
in cardiac binding sites has come from hypertrophy induced via
aortic stenosis. An increase in the number of dihydropyridine
binding sites was noted after 5 days and 3 weeks post surgery.20!
Controversy has been added, however, bf the findings of Howlett, et
al, who have shown that there is no significant alteration in the
number of Ca2* channels obtained from cardiomyopathic hamster

202 No significant changes in dihydropyridine

cardiac tissue.
binding sites were observed from cardiac tissue obtained from 35-
to 41-day old myopathic hamsters.202:203 pyrther study is required
in order to resolve this controversy, and factors like
cardiomyopathic strain, age and membrane preparation differences
will have to be addressed.l87 Dihydropyridine-~binding sites were
also increased in human hypertrophied cardiac tissue.204,205
Patients suffering from Parkinson's disease have shown a
decrease in the number of dihydropyridine-binding sites in various

areas of the brain.206

Nitrendipine binding showed a decrease in
Bhax from the areas of the caudate nucleus, substantia nigra and
putamen with no change noted in the affinity of the channels.
Parkinson's disease 1is characterized by a degeneration of
substantia nigra dopamine neurons which is suggested to be the
cause of the loss of 1,4 dihydropyridine-binding sites.

CALCIUM CHANNEL ANTAGONISTS

History

The calcium channel antagonists are a heterogeneous group of
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related compounds, with one common factor linking them together,
their action on the voltage-gated ca?' channel. Research into
their structure, mode of action, classification and clinical use
has been undertaken for 30 years since their discovery.
Recognition for much of the early work related to calcium channel
antagonists is attributed to Albrecht Fleckenstein, who in 1963 was
approached by two pharmaceutical companies to look into two new
compounds that had vasodilatory and unexplained cardiodepressant
abilities.?99:215  pr. Fleckenstein and his colleagues' original
work, along with work carried out by Winifred Nayler, utilised one
of the originally discovered calcium channel antagonists:

prenylamine.210

This compound was shown to produce coronary
vasodilation and had a strong effect on electromechanical
uncoupling in cardiac tissue and this effect was similar to that
seen by the removal of extracellular Ca?*. The inhibitory effects
on contractility could be overcome by approaches that increased
cellulér ca®* mobilization,?211,212

Prenylamine's inhibitory action on myocardial contractility
was questioned as to whether it was a result of adrenergic 8-
receptor blockage, catecholamine depletion or some  other
unidentified intervention. At a conference 1in Capri, Dr.
Fleckenstein and Dr. Nayler presented their work and proposed that
prenylamine action was mediated by inhibition of calcium permeation

across cardiac cellular membranes.?210

This was the starting point
for a varied and extensive research history that has spanned

several decades.
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The "Calcium Antagonists" nomenclature was coined by
Fleckenstein in 1966, and they were described as a group of
compounds that restricted calcium~dependent ATP utilization,
contractile energy expenditure and oxygen regquirement wvia an
interference with activator calcium in active cardiac tissue.?10,213
Prenylamine was a member of this néw group of compounds, but
additional compounds with even more specific and more potent
antagonistic characteristics were discovered including verapamil
(one of the two original compounds)zls, methoxyverapamil (D 600) and
nifediﬁine.z14

Early experimental studies showed that these compounds
(verapamil, D 600 and nifedipine) were able to selectively block
the ca?* influx via the slow-mediated channel in depolarized
cardiac membranes without affecting the fast transmembrane inward
Na* current that initiates the action potential.?® 1t is this
ability to interfere with the voltage-gated ca?* channels in the
cardiovascular system that has been the major focus of research
with these compounds. Additional research lines have focused on
vascular smooth muscle, nonvascular smooth muscle, and neuronal
systems.zo9

Classification

Fleckenstein's original work allowed for the classification of
calcium channel antagonists into two groups: (i) Group A: Highly
specific ca?' antagonists, and (ii) Group B: Less specific ca?*
16

antagonists.?

Group A, or the highly specific ca?* channel antagonists,
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included one of the originally discovered antagonists, verapamil
(phenylalkylamines). Also included in this highly specific group
were nifedipine (dihydropyridines) and diltiazem
(benzothiazepines).?1® These compounds were able to interfere with
the transsarcolemmal influx of ca%* via the slow-entry channel
without major inhibition of the fast iﬁward Na* current. They were
also able to depress Ca2+~dependent excitation-contraction coupling
in mammalian ventricular myocardium by 90%-100% before the fast Na't
current was also affected.216,217

The WHO (World Health Organization) has subdivided the Group
A calcium antagonists into classes I, II, and III: verapamil-like,
nifedipine-like and diltiazem-like compounds.Z218

Verapamil was the prototype ca?t channel antagonist and a
membeyr 6f the phenylalkylamine group, introduced in Europe in 1963.
Verapamil has been one of the most extensively studied
experimentally, as well as clinically, of all the antagonists.
Verapamil was originally used clinically as an antianginal and

£, 219

antihypertensive agen However, it soon became evident that

verapamil had a much more dramatic effect in treatment of

220

supraventricular arrhythmias. Additional members of the

verapamil-like antagonists include gallopamil (D 600}, anapamil and
tiapamil.?1®

Nifedipine was the prototype of the dihydropyridine group of
ca?* channel antagonists. Nifedipine was discovered by Professor

Kronebérg, who in 1969 asked Dr. Fleckenstein to investigate this

new substance, denoted as Bay al1040,215,220 Nifedipine was found to
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act at a different site on the slow Ca?’ channel than verapamil,
and had powerful arterial vasodilatory ability but had little
effect at the AV node. Nifedipine was found to be useful in the
treatment of all grades of hypertension but had little or no direct
effect on supraventricular arrhythmias.?1° The dihydropyridine
(nifedipine-like) class of ca?* channél antagonists has undergone
an explésion with respect to new additions to the group. There are
currently dozens of members to this group including nitrendipine,
felodipine, isradipine, PN-200-110 and amlodipine to mention a few.

Diltiazem is the prototype member of the benzothiazepine group
and was initially developed in Japan and is now available
worldwide. Diltiazem acts and is used clinically for the same
spectrum of disorders that verapamil is used for. This led
researchers to think that diltiazem interacted with the same site
on the Ca?* channel that verapamil did. It is now known that each
of the groups of ca®’ antagonists binds to its own receptor site on
the @; subunit of the L-type ca?* channel. Diltiazem is clinically
used fér conditions such as angina pectoris, hypertension and
supraventricular arrhythmias.219

The Group B ca?* channel antagonists are less specific and
less potent than those members of Group A. These compounds are
still capable of interfering with the excitation-contraction
coupling process, resulting in a decreased myocardial
contractility. However, due to their less specific nature, they
also affect the fast Na* influx during the initial phase of the

action potential as well as interfering with Mg (Magnesium)-
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215,222

dependent phenomena. Members of this group include

prenylamine, flunarizine, bepridil, caroverine, perhexiline, and
cinnarizine.?15
Flunarizine has been shown to have prominent cerebral
vasodilatory effects and is considered a mixed antihistaminic.
Clinical uses include migraine, verﬁigo and transient ischemic
attacks. Bepridil is considered a mixed sodium blocker that may
have clinical use in angina and arrhythmias, but has been removed
from the American market due to prolongation of the QT interval in
the cardiac cycle.?1?
Mechanism of Action
The ca?' channel antagonists are known to bind to the aq
subunit of the L-type Ca?' channel in order to mediate their ca?*

blocking influences,164,234

The @, subunit of the L-type ca®*
channel is composed of four internal repeating sequences, with each
sequence consisting of six membrane spanning helices.?l Molecular
characterization studies have been carried out in order to
determine the precise location on the a; subunit where each of the
Cca®* channel blocking drugs bind.

Modelling studies carried out by Langs, et al. proposed that
the binding site of the dihydropyridines in skeletal muscle may be
1ocated on the S4 helix of the L-channel oy subunit, 223 However,
studies carried out by Rugella, et al.224, proposed ancother site of
dihydropyridine molecular binding. Employing irradiated

[*H])nitrendipine to covalently bind to the purified skeletal muscle

oy complex, followed by digestion and sequencing of the peptides,
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indicated that the nitrendipine bound to the cytosclic tail in the
region of the S6 helix of the IV'P repeating subunit.??? Analysis
of L-type ca®* channels from other tissues (cardiac and smooth
muscle) showed this particular region to be highly conserved
between tissues, suggesting a possible reason as to why
dihydropyridines bind with high affinity to ca®?’ channels from all

tissues.?225

The sequence immediately following this proposed
dihydropyridine binding site is thought to be the ca?* binding
domain for the channel, which has also been found to be highly

226 agsociation between these two sites

conserved between tissues.
may play an important functional role in regulating channel
activity.

The phenylalkylamine binding region also appears to be located
on helix 6 of the IVth repeating subunit on the @, subunit.
Photoaffinity labelling with a phenylalkylamine-receptor-selective
verapamil derivative (arylazide) localized the receptor binding
site to the intracellular end of the IVS6 helix and adjacent
intracellular amino acid residues on the intracellular side of the
ca?* channel.?27 The amino acid sequence of the 1IVS6 and
surrounding C-terminal tail is highly conserved among o, subunits
isolated from other tissue and species types (rabbit and carp
skeletal muscle and rabbit cardiac muscle).228,230,231 1, addition,
phenylalkylamine binding properties and modulation of their binding
by cations from these different tissues and species are also very
232,233

similar suggesting that this highly conserved area is

import&nt in the formation of the phenylalkylamine receptor.
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Localization of the receptor binding site to an intracellular
domain is consistent with functional studies which have shown that
phenylalkylamine ca?* blocking drugs must be applied to the
intracellular surface of +the channel before they become
active.228,229

In identifying the channel drug binding sites, the primary
focus has been on the three major ca?' channel antagonists
(dihydfopyridines, phenylalkylamines and benzothiazepines).
However, evidence has been gathered to suggest that there are
five?25 possibly six?3% discrete binding sites associated with the
Cca?* channel. On the basis of functional and binding experiments
there is evidence for: (i) a dihydropyridine site, (ii) a
phenylalkylamine (verapamil) site, (iii) a benzothiazepine
(diltiazem) site, (iv) a site for fluspirilene and pimozide
(diphenylbutylpiperidines or diphenylalkylanines)?235, and (v) a site
for the indolizine SR33557, a novel potent non-dihydropyridine?3€,
As new synthetic drugs become available, additional information
about the molecular binding sites present on the Ca?' channel will
become evident.

Drug interactions with their binding sites on the channels are
often dependent upon the state of the channel. As previously
discussed, the Ca?' channel may exist in one of three states at any
one time; open, closed or inactivated. The interaction of ca?‘t
channel antagonists with the ca?* channel are voltage-dependent,

with affinity increasing with increasing membrane depolarization.

Therefore, the Ca?' channel antagonists preferentially bind to the
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inactivated state of the ca?* channel, which is the state that is
favoured by depolarization.?09/237,238 qhere is conversely, a low
affinity for the other two states, closed and open.?2% ca?* channel
activators, such as Bay K 8644, have been shown to preferentially
bind to the open state, reducing the deactivation of this state and
resulting in increased channel openiﬁq times in the presence of

225 Conformation of these

this dihydropyridine activator.
electrophysiologic observations has come from radioligand binding
studies carried out in polarized and depolarized cells.239,240

Additional reactions with the channel may be related on a
frequency dependent basis, whereby affinity increases with
increasing frequency of the depolarizing stimulus. This is
apparent for the charged ca’* channel antagonists, verapamil and
diltiazem.?24? Verapamil and diltiazem, being charged and more polar
species, have to access the inactivated state of the channel
through the open state. Increasing the frequency of the
depolarizing stimulus increases the probability that the ca?t
channel will be in an open state. Access to the inactivated state
by verapamil and diltiazem through the open configuration is then
also increased. The 1,4-dihydropyridines, being nonpolar and
noncharged, are able to access their preferred binding site
directly through the membrane.242

Once the ca?* channel antagonist has bound to its molecular
site on the inactivated state of the channel, the blocker, in some
yet unknown fashion, is able to stabilize the inactivated

conformation. Stabilization of the inactivated state prevents or
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slows the channels transition into the resting or closed state upon
repolarization of the membrane to its resting membrane potential.
For the channel to be reopened upon further depolarizing stimuli,
the channel must first be in the resting or closed state. By
maintaining the channel in the inactivated state, the ca?' channel
antagonists reduce the number of Caz.+ channels available to be
opened upon further depolarizing stimuli. This effectively reduces
the I.; (inward ca?* current) upon membrane depolarization. In
cardiac tissue, this reduction in inward Ca?’ movement will reduce
the release of Ca?* from the SR stores via the ca2* induced ca2*
release mechanism, resulting in decreased contractility. In
vascular smooth muscle, cCa?* channel blockage results in
vasodilation due to reduced inward ca?* movement.

One theory that has been proposed for how the Ca?* channel
antagonists stabilize the inactivated state of the Cca?’ channel has
come from Armstrong, et al.l72 Armstrong and his colleagues suggest
that for the ca?* channel to be opened upon presentation of a
depolarizing stimulus, the channel must first be phosphorylated by
an endogenously linked protein kinase. The ca?t channel antagonists
bind to the inactivated state of the channel and inhibit or slow
the repolarization phase of the channel. This effectively reduces
its ability and availability to be reopened upon further
stimulation. 172
Different isomers for each of the Ca?' channel antagonists

exist, and these isomers differ in their ability to modulate ca?*

channel kinetics.?245 Verapamil exists in two isomers, the d and 1
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form. Clinically, verapamil is administered in a racemic mixture
of d- and I-verapamil, producing a 10-fold greater impairment of

243,244 Four

atrioventricular conduction than the d-isomer.
diltiazem stereoisomers exist including; d-cis, 1~cis,d-trans and 1-
trans. All four isomers were found to bind to the same
benzothiazepine receptor site but had-differences with respect to
their activity. All four isomers were able to inhibit binding of
radioactively labelled diltiazem but the potency of inhibition was
different (d-cis>1-cis>d~trans=l1-trans). All isomers were also
found to modulate [3H]PN200-110 (a dihydropyridine) binding with
the d-cis isomer stimulating binding and the others showing
inhibition.?246 Enantiomers of certain dihydropyridines have
differing potencies and also act at different binding sites, with
antagonistic or agonistic properties. The dihydropyridine PN 202-
791 exists in two enantiomeric formations [S(+) and R(=)]. The
S(+)-PN 202-791 isoform is an agonist but its optical isomer R(=)-
PN 202~791 is an antagonist.?4? 1t is generally believed that the
antagonistic and agonistic dihydropyridines mediate their action by
binding to the same receptor site24®, 7The dihydropyridine PN 202-
791 appears to bind to two separate sites as determined from
competitive binding studies, which assumes if the isomers bind to
the same site they should compete for binding to the site. It was
found that the concentration-response relationship between the
enantiomers showed no competition, suggesting that the action of

these two forms involve two separate binding sites.?247

The three major Ca?’ channel antagonist binding sites on the
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oy subunit are allosterically 1linked to one another.?29? These
allosteric linkages have been determined by the use of radioligand
binding studies carried out in membrane preparations from excitable

249 These allosteric 1linkages allow for positive and

tissues.
negative heterotropic interactions between the various Ca2' channel
antagonists binding sites. Binding of>any one of the Ca?* channel
antagonist groups to their respective binding site on the oy
subunit will result in a negative interaction with the ca®* pore,

209,242 Binding of one of the antagonist groups to

decreasing I,
their respective site will also have either a positive or negative
effect on the binding of the other antagonists to their sites. For
example, binding of verapamil (phenylalkylamine) to its receptor
site will have a negative allosteric affect on the binding of
dihydropyridines to its receptor site. Therefore,
phenylalkylamines bound to their receptor site will inhibit or
reduce the binding of dihydropyridines. Phenylalkylamines also
have a negative influence on the benzothiazepine receptor site.
Binding of a dihydropyridine antagonist to its receptor site
negatively influences the phenylalkylamine and benzothiazepine
sites. However, binding of a benzothiazepine antagonist to its
site will positively influence binding at the dihydropyridine
receptor site while negatively influencing binding at the
phenylalkylamine site.?242 The positive binding influence on
dihydropyridine binding showed by diltiazem (a benzothiazepine) is
specific to one stereoisomer of the diltiazem antagonist, the d-cis

isomer. The other three stereoisomers of the diltiazem molecule
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showed inhibition of binding to the dihydropyridine receptor

site. 246,253

The positive influence that diltiazem and other
positive regulators [(+)-tetrandine] have on dihydropyridine
binding 1is postulated by Staudinger, et al., to be an
interdependence of the dihydropyridine binding site and the ca?"
bindind site on the «; subunit.?5? -The positive heterotrophic
allosteric regulators affect ca?'t rate constants and optimize
coordination of Ca?* in the channel pore which in turn increases
the affinity of the channel for the dihydropyridines.252

The binding of the ca?* channel antagonists to their receptor
sites has been known for some time to be modulated by the presence
of divalent cations. Studies have shown that high affinity 1,4~
dihydropyridine interactions with the @, subunit critically depend
on the availability of divalent cations such as ca?* 250 1n the
presence of micromolar [Ca2+], the ca?’ channel blocking receptor
site was stabilized in a conformation that allowed high-affinity
binding of phenylalkylamines. At millimolar caZ?* concentrations,
a low-affinity state of binding on the stable Ca2*' channel blocking
receptor was observed.?25!

The binding of ca?* antagonists to their tissue receptor sites
is also modulated by temperature?®4, membrane lipid peroxidation?55,
and membrane cholesterol content.256 An increase in K, with
increasing temperature has been observed and this is thought to be
a result of an increase in the dissociation rate of the ligand-
receptor complex, with 1little change with respect to the

association rate.?58 The increase in the dissociation rate with
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increasing temperature is suggested to be mediated by a
configurational change in the dihydropyridine receptor induced by
the increased temperature.?®’ Lipid peroxidation (an important
mechanism in tissue ischemic damage)259:260 has also been shown to
induce a conformational change in the ca2?* channel?%?% such that
there is an altered Dbinding of radioactively labelled
dihydropyridines ([3H]PN—200—110) resulting in altered ca?' ion

fluxes.?255

Alterations in membrane cholesterol content (as seen
with age261, diabetes?%?, and atherosclerosiszs3) has been observed
to alter binding of ca?' channel antagonists.?%® An increase in
membrane cholesterol content resulted in a decrease in ca?* channel
antagonist binding, which is thought to be a consequence of the
increased free cholesterol altering drug partitioning
coefficients.?%® Alterations in cardiomyocyte membrane composition
by addition of low density lipoproteins?89 and oxidized low density
lipoproteins?®® has been shown to increase ca2* transients by
modifying ca?* transport through L-type channels. Cells treated
with oxidized low density lipoprotein were found to be more
sensitive to the blocking action of nicardipine (a dihydropyridine)
than control cardiomyocytes.?26°
Clinical Application

The capacity of ca2?* channel antagonist to block the slow
inward Ca?' current has made these compounds an important addition
to the group of drugs used in the treatment of conditions related

to the cardiovascular system. Much of the original clinical us of

ca?* channel antagonists were as antianginal and antihypertensive

64



agents, though their scope of use has now become much more
extensive,?219

The Ca?* channel antagonists tend be lumped together into one
large group of compounds because of their unifying blocking action
of the L-type ca?t channel. However, the ca®' channel antagonists
are commonly broken down into three subgroups which have different
physiological actions upon administration in an experimental or
clinical situation.?8? Verapamil (phenylalkylamine) shows the most
significant affect on cardiac (atrioventricular) conduction but has
minimal vasodilatory properties. Nifedipine (dihydropyridine) has
the most potent vasodilatory effects but has minimal affect on the
cardiac conduction system. Diltiazem (benzothiazepine) has
intermediate action on cardiac conduction and vasodilation.281

ca?* channel antagonists are currently used to treat a variety
of complications within the cardiovascular system. The ability of
compounds like verapamil and diltiazem to slow conduction velocity
through the atrioventricular node has made these drugs useful in
the treatment of cardiac arrhythmias?81:282 gych as supraventricular
tachycardia.283 The ca2?* channel antagonists' peripheral
vasodilatory and negative inotropic properties have made then
useful in the treatment of ischemic heart conditions such as angina
pectoris (Prinzmetal's or variant angina and chronic stable
angina) 281,284-289
ca?* channel antagonists ability to block the slow inward ca?*

current made them attractive prospects in protecting the heart from

damage during ischemic events. Post-ischemic infarcts are
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generally thought to be a direct result of ca?’ overload, possibly
occurring via the ca?' channels.?90 Therefore, the capacity of the
ca®?t channel antagonists to block the channel and prevent ca??
overload coupled with the favourable hemodynamic benefits of
vasodilation were believed to be beneficial in heart failure
conditions. This has not turned out tb be the case. In fact, ca?t
channel antagonist treatment in heart failure has an adverse effect
on patient recovery.?81:284,292-297 qpng negative inotropic properties
of ca?* channel antagonists293,296 (possibly increased effect in

failing heart?2°92)

and the activation of neurohormonal systems (e.g.
renin-angiotensin system)?°¢ have been proposed to underlie the
adverse effects in heart failure. Bersohn and Shine (1983) have
shown some protection by verapamil in ischemic rabbit heart.2°! The
protection was dependent upon pretreatment of hearts with verapamil
prior to the ischemic episode.?°! The second generation ca?*
channel antagonists (verapamil, diltiazem and nifedipine being
first generation) like isradipine, appear to have more specific
actions on vascular smooth muscle with negligible cardiopressive
effecté. Isradipine may provide favourable hemodynamic benefits
without the detrimental cardiodepression.2?5:298,299 The ca?*
channel antagonist verapamil has been shown to beneficial in
preventing cardiomyopathy in diabetically induced rats.300
Hypertension is a major risk factor for the development of
cardiovascular diseases, including coronary artery disease, stroke,

left ventricular hypertrophy, congestive heart failure, renal

failure and aortic aneurysnms.301.306 Therefore, the control of
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elevated blood pressure is an important consideration in order to
prevent the above conditions from developing. ca?* channel
antagonists have been used in the treatment of hypertension, almost
from their conception some 30 years ago. All three groups of
antagonists have some effect on the hypertensive condition, but it
is the dihydropyridine (e.q. nifedipihé and isradipine) group that
has been shown to have the most favourable results.302-305 gne of
the characteristics of hypertension is an elevated systemic
vascular resistance. ca’* antagonists reduce the ca?* influx-
dependent component of vascular contraction, therefore, inducing
vascular relaxation and a concurrent decrease in blood
pressure.30h3°8 The Ca?* channel antagonists have been shown to be
potent arterial vasodilators that result in reduced blood pressure
without activation of sympathetic reflexes that result in sodium

307,308 preatment with ca?* antagonists has

and volume retention.
been shown to prevent and reverse left ventricular hypertrophy
induced by the hypertensive condition.30%9/310 They have also been
shown to slow the progression of renal damage in chronic renal
disease and following chronic hypertension.311r316

ca?* has, for a long time, been recognized as an integral part
of an atherosclerotic plaque. The process of formation of
atherosclerotic plaques includes the accumulation of lipids in the
arteriql wall, myocyte migration to and proliferation within the
intimal layer, and the accumulation of ca2t,6312,313 The ca?t

antagonists have been observed to retard plaque formation and may

affect all 1levels of the plagque development pfocess.313 ca?*t
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channel antagonists have been shown to enhance cholesterol ester
hydrolysis and decrease total cholesterol accumulation in aortic
tissue, thereby retarding plaque development.314 In addition to
having anti-atherosclerotic action, ca®* antagconists are able to
provide beneficial hemodynamic effects in animals already having

315 Excess ca?" accumulation in plaque cells is

atheroéclerosis.
inhibited by ca?* antagonist blockade of the Ca?' channels.312

ca?* channel antagonists are now being observed to have
beneficial actions in cerebrovascular disease.3177322 Because of
their potent dilatory ability, ca?‘ antagonists are able to provide
systemic arterial dilation that may ameliorate cerebral ischemia by
providing increased cerebral ©blood flow.317 Isradipine
(dihydropyridine) appears to bind preferentially to cerebral ca2*
channels. Application of isradipine to rats experimentally induced
to undergo a stroke, showed a 50% reduction in infarct size as
compared to 'control' stroke induced animals.3!® This reduction in
infarct size may be a result of increased cerebral blood flow
(vasodilation) and prevention of neuronal death by reducing the
ca?* influx into the neurons.39:322 phig may reduce the amount of
brain damage incurred by stroke victims.319 a2+ antagonists also
appear to have beneficial results 1in treating subarachnoid
haemorrhages318

As research into ca?* antagonists continues, new clinical uses
are being discovered for these compounds. Ca?* channel antagonists

have now been linked to inhibition of cancer cell growth323 and

treatment of conditions including migraine324, vertigo324 and mood
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disorders325, As research continues and new derivatives are

discovered, additional applications of this diverse group of

compounds will become realized.
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Methods

Drug treatment protocol. Female Sprague-Dawley rats (Central
Animal Care, University of Manitoba) weighing 150-200 grams were
given ﬁwice daily subcutaneous (s.c.) injections of verapamil in
100 ¢l of water at varying concentrations: 2.5, 10, 20, 25, 30, 50,
60, and 75 ng/kg/day. The treatment ﬁas carried out once in the
morning and once in the late afternocon for varying periods of time.
Control animals received the vehicle injection. Animal weight was
monitored over time in order to ensure that the drug concentration
administered was constant.

Verapamil concentrations of 2.5, 10, 20 and 30 mg/kg/day were
injected for a period of 8 weeks in order to determine if the
channel was sensitive to increasing verapamil concentrations. A
standard 10 mg/kg/day verapamil injection was carried out over a
span of 2, 4, 8, and 16 weeks in order to assess whether any
changes occurred as a function of time with a fixed concentration.
In order to ascertain whether changes occurred over a shorter time
interval with much higher (near toxic) drug concentrations, doses
of 25, 50, 60 and 75 mg/kg/day were injected over a span of 24
hours.

A novel means of drug application, the implantable slow-
release pellet was tested. The pellets were designed to release a
constant dosage of drug over a 3-week time span. An initial study
was undertaken in which a 50 mg verapamil pellet (Innovative
Research of America, Toledo, OH) was carefully implanted s.c. in

the nape of the neck of separate rats. Care was taken to ensure
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that the pellet was not damaged at all and the small incision
carefully sutured. The 50 mg pellet size was designed to release
a verapamil dose of 11.9 mg/kg/day over a three-week period.
Control animals were implanted with a placebo pellet.

Additional verapamil implantable pellet concentrations were
tested with varying times of study durétion. Verapamil pellets of
0.25 mg (0.06 mg/kg/day), 1.5 mg (0.36 mg/kg/day), 5 mg (1.19
mng/kg/day), 10 mg (2.38 mg/kg/day) and 25 mg (5.95 mg/kg/day) were
implanted for a period of 24 hours and 7 days. Twenty-four hour
studies were also carried out with 35 mg (8.33 mg/kg/day) and 50 ng
(11.9 mg/kg/day} verapamil pellets. Control animals were implanted
with placebos of the same size as the corresponding experimental
animal pellets.

In order to compare the various means of drug application, a
short term (24 hour) study was carried out using 50 mg (11.9
mg/kg/day) implantable verapamil pellets, 11.9 mg/kg/day s.c.
injection and 11.9 mg/kg/day oral dosage. The s.c. injections and
oral dosages were given twice daily. The oral dosages were
administered with a p.o. intubator.

Radioligand binding. Rats were sacrificed after a predetermined
time of treatment. In the initial studies which assessed changes
occurring after long-term exposure with a constant drug dose and
varying the drug concentrations after a fixed time, three different
tissue types were examined. These included ventricular tissue,
brain (cebrum) and a segment of skeletal muscle (quadriceps).

Later studies assessing short term changes were carried out using
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ventricular tissue only.

Membranes were prepared from each tissue fraction by the
method of Wagner and colleagues.33? Tissue was scissor minced and
then homogenized for 2 X 20 seconds with a Polytron PT-20 on a
setting of 5 in a solution containing 50 mM Tris-HCl1 (pH 7.4) at 4
degrees C. This homogenate was cenﬁrifuged at 1000 X g for 10
minutes and then the supernatant was recentrifuged at 48,000 X g
for 25 minutes at 4 degrees C. The resultant pellet was washed
twice at this speed in the 50 mM tris-HC1 (pH 7.4) and was finally
resuspended in the 50 mM Tris-HCl (pH 7.4) medium for protein

analysig340

and radioligand binding.

Calcium channel density was assessed via specific binding at
the dihydropyridine receptor with the radioligand [3H]PN 200-110.338
Approximately 50 ug of skeletal muscle membrane protein, 150-300 ug
cardiac membrane protein and 250 pg of brain membrane protein were
incubated for 1 hour at 25 degrees C in 0.5 ml of a medium
containing 0.025 to 4.0 nM [3H]PN 200-110 and 50 mM Tris-HCl {pH
7.4) . Nonspecific binding was assessed in the presence of 2.5 uM
nifedipine. The reaction was terminated by filtration through
Gelman Type A/E glass fiber filters (which had been presoaked in
0.3% polyethylenimine to reduce background activity). The filters
were washed twice with 2 ml of ice-cold 50 mM Tris-HCl (ph 7.4)
buffer, dried and then the radioactivity measured by standard
liguid scintillation spectrophotometric techniques. In some cases,

the reaction medium contained 0.1 to 100 uM verapamil + 1.0 mM ca2*

or 10pM verapamil to determine the allosteric interactions between
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the verapamil binding site and the [3H]PN 200-110 binding. Al1l
reactions were carried out under dimly lit conditions. Saturation
binding data were analyzed using the nonlinear least-squares curve-—
fitting program LIGAND329,

Verapamil quantitation. Plasma was prepared from blood samples
collected from the tail several times during the treatment regimes.
The plasma was stored at -85 degrees C until the time of
extraction. Verapamil was extracted into a heptane organic phase
as described by Kapur et al.333, with back extraction into 0.1 M
H,50,. A 10pl extraction sample was run on a Waters High
Performance Liquid Chromatography (HPLC)system with a Waters Cig
pBondapak (10-um particle size) reversed-phase column (30 cm X 3.9
mm) and eluted with acetonitrile-KH,PO, (0.1 M; pH 3.0) (34:66) at
a flow rate of 1 ml/min. Detection was carried out on a Waters 470
Fluorescence detector with 203 and 320 nm wavelengths for the
excitation and emission bands, respectively. Standards were
prepared by spiking control plasma samples with known quantities of
verapamil and its metabolites ( D-617, D-620 and norverapamil).

Statistical analysis. Statistical significance was determined by
one-way analysis of variance test and Duncan's multiple range
test.34! gignificance was arbitrarily set at a 0.05 level.

Materials. All chemicals were of standard reagent quality except
for the chromatographic solutions which were HPLC grade. Verapamil
was obtained from Sigma Chemical Co. (St. Loius, MO). Nor-methyl
verapamil hydrochloride (norverapamil) was purchased from Research

Biochemicals Inc. (Natick, MA). The verapamil metabolites 5-
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methylamino-2~(3,4—dimethyloxyphenyl)m2—isopropylvaleronitrile(D-
617) and S5-amino-2-(3,4-dimethyophenyl)-2—-isopropylvaleronitrile
(D-620) were kindly donated to us by Knoll Pharmaceuticals Canada

(Markham, Ontario, Canada).
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Results

The first series of experiments in this investigation
addressed the issue of optimizing the mode of verapamil delivery to
the rats. In our initial trials utilizing the 50 mg (calculated
daily release of 11.9 mg/kg/day) implantable slow-release verapamil
pellets, a 63% mortality rate was obéérved in the first 18 hours
post-implantation. There were no deaths in animals implanted with
the placebo pellet or those given injections of an identical dosage
(11.9 mg/kg/day) of verapamil. Later studies utilizing different
sizes of implantable pellets demonstrated a dose dependent
mortality rate (Figure 1). A very different dose dependent
rmortality rate was observed at increasing doses of verapamil
injected subcutaneously (Figure 1). The dose at which mortality
first occurred with the slow-release implantable pellet was
considerably lower than for the injected group. The verapamil
pellets were designed to release the drug continuously over a 3-
week period. This was obviously not the case and the striking
differences in mortality between the initial two modes of drug
delivery (s.c. implant and s.c. injection) suggested that the
circulating verapamil concentration may not be similar in the two
models.

Another set of animals was implanted with the verapamil
pellets (50 mg) and blood samples were collected regularly in order
to carefully monitor the release of the drug from the pellet into
the bloodstream. The concentration of verapamil metabolites was

also monitored to determine if the mode of administration may have
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Figure 1. Percent mortality as a function of verapamil concentration administered (mg/kg/day) via
slow-release implant pellets or subcutaneous injection. The theoretical values for daily release
of verapamil presented above were calculated for the 5, 10, 25, 50 and 75 mg pellets.



altered the metabolism of the drug.

A representative tracing of a typical chromatogram produced by
the HPLC after injection of a plasma sample spiked with a 100 ng
standard of verapamil and its metabolites is seen in Figure 2A.
The primary verapamil metabolites D-620 and D-617 are the first to
appear. These two metabolites appear around the 5-7 minute mark
after injection of the sample into the HPLC column. D-620 appears
first followed very closely by D-617. At the 17 to 21 minute
intervél, the metabolite norverapamil and the parent drug verapamil
peaks appear. The norverapamil peak immediately precedes the
appearance of the verapamil peak. Using the absorbance peaks
produced by this spiked plasma sample, a standard curve was
produced. Comparing our unknown plasma samples absorbance to the
standard curve, the concentrations of verapamil and its metabolites
was able to be determined. A representative tracing of an unknown
plasma sample obtained from a verapamil implanted rat is presented
in Figure 2B. The metabolites D-617 and D-620 were usually not
detectable or detected in very small quantities.

For comparative purposes, verapamil was administered to
separafe rats via s.c. injection or p.o. intubator and blood was
collected in an identical fashion. As shown in Figure 3, plasma
verapamil concentration was significantly higher in the pellet
implanted rats than in the two other groups. The verapamil
concentration rose over time and reached its peak within 8 hours
after implantation. Thereafter, it remained at a level -~ 10-fold

higher than the other treatment regimes. Verapamil was not
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Figure 2A. Representative tracing of a High Performance Liquid Chromatography (HPLC)
chromatogram showing verapamil and its metabolites (norverapamil, D-617 and D-620)

as a function of time. The tracing is from a control plasma sample spiked with 100 ng each of
verapamil, norverapamil, D-617 and D-620 standards.
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Figure 2A. Representative tracing of a High Performance Liquid Chromatography (HPLC)
chromatogram showing verapamil and its metabolites (norverapamil, D-617 and D-620)

as a function of time. The tracing is from a blood sample obtained from a verapamil
implanted rat (50 mg) & hours post-implantation.
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detectable in plasma from control animals.

The concentration of the primary verapamil metabolites
norverapamil (Figure 4), D-617 (Figure 5), and D-620 (Figure 6)
were all increased in the plasma from verapamil pellet-implanted
rats. 1In general, the metabolites appeared later in the treatment
regime than when verapamil was detected. The quantity of each of
the metabolites was an order of magnitude higher 1 day after
implantation in plasma samples from the pellet-implanted rats as
compared to the other modes of treatment. The metabolites D-617
and D-620 were either not detectable or measured in extremely low
quantities in the rats given verapamil orally or by injection.

The drug was not released in a continuous, even fashion over
the two-week period that it was monitored. At both 1 and 2 weeks
after implantation, the drug levels were lower or similar to the
concentrations observed with the injection protocol (Figure 7,
upper graph). The norverapamil concentration also dreopped
precipitously from 1 to 7 days after implantation (Figure 7, lower
graph) . The other metabolites, D-617 and D-620, were not
detectable at 1 to 2 weeks (data not shown).

The analysis of the binding characteristics of [3H]PN 200~
110 in these experiments was carried out using the LIGAND program.
This program analyzes the specific and non-specific binding
characteristics of the radioactive ligand (PN 200-110) and allows
for é Scatchard plot analysis of the data. A representative
tracing of a typical Scatchard plot of binding data from a control

heart is presented in Figure 8. Scatchard plot analysis allows for
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Figure 4. Plasma norverapamil concentrations during the first 24 hr
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the determination of Bpax @nd Kp.  In order to ensure that there was

X
saturation of binding of the radiocactively labelled ligand (PN 200-
110) to the membrane bound cCa2*t channels, a saturation curve was
produced (Figure 9). The saturation curve demonstrates that
saturation of [3H]PN 200-110 binding occurred at the higher PN 200-
110 concentrations (2-4 nM) which is in agreement with others338,

The rats that survived the initial verapamil implant (50 mg)
drug treatment were examined for specific binding of [3H]PN 200-110
binding to «cardiac and brain membranes, two weeks post-
implantation. The results are presented in Table 1. Both the Bhax
and K, for PN 200-110 binding to cardiac membranes were
significantly depressed in rats administered the verapamil via the
pellets. Rats injected with an equivalent dose of verapamil (11.9
mg/kg/day) did not demonstrate any significant alterations in these
parameters. Binding to the brain membranes was unaffected by
either of the drug treatment protocols.

The unreliability of the implantable slow-release verapamil
pellets to release a constant non-toxic dose of the drug persuaded
us to discontinue their use at this stage of the study. Instead,
we decided to continue our initial experiments on the effects of
dose and time on the ca?* channel biochemistry via s.c. injection
as a mode of drug administration. Implantable slow-release
verapamil pellets were used in later experiments to examine the
effects of short-term eéxposure. Results from Table 1 demonstrated
that there were no significant effects on ca2* characteristics

after 2 weeks of s.c. injection at 11.9 mg/kg/day. It is possible
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Table 1. Specific binding characteristics of [3H] PN 200-110 to crude membrane
fractions of heart and brain tissue in control, verapamil injected and

verapamil implanted (2 weeks) rats.

Kg (nM) Bnax (fmol/mg)

Tissue Control Injection Implant Control Injection Implant

Ventricle 0.25 % 0.05 0.15 £ 0.02 0.10 = 0.01% 263 + 55 191 = 16 120 = 9%
Brain 0.14 + 0.02 0.12 £ 0.01 0.12 = 0.02 192 £ 25 211 = 18 173 £ 16

Data are expressed as mean + S.E.M. of 5 - 8. Kq: dissociation constant;

Bmax: maximal density. * P < 0.,05.
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that longer treatment periods are necessary to induce changes in
receptor characteristics. Therefore, rats were injected with 10 my
verapamil/kg/day for 2 to 16 weeks and PN 200-110 binding was
assessed in membrane fractions from three tissues: ventricular,
brain and skeletal muscle. The results from these experiments are
shown in Table 2. There were no significant differences in Bhax OF
K, values for ([3H]PN 200-110 binding in any of the tissues
examined.

The concentration of verapamil injected may be an important
factor' in inducing changes in ca?t channel receptor
characteristics. Therefore, the verapamil concentration injected
daily over an 8-week period was varied from 2.5 to 30 mg/kg.
Plasma samples were taken at the end of the 8 week administration
period and measured for verapamil and norverapamil content. These
results are shown in Table 3. There was a concentration dependent
rise in the circulating levels of both the parent drug (verapamil)
and its primary metabolite, norverapamil. Consistent with previous
results, the other verapamil metabolites, D~617 and D-620, were not
detectable.

Specific binding of PN 200-110 was measured in cardiac, brain
and skeletal muscle membranes isolated from control animals and
those treated with varying verapamil concentrations. There were no
changes detected in cardiac or brain fractions (Table 4), but there
was a trend for increasing Bhax @and K, in skeletal muscle membranes
with increasing verapamil concentrations. This attained

statistical significance at the highest dose (30 ng/kg/day) used
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Table 2. Specific binding characteristics of [3H]-PN200-110 to cardiac, brain and skeletal muscle membranes of rats

treated for varying times with verapamil injections.

2 weeks 4 weeks 8 weeks 16 weeks
C VI C VI C VI C VI
1. Cardiac
Kq (nM) 0.25 £ 0.05 0.15 £ 0.02 0.11 £ 0.01 0.11 + 0.01 0.17 £ 0.04 0.20 = 0.03 0.22 + 0.04 0.22 = 0.04
Bmax
(fmo1/mg) 263 + 55 191 = 16 222 = 20 260 = 26 315 = 53 296 = 48 341 + 50 480 = 90
2. Brain

H

Kd (nM) .14 = 0.02 0.12 = 0.01 0.10 = 0.01 0.11 £ 0.01 0.12 £ 0.02 0.13 £ 0.02 0.13 £0.04 0.21 £ 0.06
Bmax '
(fmoT1/mg) 192 = 25 211 = 18 281 = 25 288 + 26 337 = 48 317 = 38 520 + 120 500 = 110

3. Skeletal Muscle

Kd (nM) ND ND 0.35 £ 0.02 0.40 £ 0.05 0.35 = 0.07 0.44 = 0.05 0.73 +£0.12 0.40 = 0.03
Bmax
(pmo]/mg) ND - ND 4.02 + 0.28 4.20 = 0.52 4.19 = 0.53 4.80 + (.48 4.00 £ 1.10 2.80 * 0.40

Values represent the mean = S.E. (n=8-10).

ND: not determined; C: control group; VI: verapamil injected (10 mg verapamil/kg/day).



Table 3. Plasma verapamil and norverapamil concentrations in rats injected

for 8 weeks with varying concentrations of verapamil.

Experimental Group Verapamil (ng/ml) | Norverapamil (ng/ml)
Control ND ND
2.5 mg verapamil/kg 23.8 = 15.8 6.9 £ 6.4
10 mg verapamil/kg 51.5 £ 16.5 17.3 £ 7.7
20 mg verapamil/kg 95.4 x 34.1 25.2 = 8.5
30 mg verapamil/kg 111.1 % 24.6 ' 57.4 + 13.2

Values represent mean = S.E. of 5 - 9 separate determinations. ND: not

detectable,
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Table 4. Specific binding characteristics of [3H]—PN200-110 to cardiac, brain and skeletal muscle membranes of rats

treated for 8 weeks with varying concentrations of verapamil.

0 mg verapamil/kg 2.5 mg verapamil/kg 10 mg verapamil/kg

20 mg verapamil/kg

30 mg verapamil/kg

1. Cardiac

Kg (nM) 0.17 £ 0.04 0.15 £ 0.03 0.20 £ 0.03
Bmax

(fmo1/mg) 315 + 53 249 = 39 296 + 48
2. Brain

Kg (nM) 0.12 £ 0.02 0.16 + 0.02 0.13 = 0.02
Bmax

(fmo1/mg) 337 = 48 302 £ 40 317 £ 38
3. Skeletal Muscle

Kq (nM) 0.35 £ 0.07 0.41 = 0.06 0.44 = 0.05
Bmax

(pmo1/mg) 4.19 + 0.53 4.39 + 0.39 4.80 + 0.48

0.24
324

0.11
264

0.48
4.82

+ 0.03

+ 0.02

+ 38

+ 0.06
+ 0.45

0.18
357

0.14
305

0.54
5.94

H-

0.03
38

0.02
38

0.05*
0.37*

Values represent the mean + S.E. of 8-10 independent observations. -

* P < 0.05 vs. control values (0 mg verapamil/kg).



(Table 4).

The above studies demonstrated that there were no significant
alterations in the cardiac ca?* channel receptor characteristics
with either long-term drug dosage or varying drug dosage via s.c.
injection, though a change was noticed in skeletal muscle (Table
4). The serum plasma verapamil concentrations (T 2.5 to 250 ng/ml)
for our injected doses (2.5 to 30 mg/kg/day respectively) were in
the range of the reported therapeutic concentrations of verapamil
in the serum (80 to 400 ng/ml)zlg. It is apparent, therefore, that
in the therapeutic drug dosage range of verapamil, there was no
significant alteration in the receptor characteristics of the
cardiac Cca?' channels. A depression in cardiac binding sites was
noted, however, in the 50 mg verapamil implanted animals (Table 1).
The pldsma verapamil levels attained in these animals reached a
level of "2.2 ng/ml by the 8P hour post-implantation (Figure 3).
This plasma verapamil concentration is higher than the therapeutic
level by "10-fold. It is possible tha£ there may be an alteration
in the ca?* channel binding characteristics at near toxic doses of
verapamil. In order to test this hypothesis, a group of rats were
implanted with a range of concentrations of slow-release verapamil
pellets. The decision to use the implantable pellets again was
taken because they had shown an alteration in the cardiac ca®*
channel binding characteristics previously, and they released
massive, potentially toxic concentrations of verapamil. Contrary
to their design, the slow-release pellets released these toxic (or

near toxic) doses of verapamil in a short time period post-
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implantation, and were able to maintain that level for at least 24
hours (Figure 3). A range of pellet sizes were tested (0.25, 1.5,
5, 10, 25, 35, 50, and 75 mg) for varying periods of time (24 hours
and 7 days). The 75 mg pellet implant group had a 100% mortality
rate, and the 50 mg implant group had only 2 out of 5 animals
survive, too small a number in order to get an accurate result.
The B,., results for the remaining groups are presented in Figure
10 (24 hours) and Figure 11 (7 days). No significant differences
were noticed between the various implant groups with respect to
[3H]PN 200-110 binding to cardiac membranes. The Ky values for the
24 hour study ranged from 0.9 # 0.1 x 1071% nM (control) to 1.1 +
0.2 x 10710 pM (25 mg). The 7 day treatment group had a K, range
from 0.9 £ 0.1 x 1071% nM (control) to 1.1 + 0.2 % 1010 nu (25 mg) .
No significant differences were noted in Kp amongst any of the
groups.

Blood samples taken from the above verapamil pellet implanted
groups demonstrated a similar variability in the release of
verapamil that the original 50 mg verapamil pellet implant study
demonstrated (Figure 12). There was a dramatic rise in plasma
verapamil concentration in the first 24 hours post-implantation
which dropped significantly by 3 days and remained at a relatively
constant and low level for the remainder of sampling. The
concentration of verapamil present in the plasma was increased with
increasing pellet size. Tt is evident that the unreliability of
these slow~release verapamil pellets is not restricted to only the

50 mg pellet size.
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Figure 10. Specific binding characteristics of [PH]PN 200-110 to crude membrane
fractions of heart tissue from control and verapamil implanted (24 hours) rats.
Verapamil pellet size is in mg and implanted into 200 gram female Sprague-Dawley
rats. Data are expressed as mean + S.E.M of five to nine animals
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A final [°H]PN 200-110 binding study was carried out on
cardiac tissue isolated from rats that had received near toxic
doses of verapamil via s.c. injection over a 48 hour time span.
The injection groups consisted of 25, 50, 60, and 75 mg/kg/day.
The results for the B,,, data obtained from these experiments are
presented in Figure 13. Due to the high mortality rate in the 75
mg/kg/day group (82%), no reliable binding data were obtained. No
significant difference was noted between the other groups of
injected animals with respect to controls. The Kp values ranged
from 1.7 * 0.3 x 107'° nM (60 mg/kg/day) to 1.9 # 0.3 x 10-10 nM
(control). No significant differences were detected in these Kp
values amongst the groups.

Blood samples were obtained during the drug treatment regimen
at 4 hours and 48 hours post first injection. The analysis of the
verapamil concentrations obtained from these samples are presented
in Figure 14. The plasma verapamil concentration increases with
the increased drug treatment group and is higher at 4 hours than at
48 hours in all respective groups. It is significant to note that
the plasma verapamil concentrations observed in the 48 hours group
were obtained approximately twelve hours after the last injection.

The potential for allosteric interactions between the
dihydropyridine (PN 200~110) binding site and the phenylalkylamine
(verapémil) binding site were monitored throughout all the [3H)PN
200-110 binding experiments. It is known that allosteric
interactions exist between the various binding sites located on the

ca?* channel and these interactions are modified by the presence of
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Figure 13. Specific binding characteristics of ["HJPN 200-110 to crude membrane
fractions of heart tissue from control and verapamil injected (48 hours) rats.
Verapamil injections were in mg/kg/day and injected into 200 gram female Sprague-
Dawley rats. Data are expressed as mean + S.E.M. of six to twelve animals.
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cations such as ca?t.332 In order to ensure that there was no
alteration in the normal interaction between the dihydropyridine
and the phenylalkylamine binding sites due to the verapamil
treatment regime, allosteric studies were performed. To test if
verapaﬁil had altered this allosteric interaction, cardiac
membranes were isolated from control and verapamil-treated rats and
PN 200-110 binding was determined in the presence or absence of
verapamil and also in the presence or absence of Ca?t. Verapamil
inhibited {3H]PN 200-110 binding and this effect was enhanced if
calcium was omitted from the reaction medium (Figures 15 and 16).
However, there was no change in the percentage of inhibition by
verapamil in vitro as a function of verapamil treatment of the rats

(see Figures 15 and 16 and Table 5).
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Figure 15. Inhibition of [SH]PN 200—110 binding to crude
membrane preparations of ventricular tissue by verapamil.
Ventricular membranes were incubated with 0.25 nM

[ H]PN 200—-110 with various concentrgiions of unlabeled
verapamil in the presence of 1 mM Ca . Values represent
mean * S.E.M. of eight experiments.
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Figure 18. Inhibition of [BH]PN 200—110 binding to crude
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Table 5. Inhibition of 0.25 nM [3H] PN 200-110 binding by 10 pM verapamil.
Inhibition is a percent of control, where 100% is binding of [3H]PN 200-110 in the
absence of verapamil.

Verapamil Implants

Control 0.25 mg 1.5 mg Smg 10 mg 25 mg 35mg
24 Hours 68.9+33 687+£29 719+17 699%+39 651+21 705+£29 678+23
7 Days 674+1.1 693+28 722439 753+54 713+47 7491441
Verapamil Injections
Control 25 mg/kg/day 50 mg/kg/day 60 mg/kg/day
48 Hours 710 +27 658 + 24 66.8+2.7 6721443

Values represent mean + S.E.M. of 5 to 10 separate experiments.
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Discussion

In order to determine the biochemical status of the ca®’
channel in the present study, a radiocactive ligand binding assay
was employed. {3H]PN 200~-110, a dihydropyridine, was used as the
radioactively 1labelled ligand because of its high binding
specificity for the L-type ca?* channel. A possible functional
problem arises in using a dihydropyridine ligand when the drug we
are testing is from another group, a phenylalkylamine. However,
the choice to use a highly specific dihydropyridine in assessing
changes in the ca?' channel after phenylalkylamine treatment is
justified in two ways. First, although radiocactively labelled
verapamil compounds are available (e.g. [®Hjverapamil), their
specificity for the ca?* channel is low and, therefore, it would
have been impossible to accurately determine any subtle changes
occurring in the channels. Second, it is highly improbable that
there would be an alteration in the binding site of one of the
compounds without the concurrent alteration in the other. The
binding sites for the Ca?* channel antagonists are all located on

1164,234 Molecular

the Q4 subunit of the ca?t channe
characterization studies have isolated the proposed binding sites
for the dihydropyridines and the phenylalkylamines to helix 6 of
the IVEP repeating subunit of the o, subunit, 224,227 It is,
therefore, likely that if any change were to occur at the verapamil
binding site, a concurrent change would also occur at the PN 200-

110 binding site.

Currently, it 1is not completely understood what effects
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chronic ca?* channel antagonist treatment has on the biochemical

1.275, showed a

characteristics of the ca?' channel. Panza, et a
down regulation in the number of [3H]nitrendipine binding sites in
membranes prepared from mouse brain tissue after long-term
treatment (28 days) with nifedipine (280 mg/kg/day) and verapamil
(270 mg/kg/day) but not with diltiazem (380 mg/kg/day).2?5 The
drugs were administered to the experimental mice by feeding them
powdered food containing the drugs. A down-regulation in the
number of neuronal (brain) and cardiac Ca?' channels was shown by
Gengo, et al.?’%, in vrats receiving chronic intravenous
administration of nifedipine (0.864 and 8.640 mg/kg/day) for 20

276 A concurrent down-regulation in the number of B-

days.
adrenoreceptors was also noted. Le Grand, et al., observed that
there was a depression in ca?' current in human atrial myocytes
after chronic oral treatment with Ca?' antagonists nifedipine (80-
120 mg/day), nicardipine (60-80 mg/day) and diltiazem (120-180
mg/day) .3?® They attributed this ca?* current depression to a down-
regulation in the ca?* channels. 1In opposition to these studies,
Nishiyama, et al.?’?, showed that there was no change in the caZ?*
channel density (or B-adrenergic receptor density) after chronic
treatment with oral nifedipine in rats. They administered 100
ng/kg/day of nifedipine via oral stomach tube for a period of two
weeks.

Much of the controversy, with respect to these drugs' actions

on Ca?* channel biochemistry following chronic administration comes

from a variety of factors: animals, duration, type of drug and
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concentration, tissues and modes of drug administration. For
example, in order for the cCa?' antagonist to mediate its blocking
effects, it has to reach the specific tissue via the circulation.
Differential plasma antagonist concentrations might be attained
using the various modes of drug administration available and,
therefqre, could account for the variability in results noted
above. In order to correlate any differences we may have observed
in ca®" channel biochemistry in our experiments, we felt it
important to monitor the circulating plasnma verapamil
concentrations at various points in the treatment regimens. Three
modes of drug administration were tested with respect to their
ability to raise the circulating verapamil concentrations. These
included an implantable slow-release verapamil pellet, subcutaneous
(s.c.) injection and oral administration (via p.o. intubator).
Slow-release pellets used to administer drugs have become more
prevalent in both experimental and clinical situations. The use of
an implantable slow-release pellet is a very convenient means of
adminiétering a constant drug dosage over a period of time, thus
eliminating twice or thrice daily injections or oral dosages. In
certain situations these slow-release pellets have proven to be an
effective means of administration.3?’” For example, a slow-release
calcitriol pellet has been used in avian embryos and showed no
difference in mortality (with respect to controls) at lower
concentrations, while there was an elevation above control
mortalities with higher dosages.3?7 Therefore, the availability of

an implantable slow-release verapamil pellet presented a very
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attractive means of administering the drug as it eliminated the
need for a twice daily injection, 7 days a week. In our initial
studies utilizing a 50 mg implantable pellet, the pellet was to
deliver a constant verapamil dose of 11.9 mg/kg/day for a period of
three weeks. 1In the first 18 hours post-implantation, we observed
a high mortality rate (63%) in the animals. As there were no
deaths in our placebo implanted group, and care was taken not to
damage the pellet during implantation, we hypothesized that the
pellets were not releasing even doses of the drug, but instead were
releasing toxic dosages of verapamil. In order to test our
hypothésis, we directly examined the plasma concentrations of
verapamil and its primary metabolites (norverapamil, D-617 and D-
620) from implanted animals, and animals that had received a
similar dose of verapamil (11.9 mg/kg/day) via s.c. injection and
orally (via p.o. intubator). The plasma verapamil concentration
was significantly higher in the pellet implanted rats than in the
other two treatment groups (Figure 3). Verapamil concentration
rose over time and peaked at approximately 8 hours, where it stayved
at a level 7 10~-fold higher than the other treatment modes. There
was then a dramatic drop in the plasma verapamil concentration
between 1 to 7 days (Figure 7, upper graph), where it remained at
this lower level for the remainder of the monitoring period. The
primary verapamil metabolites norverapamil (Figure 4, Figure 7
[lower graph]), D-617 (Figqure 5), and D-620 (Figure 6) all showed
elevated levels in the plasma from verapamil-implanted animals

compared to the other two treatment modes. D-617 and D-=-620 were,
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in fact, very difficult to measure (not detectable) 1in rats
administered verapamil by injection or oral means.

Additional verapamil pellet implant experiments using a
Variety of pellet sizes (0.25 mg to 75 mg) confirmed our
observations that drug release was indeed unpredictable and uneven.
Furthermore, there was a dramatic increase in the number of deaths
in the implanted groups with increasing pellet size (> 10 ng).
Standardization of the theoretical daily drug dose between the
verapamil implanted and s.c. injected animals, indicated that the
dose at which death was occurring was much lower for the implanted
group than for the injected group. Therefore, the verapamil
implanted rats must have been receiving a toxic dose of the drug
within a short time after implantation. Death always occurred
within 18 hours post-implantation (data not shown). It is evident
from these data that the implantable slow-release verapamil pellets
were not delivering a 1low, even dose of verapamil over the
prescribed 3-week period. They were, in fact, releasing large
guantities (often toxic dosages) of the drug within a short time
after implantation, peaking within 24 hours then falling to lower
levels for the remainder of time. Therefore, although the use of
implantable slow-release pellets could have important advantages as
a means of drug administration, these experiments do not support
its use as a reliable method of verapamil administration.

In those animals that did survive the verapamil implantation,
[3H]PN 200~-110 binding was carried out in membranes isolated from

a variety of tissues. BAnalysis of PN 200-110 binding data was
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carried out using a Scatchard plot from which receptor

characteristics such as Bhax @and K, can be determined. B refers

max
to the maximum binding capacity of the ligand to the membrane
fraction. K, is referred to as the dissociation constant and is a
measure of the affinity of the particular receptor for the ligand.
PN 200-110 binding demonstrated saturation at the higher PN 200-110
concentrations (2-4 nM). This value is in agreement with other
reported studies of PN 200-110 binding338. A decrease in the Bhax
and K, values for PN 200-110 binding to membranes obtained from
animals which survived the 50 mg verapamil pellet implant was noted
after two weeks duration with respect to controls. No significant
alterations in ca?* channel characteristics were observed in the
s.¢. injected or orally administered groups (equivalent 11.9
mg/kg/day for 2 weeks). The unreliability of the implantable slow-
release pellet forced us to continue our experiments utilizing s.c.
injection as the means for drug administration instead of the
pellet implants. Since there were no changes noticed after 2 weeks
at 11.9 mg/kg/day, it was hypothesized that a higher drug dosage or
possibly longer duration of treatment was required in order to
observe a significant change in channel characteristics. There is
a precedent that increased levels of the a2t channel antagonist
may alter channel characteristics. Gengo and his colleagues
demonstrated a reduction in the number of [3H]nitrendipine binding
sites after 20 days of intravenous treatment with 0.864 mg/kg/day
nifedipine. There was a further reduction in binding sites in

animals treated with a higher dose of nifedipine (8.640 ng/kg/day
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:'L.v.).2=76 Therefore, a verapamil concentration range of 2.5 to 30
mg/kg/day was chosen to be administered by s.c. injection into rats
over an 8-week period. This particular range was also chosen
because of other studies demonstrating this drug concentration to
be effective in the treatment of conditions such as diabetic

300,330
I

cardiomyopathy in rats genetic cardiomyopathy in hamsters33?!

332 cardiac, brain and

and hypertrophic cardiomyopathy in humans
skeletal muscle tissue were examined and no significant changes in
receptor characteristics were noted at any of the concentrations
for either brain or cardiac tissue (Table 4). However, a trend was
observed for increasing B,,, and K, with increasing verapamil
concentration for skeletal muscle which reached significance at the
highest concentration (30 mg/kg/day) (see Table 4). The increase
in By, and K, observed in skeletal muscle may have been a
consequence of the high local verapamil concentrations resulting
from the s.c. injections. The s.c. injections were administered in
the hind region which might have resulted in a high local verapamil
concentration in the area from which we obtained our muscle samples
(gquadriceps).

In order to determine whether the duration of the drug
treatment had any effect on channel characteristics, a constant
dose of 10 mg/kg/day was administered via s.c. injection for up to
16 weeks. Cardiac, brain and skeletal muscle were again excised
and PN 200-110 binding was carried out on the crude membrane
fractions. No significant changes were noted in the ca2?* channel

characteristics (Table 2).
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The circulating verapamil concentrations observed in the
present study have clinical relevance. Therapeutic concentrations
of verapamil in the serum range from 80 to 400 ng/ml.21° The
verapamil injections in this study resulted in plasma verapamil
concentrations of 7 25 to 250 ng/ml. Verapamil is approximately
90% bound to serum protein %19, therefore, the effective circulating
verapamil concentration range was 2.5 to 25 ng/ml. This range of
circulating verapamil concentrations may display sone
pharmacological action on contractile function of the heart.
Verapamil at 2.5, 25 and 250 ng/ml can depress developed tension by

16

16 2, 49 * 6 and 76 + 4 3%, respectively, in cardiac muscle.?

I+

Therefore, the circulating verapamil concentrations determined in
the present study would be expected to have had some
pharmacological effects on cardiac performance. However, no change
was noticed in cardiac ca?' channel characteristics in the
therapeutically relevant verapamil range. A change was noticed in
the toxic dosage range after 50 mg verapamil pellets implantation.
At this point in our work, therefore, we considered it possible
that in order to see alterations in channel characteristics, a
higher (near toxic) dosage of verapamil was required.

To determine what the threshold verapamil dosage (and the
threshold circulating verapamil concentration) was which is
required to elicit a change in the biochemical characteristics of
the channel, experiments were performed utilizing the implantable
slow-release verapamil pellets and s.c. injections. The verapamil

pellets (pellet size range from 0.25 mg to 75 mg) were utilized in
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this case to take advantage of their capacity to release high
levels of verapamil and maintain them for at least 24 hours. From
our previous results it was known that these pellets delivered a
high (near toxic) dose of verapamil. In addition, s.c. verapamil
injections at a concentration of 25 to 75 mg/kg/day were also
administered. Mortality data (Figure 1) indicated that the levels
of verapamil being administered by these treatment protocols were
potentially toxic (up to 80 to 100% mortality). Plasma verapamil
concentrations were determined at various points in the drug
treatment regimen and found to be elevated. However, no
significant changes were noted in B,,, or K, in cardiac membranes
prepared from either the verapamil implanted rats (Figures 10 and
11) or the verapamil injected rats (Figure 13). It is apparent
that even at high doses of the drug, the ca?* channels appear to be
highly resistant to alteration.

25  (possibly six?2®) identified

There are currently five?
molecular binding sites on the a; subunit for the various ca?*
channel antagonists and novel derivatives, all allosterically

209,243,245 These allosteric interactions

linked to one another.
allow for increased or decreased binding of one Ca?% antagonist in
the presence of another bound antagonist. For example, the binding
of dihydropyridines is inhibited in the presence of verapamil?9?,
while stimulated in the presence of the d-cis 1isomer of

246 plterations in the allosteric interaction between the

diltiazenm
two receptor subclasses as a function of verapamil treatment would

be expected to be a sensitive index of change in one or the other
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receptor. Radioligand binding studies were carried out in which
allosteric changes between these two receptor subclasses were
examinéd as a function of verapamil treatment. Verapamil inhibited
the binding of PN 200-110 as expected??2:2502  However, addition of
0.1 to 100 pM verapamil into the binding reaction medium in vitro
showed a similar inhibition of [3H]PN 200-110 binding in both
verapamil treated animals and control animals (Table 5). This
would strongly suggest that verapamil treatment of the animals did
not alter allosteric interactions between the two binding sites for
phenylalkylamines and dihydropyridines. This conclusion was
further supported by data obtained with varying the [Ca?*] in the
binding reaction media. The cation ca®' is an important modulator

250,250a  1p the presence of 1 mM ca?t,

of ca?* antagonist binding.
the ability of verapamil to inhibit PN 200-110 binding was reduced
(Figure 15), as expected338. The effects of verapamil on PN 200-110
binding were not different between the two groups in the absence or
presence of ca2t, The above interventions would be expected to
detect changes in allosteric interactions between the receptor
sites had they existed. ©No differences were noted with respect to
allosteric interaction or modulation by cations, therefore, it is
unlikely that verapamil treatment caused even subtle changes in the

biochemical characteristics of the Ca?* channel in the heart under

the experimental conditions used in the present investigation.
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CONCLUSIONS

1.

The biochemical characteristics of the cardiac L-type ca?*
channel appears to be very resistant to alteration during
chronic administration of the ca®' channel antagonist,
verapamil to rats. No alterations in channel biochemical
characteristics were observed in either a therapeutically
relevant verapamil range or in toxic dosages. In addition,
there was no change observed after varying durations of
treatment. The one exception to this was noted when a

decrease in B,,, and K, was observed in the 50 mg implanted

X
animals.

Brain and skeletal muscle L-type channels alsc appear to be
resistant to alteration by verapamil. No changes in channel
biochemical characteristics in brain were observed. The trend

of increasing B,,, and K, noted in skeletal muscle may be a

X
consequence of high localized verapamil concentrations.

As no changes in the cardiac ca?' channel biochemical
characteristics were noted after long-term usage of
therapeutic dosages of verapamil, it is unlikely that
verapamil treatment would significantly alter these
characteristics when used clinically in the treatment of
certain disease states 1like diabetes and cardiomyopathy.
However, it should be noted that the disease states may
respond to the drug with a different sensitivity and,

therefore, this would have to experimentally tested before

definitive conclusions may be attained.
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Theoretically, implantable slow-release pellets are a very
attractive means of drug administration. However, our studies
demonstrate that verapamil pellets are unreliable in their
release of the drug, and often release toxic doses within a
short time post-implantation. Quantitation of circulating
plasma verapamil concentrations from the larger pellet sizes
resulted in levels (72.2 pg/ml) similar to clinical cases of
verapamil toxicity where serum concentrations of 1.5 to 5.3

gq.336

pg/ml have been reporte These implantable pellets are

not a practical alternative for verapamil drug administration.

117



REFERENCES

1.

10.

11.

12.

Ringer S. A further contribution regarding the influence
of the different constituents of the blood on the
contraction of the heart. J Physiol (Lond) 1883;4:29-42.

DeMello WS. Effect of intracellular injection of Ca and
Sr in cell communication in heart. J Physiol (Lond)
1875;250:233-245

Nesterov V. The significance of Na® in E-C coupling in
muscle. In: Excitation-Contraction Coupling in Skeletal,
Cardiac and Smooth muscle. Edited by Frank GB, Plenum
Press, New York, 1992;301:19-29.

McCleskey EW, Fox AP, Feldman D, and Tsien RW. Different
types of Ca channels. J Exp Biol 1986;124:191-201.

Campbell DL and Giles W. Calcium current. 1In: Calcium
and the Heart. Edited by Langer GA, Raven Press, New
York, 1990, pp 27-83.

Mullins LJ. The generation of electric currents in
cardiac fibres by Na/Ca exchange. Amer J Physiol
1979;236:C103-C110.

Pitts BJR. Stoichiometry of sodium~calcium exchange in
cardiac sarcolemmal vesicles. J Biol Chem 1979;254:6232~
6235,

Reeves JP and Hale C. The stoichiometry of the cardiac
sodium-calcium exchange system. J Biol Chem
1984;259:7733~-7739.

Bers Dm and Bridge JHB. Relaxation of rabbit ventricular
muscle by Na-Ca exchange and sarcoplasmic reticulum Ca
pump: ryanodine and voltage sensitivity. Circ Res
1989;65:334-342.

Bers DM, Christensen DM and Nguyen TX. Can Ca entry via
Na-Ca exchange directly activate <cardiac muscle
contraction? J Mol Cell Cardiol 1988;20:405-414.

Feher JJ and Fabiato A. Cardiac sarcoplasmic reticulum:
calcium uptake and release. 1In: Calcium and the Heart.
Edited by Frank GA, Raven Press, New York, 1990:pp 199-
268.

Langer GA, Frank JS and Philipson KD. Ultrastructure and
calcium exchange of the sarcolemma, sarcoplasmic
reticulum and mitochondria of the myocardium. Pharmacol
Ther 1982;16:331-376.

i1is8



13.

14,

15.

16.

17.

18.

1s.

20.

21.

22.

23.

24.

Somlyo AV. Bridging structure spanning the junctional
gap at the triad of skeletal muscle. J Cell Biol
1970;80:743-750.

Carafoli E. Sarcolemmal calcium pump. In: Calcium and
the Heart. Edited by Langer GA, Raven Press, New York,
1990:ppl199-268.

Langer GA. Events at the cardiac sarcolemna:
localization and movement of contractile-dependent
calcium. Fed Proc 1976;35:1274-1278.

Affolter H, Chiesi M, Dabrowska R, and Carafoli E.
Calcium regulation in heart cells. The interaction of
mitochondrial and sarcoplasmic reticulum with troponin-
bound calcium. Eur J Biochem 1976;67:389-396.

Somlyo AP, Somlyo AV, Shuman H, Scarpa A, Endo M and
Inesi G. Mitochondria do not accumulate significant Ca
concentrations in normal cells. In: Calcium and
Phosphate Transport Across Biomembranes. Edited by
Bronner F, Peterlik M, Academic Press, New York, 1981:pp
87-93.

Rich TL, Langer GA and Klassen MG. Two components of
coupling calcium in single ventricular cell of rabbits
and rats. Amer J Physiol 1988;254:H937~H946.

Lewartowski B, Hansford RG, Langer GA, and Lakatta EG.
Contraction and sarcoplasmic reticulum Ca2* content in
single myocytes of guinea pig heart: Effect of
ryanodine. Amer J Physiol 1990;259:H1222-H1229,.

Shattock MJ and Bers DM. Rat vs. rabbit ventricle: ca
flux and intracellular Na assessed by ion-selective
microelectrodes. Amer J Physiol 1989;256:C813~-C822.

Langer GA. Calcium and the heart: Exchange at the
tissue, cell, and organelle levels. FASEB J 1992;6:893~
902.

Fabiato A. Calcium-induced release of calcium from the
cardiac sarcoplasmic reticulum. Amer J Physiol
1983;245:C1-C14.

Endo M. Conditions required for calcium-induced release

-of calcium from the sarcoplasmic reticulum. Proc Jpn

Acad 1975;51:467-472.

McDonald TF. The slow inward calcium current in the
heart. Annu Rev Physiocl 1982;44:425-434,

119



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36,

37.

Tsien RW. Calcium channels in excitable cell membranes.
Annu Rev Physiol 1983;45:341-358.

Fabiato A. Myoplasmic free calcium concentration reached
during the twitch of an intact isolated cardiac cell and
during calcium-induced release of calcium from the
sarcoplasmic reticulum of a skinned cardiac cell from the
adult rat or vrabbit ventricle. J Gen Physiol
1981;78:457-497.

Leblanc N and Hume R. Sodium current-induced release of
calcium from cardiac sarcoplasmic reticulum. Science
1990;248:372.

Morad M, Goldman Y. Excitation-contraction coupling in
heart muscle: Membrane control of development of tension.
Prog Biophys Mol Biol 1973;27:257-313.

Thompson RB, Warber KD, and Potter JD. Calcium at the
myofilaments. In: Calcium and the Heart. Edited by
Langer GA, Raven Press, New York, 1990; pp.127-165.

Potter JD. The content of troponin, tropomyosin, actin,
and myosin in rabbit skeletal muscle myofibrils. Arch
Biochem Biophys 1974;162:436-441.

Blinks JR, Endo M. Modification of myofibrillar
responsiveness to ca?t as an inotropic mechanism.
Circulation 1986;73(Suppl):11185-11198.

Sperelakis N. Calcium, caffeine, cardiac glycosides, and
cardiac contractile function. Int J Cardiol 1983;2:435-
438.

McClellan GB, and Winegrad S. The regulation of the
calcium sensitivity of the contractile system in
mammalian cardiac muscle. J Gen Phyisol 1978;72:737-764.

Zot AS, and Potter JID. The effect of [Mg2+] on the ca?*
dependence of ATPase and tension development of fast
skeletal muscle. The role of the Ca2+-specific sites of
troponin C. J Biol Chem 1987;262:1966-1969.

Eisner DA, and Valdeolmillos M. Na-Ca exchange in
cqrdiac muscle., Fortschr Zool 1986;33:443-455,

Caroni P, and Carafoli E. An ATP-dependent Ca?*-pumping
system in dog heart sarcolemma. Nature 1980;283:765-767.

Caroni P, and Carafoli E. The Ca?' pumping ATPase of
heart sarcolemma. J Biol Chem 1981;256:3263-3270.

120



38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

Vetter R, and Will H. Sarcolemmal Na-Ca exchange and
sarcoplasmic reticulum calcium uptake 1n developing
chicken heart. J Mol Cell Cardiol 1986;18:1267-1275.

Philipson KD. The cardiac Na*-ca?' exchanger. In:
Calcium and the Heart. Edited by Langer GA, Raven Press,
New York, 1990:pp. 85-108.

Davis TN. What's new with calcium. Cell 192;71:557-564.

Homsher E and Kean CJ. Skeletal muscle energetics and
metabolism. Annu Rev Physiol 1978;40:93.

Rogart R. Sodium channels in nerve and muscle membrane.
Annu Rev Physiol 1981;43:711.

Stafani E and Chiarandini DJ. Ionic channels in skeletal
muscle. Annu Rev Physiol 1982;44:357.

Schneider MF, Membrane charge movement and
depolarization-contraction coupling. Annu Rev Physiol
1981;43:507.

Frank GB and Murat 0. The functional role of t-tubular
calcium channels in skeletal muscle contractions. In:
Excitation-Contraction Coupling in Skeletal, Cardiac, and
Smooth Muscle. Edited by Frank GB, et al, Plenum Press,
New York, 1992;pp 123-136.

Frank GB. Negative after-potential of frog's skeletal
muscle. J Neurophysiol 1957;20:602-614.

Bianchi CP and Shanes AM. Calcium influx in skeletal
muscle at rest, during activity and during potassium
contractures. J Gen Physiol 1959;42:803-815.

Frank GB. Roles of extracellular and 'trigger' calcium
ions in excitation-contraction coupling in skeletal
muscle. International Symposium on E-C Coupling, Banff,
August, 1981. Can J Physiol Pharmacol 1982a;60:427-439.

Rank GB. Utilization of bound calcium in the action of
caffeine and certain multivalent cations on skeletal
muscle. J Physiol (Lond) 1962;163:254~268.

Frank GB. The effects of reducing the extracellular
calcium concentration on the twitch in isolated frog's
skeletal muscle fibres. Jpn J Physiol 1982b;32:589-608.

Frank GB. Blockage of Ca®* channels inhibits K*

contracture but not twitches in skeletal muscle fibres.
Can J Physiol Pharmacol 1984;62:374-378.

121



52.

53.

54.

b5,

56.

57.

58.

59.

60.

61.

62.

63.

64.

Frank GB. Pharmacological studies of excitation-
contraction coupling in skeletal muscle. Can J Physiol
Pharmacol 1987;65:711-716.

Berridge MJ. Inositol triphosphate and diacylglycerol as
second messengers. Biochem J 1984;220:345-360.

Volpe P, Di Virgilio F, Possan T, and Salviati G. Role
of inositol 1,4,5-triphosphate in excitation-contraction
coupling in skeletal muscle. FEBS Lett 1986;1971-4.

Walker JW, Somlyo AV, Goldman YE, Somlyc AP, and Trentham
DR. Kinetics of smooth and skeletal muscle activation by
laser pulse photolysis of caged inositol 1,4,5-
triphosphate. Nature 1987;327:249-252.

Thieleczek R, and Heilmeyer, Jr., LMG. Inositol 1,4,5-
triphosphate enhances Cca®*-sensitivity of the contractile
mechanism of chemically skinned rabbit skeletal muscle
fibers. Biochem Biophys Res Commun 1986;135(2):662-669.

Noske TM, Williams MF, Seigler ST, and Godt RE. Inositol
triphosphate enhances calcium release in skinned cardiac
and skeletal muscle. BAmer J Physiol 1986;250:C807~-C811.

Schwartz LM, McCleskey W and Almers W. Dihydropyridine
receptors in muscle are voltage-dependent but most are
not functional calcium channels. Nature 1985;314:747-
751.

Rios E and Brum G. Involvement of dihydropyridine
receptors in excitation-contraction coupling in skeletal
muscle., Nature 1987;325:717-720.

Rios E and Pizarro G. Voltage sensors and calcium
channels of excitation-contraction coupling. NIPS
1988;3:223-227.

Sugis H and Pollack GH (eds). Cross-Bridge Mechanism in

Muscle Contraction. University Park Press, Baltimore,
1979.
Hasselbach W and Oetiker H. Energetics and

electrogenicity of the sarcoplasmic reticulum calcium
pump. Annu Rev Physiol 1983;45:325.

Hathaway DR, March KL, Lash JA, Adam LP and Wilensky RL.
Vascular smooth muscle: A review of the molecular basis
of contractility. Circulation 1991;83(2):382-390.

Pollard TD, and Cooper JA. Actin and actin-binding
proteins: A critical evaluation of mechanism and

122



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

functions. Annu Rev Biochem 1986;55:987-1035.

Bond M, and Somlyo AV. Dense bodies and actin polarity
in vertebrate smooth muscle. J Cell Biol 1982;95:403-
413,

Cooke P, Kargacin G, Craig R, Fogarty K, Fay F, and Hagen
5. Molecular structure and organization of filaments in
single skinned smooth muscle cells. In: Regulation and
Contraction of Smooth Muscle. Edited by: Siegman MJ,
Somlyo AP and Stevens NL. Alan R Liss, Inc., New York,
1987:pp 1-25.

Devine CE, and Somlyo AP. Thick filaments in vascular
smooth muscle. J Cell Biol 1971;52:690.

Somlyo AV, and Somlyo AP. Ultrastructure of smooth
muscle. In: Methods in Pharmacology. Volume 3. Edited
by: Daniel EE, and Paton DM. Plenum Press, New York,
1975;pp. 3-45.

Somlyo AV. Bridging structures spanning the junctional
gap at the triad of striated muscle. J Cell Biol
1979;80:743-750.

Garfield RE and Somlyo AP. Structure of smooth muscle.
In: Calcium and Contractility: Smooth Muscle. Edited
by: Grover AK and Daniel EE. Humana Press, Clifton, New
Jersey, 1985; pp. 1-36.

Hathaway DR, and March KL. Molecular cardiology: New
avenues for the diagnosis and treatment of cardiovascular
disease. J Amer Coll Cardiol 1989;13:265-282.

Ashida T, Schaeffer J, Goldman WF. Role of sarcoplasmic
reticulum in arterial contraction: Comparison of
ryanodine's effect in a conduit and muscular artery.
Circ Res 1988;62:854-863.

Hirst GDS, and Edwards FR. Sympathetic neuroceffector
transmission in arteries and arterioles. Physiol Rev
1989;69:546-604.

Hathaway DR, and Watanabe AM. Biochemical basis for
cardiac and vascular smooth muscle contraction. In:
Textbook of Internal Medicine. Edited by: Kelley WN.
Harper and Row, Philadelphia, 1989.

Lansman J, Hallam T, and Rink T. Single stretch-

activated ion channels in vascular endothelial cells as
mechanotransducers? Nature 1987;325:811-813.

123



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Nelson M, Patlak J, Worley J, and Standen N. Calcium
channels, potassium channels and the voltage dependence
of arterial smooth muscle tone. Amer J Physiol
1990;259:C3-C18,

Somlyo AV, and Somlyo AP. Electromechanical and
pharmacomechanical coupling in vascular smooth muscle.
J Pharmacecl Exp Ther 1968;159:129,.

Evans DHL, 8Schild HO and Thesleff 8. Effects of
magnesium on contractile activation of skinned cardiac
cells. J Physiol (Lond) 1958;143:474.

Edman KAP, and Schild NO. The need for calcium in the
contractile respone induced by acetylcholine and
potassium in the rat uterus. J Physiol (Lond)
1962;161:424.

Grosset A and Mironneau J. An analysis of the actions of
prostoglandin E; in membrane currents and contraction in
uterine smooth muscle. J Physiol (Lond) 1977;270:765.

Fain JN, Wallace MA, and Wojcikiewicz RJH. Evidence for
involvement of guanine nucleotide-binding regulatory
proteins in the activation of phospholipases by hormones.
FASEB J 1988;2:2569-2574,

Ehrlich BE and Watras J. Inositol 1,4,5-triphosphate
activates a channel from smooth muscle sarcoplasmic
reticulum. Nature 1988;336:538-586.

Berridge MJ, and Irvine RF. Inositol phosphates and cell
signalling. Nature 1989;341:197-205.

Adelstein RS, and Sellers JR. Effects of calcium on
vascular smooth muscle contraction. Amer J Cardiocl
1987;59:4B-10B.

Sellers J. Mechanism of the phosphorylation-dependent
regulation of smooth muscle heavy acromyosin. J Biol
Chem 1985;260:15815-~15819,

Craig R, Smith R, and Kendrick-Jones J. Light-chain
phosphorylation controls the conformations of vertebrate
non-muscle and smooth muscle myosin molecules. Nature
1983;302:436-439,

Sobue K, Kanda K, Tanaka T, and Ukei N. Caldesmon: A
common actin-linked regulatory protein in the smooth
muscle and nonmuscle contractile system. J Cell Biochem
1988;37:317-325,

124



88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

89,

Lash Ja, Seller JR, and Hathaway DR. The effects of
caldesmon on smooth muscle heavy actometromyosin ATPase
activity and binding of heavy meromyosin to actin. J
Biol Chem 1986;261:16155-16160.

Winder S, and Walsh M. Inhibition of the actomyosin
MgATPase by chicken gizzard calponin. Prog Clin Biol Res
1990;327:141-148.

Winder S, and Walsh M. Smooth muscle calponin:
Inhibition of actomyosin MgATPase and regulation by
phophorylation. J Biol Chem 1990;265:10148-10155.

Takai A, Biolojan C, Troschke M, Ruegg JC. Smooth muscle
myosin phosphatase inhibition and force enhancement by
black sponge toxin. FEBS Lett 1987;217:81-84.

Haeberle J, Hathaway D, and DePaoli-Roach A.
Dephosphorylation of myosin by the catalytic subunit of
a -type-2 phosphatase produces relaxation of chemically
skinned uterine smooth nmuscle. J Biol Chem
1985;260:9965-9968.

Itoh T, Ikebe M, Kargacin G. Effects of modulators of myosin
light-chain kinase activity in single smooth muscle cells.
Nature 1989;338:164-167.

Payne ME, Elzinga M, Adelstein RA. Smooth muscle myosin light
chain kinase: Amino acid sequence at the site phosphorylated
by adenosine cyclic-3,5-phosphate dependent protein kinase
whether or not calmodulin is bound. J Biol Chem
1986;261:16346-16350,

Ikebe M, and Reardon S. Phosphorylation of smooth myosin
light chain kinase by smooth muscle Ca2+/calmodulin—dependent
multifunctional protein kinase. J Biol Chem 1990;265:8975~
8978.

Nishikawa M, Shirakawa S, and Adelstein RS. Phosphorylation
of smooth muscle myosin light chain kinase by protein kinase
C. J Biol Chem 1985;260:8978-8983,

Lytton J, Zarain-Herzberg A, Periasamy M, and MacLennan
DH. Molecular cloning of the mammalian smooth muscle
sarco (endo)plasmic reticulum Ca?*-ATPase. J Biol Chem
1989;264:7059-7065.

Raeymaekers L, and Jones LR. Evidence for the presence of
phospholamban in the endoplasmic reticulum of smooth muscle.
Biochem Biophys Acta 1986;882:258-265,

Nabel EG, Berk BC, Brock TA, and Smith TW. Nat-ca2?t exchange

125



100.

i01.

102.

103.

104.

105.

106.

107.

108.

109.

110.

in cultured wvascular smecoth muscle cells. Circ Res
1988;62:486-493,

Grover AK. Calcium-handling studies using isolated smooth
muscle membranes. In: Calcium and Contractility: Smooth
Muscle. Edited by: Grover AK and Daniel EE. Humana Press,

Clifton, New Jersey, 1985;pp. 245-269.

Kitamura K, Teramoto N, Oike M, Xiong Z, Kajioka S, Inoue Y,

Nilius B, and Kuriyama H. Characteristics of the voltage-
dependent calcium channel in smooth muscle: Patch-clamp
studies. In: Regulation of Smooth Muscle Contraction.

Edited by: Moreland RS, Plenum Press, New York, 1991; pp. 209-
227.

Frank JS. Ultrastructure of the unfixed myocardial sarcolemma
and cell surface. In: Calcium and the Heart. Edited by:
Langer GA, Raven Press, New York, 1990; pp. 1-25.

DeMello W. Effect of intracellular injection of Ca and SR in
cell communication in heart. J Physiol (Lond) 1975;250:233-
245,

DeMello WC. Effect of intracellular injection of La®' and Mn2*
on electrical coupling of heart cells. Cell Biol Int Rep
1979;3:113-=119.

Unwin PNT, Ennis PD. Two configurations of a channel-forming
membrane protein. Nature 1984;307:609-613.

Douglas WW, and Poisner, AM. Stimulus-secretion coupling in
a neurosecretory organ: The role of calcium in the release of
vasopressin from the neurchypophysis. J Physiol (Lond)
1964;172:1-18.

Brethes DG, Dayanithil, Letelier L, and Nordmann JJ.
Depolarization-induced ca?t increase in isolated
neurosecretory terminal measured with Fura-2. Proc Natl Acad
Sci (USA) 1987;84:1439-1443,

Fidler-Lim N, Nowycky MC, and Bookman RJ. Direct measurement
of exocytosis and calcium currents in single vertebrate nerve
terminals. Nature (Lond) 1990;344:449-451,

Betz WJ. Motoneuron death and synapse elimination. In: The
Vertebrate Neuromuscular Junction. A.R. Liss, New York, 1987;
pp. 117-162.

McCoblb DP, Best PM, and Beam KG. Development alters the

expression of calcium currents in chick 1limb motoneurons.
Neuron 1989;2:1633-1643.

126



111.

112.

113.

114.

115.

116.

llea.

117.

118.

119.

120.

i121.

122.

Mynlieff M, and Beam KG. Developmental expression of voltage-
dependent calcium currents in identified mouse motoneurons.
Dev Biol 1992;152:407-410.

Howse HD, Ferran VJ, and Hibbs RG. A comparative
histochemical and electron microscopic study of the surface
coatings of cardiac muscle cells. J Mol Cell Cardiol
1970;1:157-168,

Frank JS, Langer GA, Nudd LM and Seraydarian K. The

myocardial cell surface, its histochemistry and the effect of
sialic acid and Ca removal on its structure and cellular ionic
exchange. Circ Res 1977;41:702-714.

Cook WJ, and Bugg CE. Ca-carbohydrate bridges composed of
uncharged sugars, structure of a hydrated Ca bromide complex
of L-fructose. Biochim Biophys Acta 1975;389:428-432.

Zimmerman ANE, and Hulsmann WC. Paradoxical influence of Ca
ions on the permeability of the cell membranes of the rat
heart. Nature 1966;211:646-647.

Meng H, and Pierce GN. Involvement of sodium in the
protective effect of 5-(N,N-dimethyl)-amiloride on ischemia-
reperfusion injury in isoclated rat ventricular wall. J Pharm
Exp Ther 1991;256(3):1094-1100.

Meng H, Lonsberry BB, and Pierce GN. Influence of perfusate
pPH on the postischemic recovery of cardiac contractile
function: involvement of sodium-hydrogen exchange. J
Pharm Exp Ther 1991;258(3):772-777.

Grinwald PM, and Nayler WG. Ca entry in the Ca paradox.
J Mol Cell Cardiocl 1981;10:641-668,

Hoffman BF, and Rosen MR. Cellular mechanisms for cardiac
arrhythmias. Circ Res 1981;49:69-83.

Hoffman BF, and Gangman KH. Mechanisms for cardiac
arrhythmias. Experientia 1987;43:1049-1056.

Opie LH, Thandroyen FT, Hamm CW, Muller CA, Lloyd EA, and
Gordon D. Calcium antagonists and the acutely ischemic heart:
Experimental effects on ventricular fibrillation and enzyme
release. Eur Heart J 1983;4 (suppl C):93-100.

Miller RJ. Voltage-sensitive ca?' channels. J Biol Chem
1992;267(3):1403-1406.
Carbone E, and Lux HD. A low voltage activated, fully

inactivating ¢Ca channel in vertebrate sensory neurones.
Nature 1984;310:501-511.

127



123.

124.

125.

126.

127.

128.

12¢9.

130.

131.

132.

133.

134.

135.

136.

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

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

VanSkiver DM, Spires S, and Cohen CJ. High affinity and
tissue specific block of T-type Ca channels by felodipine.
Biophys J 1989;55:593a.

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

Yaari Y, Hamon B, and Lux HD. Development of two types of
calcium channels in cultured mammalian hippocampal neurons.
Science 1987;235:680-682.

Tang CM, Presser R and Morad M. Amiloride selectively blocks
the low threshold (T) calcium channel. Science 1988;240:213-
215.

Tsien RW, Lipscombe D, Madison DV, Bley KR and Fox AP.
Multiple +types of neuronal calcium channels and their
selective modulation. Trends Neurosci 1988;11:431-438.

Sher E and Clementi F. o-conotoxin-sensitive voltage-operated
calcium <channels 1in vertebrate cells. Neuroscience
1991;42:301-307.

Plummer MR, Logothetis E and Hess P. Elementary properties
and pharmacological sensitivities of calcium channels in
mammalian peripheral neurons. Neuron 1989;2:1453~1463.

Carbone E and Lux HD. Single low-voltage-activated calcium
channels in chick and rat sensory neurones. J Physiol (Lond)
1987;386:571-601.

Olivera BM, Gray WR, Zeikis R, McIntosh JM, Varga J, Rivier J
deSantos V and Cruz LJ. Peptide neurotoxins from fish-hunting
cone snails. Science 1985;230:1338-1343,

Tareli FT, Passafaro MM, Clementi F, and Sher E. Brain Res
1991;547:331-334,

Robitaille R, Adler EM, and Charlton MP. Strategic location
of calcium channels at transmitter release sites of frog
neuromuscular synapses. Neuron 1990;5:773=779.

Swandulla D, and Armstrong CM. Fast~decaying calcium channels
in chick sensory neurons. J Gen Physiol 1988;92:197-218.

128



137.

138.

139.

140.

141.

142.

143.

144.

145.

l46.

147.

148.

Lemos JR, and Nowycky MC. Two types of calcium channels
coexist 1in peptide-releasing vertebrate nerve terminal.
Neuron 1989;2:1419-1426.

Llinas R, Sugimori M, Lin JW, and Cherskey B. ATP-dependent
directicnal movement of rat synaptic vesicles injected into
the presynaptic terminal of squid giant synapses. Proc Natl
Acad Sci (USA) 1989;86:1689-1693.

Regan LJ, Sah DWY, and Bean BP. »Ca2+ channels in rat central
and peripheral neurons: High threshold current resistant to
dihydropyridine blockers and w—-conotoxins. Neuron 1991;6:269-
280.

Regan LJ. Voltage-dependent calcium currents in Purkinje
cells from rat-cerebellar vermis. Neuroscience 1991;11:2259-
2269.

Mori Y, Friedrich T, Kim MS, Mikami A, Nakai J, Ruth P, Bosse
E, Hofmann F, Flockerzi V, Furuichi T, Mikoshiba X, Imoto K,
Tanabe T, and HNuma S. Primary structure and functional
expression from complementary DNA of a brain calcium channel.
Nature 1991;350:398-402,

Eckert R, and Chad JE. Inactivation of Ca channels. Prog
Biophys Mol Biol 1984;44:215-267.

Cachelin AB, dePeyer JE, Kokubun S, and Reuter H. Calcium
channel modulation by 8-bromo-cyclic AMP in cultured heart
cells. Nature 1983;304:402-404.

Cavalie A, Pelzer D, and Trautwien W. Fast and slow gating
behaviour of single calcium channels in cardiac tissue.
Pfluegers Arch 1986;406:241-258.

Catterall WA. Structure and function of voltage-sensitive ion
channels. Science 1988;242:50-61.

Catterall WA. Excitation-contraction coupling in vertebrate
skeletal muscle: A tale of two calcium channels. Cell
1991;64:871-874,

Takahashi M, Seager MJ, Jones JF, Xavier BFX, and Catterall
WA. Subunit structure of dihydropyridine-sensitive calcium
channels from skeletal muscle. Proc Natl Acad Sci (USA)
1987;84:5478-5482,

Nakayama H, Taki M, Striessnig J, Glossmann IT, Catterall WA
and Kanaoka Y. Identification of 1,4~dihydropyridine binding
regions within the @, subunit of the skeletal muscle Ca?
channels by photoaffinity labeling with diazipine. Proc Natl
Acad Sci (USA) 1991;88:9203-9207.

129



149.

150.

151.

ib2.

153.

154.

155.

156.

157.

1568.

158.

Lacerda AE, Kim HS, Ruth P, Perez-~Reyes E, Flockerzi V,
Hofmann F, Birnbaumer L, and Brown AM. Normalization of
current klnetics by 1nteractlon between the oy and B subunits
of the skeletal muscle dihydropyridine-sensitive Ca 2* channel.
Nature 1991;353:527-530.

Jay 8D, Sharp AH, Xahl SD, Vedvick TS, Harpold MM, and
Campbell XP. Structural characterization of the
dihydropyridine-sensitive calcium channel @, subunit and the
associated § peptides. J Biol Chem 1991;266:3287-3293,

DeJongh KS, Warner C, and Caterrall WA. Subunits of purified
calcium channels. Alpha-2 and delta are encoded by the sane
gene. J Biol Chem 1990;265:14738-14741.

Catterall WA. Functional subunit structure of voltage-gated
calcium channels. Science 1991;253:1499-1500.

Singer D,Biel M, Lotan I, Flockerzi V, Hofmann F, and Dascal
N. The roles of the subunits in the function of the calcium
channel. Science 1991;253:1553-1556.

Gutierrez LM, Brawley RM, and Hosey MM. Dihydropyridine-
sensitive calcium channels from skeletal muscle. I. Roles of
subunits in channel activity. J Biol Chem 1991;266:16387~
16394.

Hosey MM, Brawley RM, Change CF, Gutierrez LM, and Mundina-
Weilenmann C. In: Molecular Aspects of Membrane Proteins.
Edited by: dePont, JJ. Elseveir Science Publishing Co., New
York, 1992.

Varadi G, Lory P, Schultz D, Varadi M, and Schwartz A.
Acceleration of activation and inactivation by the 8 subunit
of the skeletal muscle calcium channel. Nature 1991;352:159-
162.

Williams ME, Feldman DH, McCue AF, Brenner R, Velicelebi G,

Ellis SB, and Harpold MM. Structure and functlonal expression
of o;, a,, and B subunits of a novel human neuronal calcium
channel subtype. Neuron 1992;8:71-84.

Jay 8D, Ellis SB, McCue AF, Williams ME, Vedvick TS, Harpold
MM, and Campbell KP. Prlmary structure of the ¥ subunlt of
the dihydropyridine-sensitive calcium channel from skeletal
muscle. Science 1990;248:490-492.

Sharp AH, and Campbell KXP. Characterization of the 1,4-
dlhydropyrldlne receptor using subunit-specific polyclonal
antibodies. Evidence for a 32,000-Da subunit. J Biol Chem
1989;264:2816-2825,

130



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Schwartz LM, McCleskey EW, and Almers W. Dihydropyridine
receptors in muscle are voltage-dependent but most are not
functional channels. Nature 1985;314:747-751.

Nabauer M, Callewaert G, Cleemann L, and Morad M. Regulation
of calcium release is gated by calcium current, not gating
charge, in cardiac myocytes. Science 1989;244:800-803.

Lew WYW, Hryshko LV, and Bers DM. Dihydropyridine receptors
are primarily functional L~type calcium channels in rabbit
ventricular myocytes. Circ Res 1991;69:1139-1145.

Horne WA, Weiland GA, and Oswald RE. Solubilization and
hydrodynamic characterization of the dihydropyridine receptor
from rat ventricle muscle. J Biol Chem 1986;262:3588-3661.

Tuana BS, and Murphy BJ. Biochemical analysis of L-type
calcium channels from skeletal and cardiac muscle. Can J
Physiol Pharmacol 1990;68:1482-1488.

Powers PA, Liu 8, Hogan X, and Gregg RG. Molecular
characterization of the gene encoding the ¥y subunit of the
human skeletal muscle 1,4-dihydropyridine-sensitive ca®*
channel (CACNLG), <cDNA sequence, dgene structure, and
chromosomal location. J Biol Chem 1993;268(13):9275-9279.

Mikami A, Imoto K, Tanabe T, Niidome T, Mori Y, Takeshima H,
Narumiya S, and Numa S. Primary structure and functional
expression of the cardiac dihydropyridine-sensitive calcium
channel. Nature 1989;340:230-233.

Slish DF, Engle DB, Varadi G, Lotan I, Singer D, Dascal N and
Schwartz A. Evidence for the existence of a cardiac specific
isoform of the a@; subunit of the voltage-dependent calcium
channel. FEBS Lett 1989;250:509-514.

Chang FC, and Hosey MM. Dihydropyridine and phenylalkylamine
receptors associated with cardiac and skeletal muscle calcium
channels are structurally different. J Biol Chem
1988;263:18929-18937.

Kostyuk PG, Mironov SL, and Shuba YM. Two ion~selecting
filters in the calcium channel of the somatic membrane of
mollusc neurones. J Membr Biol 1983;76:83-93.

Hess P, Lansman JN, and Tsien RW. Different modes of Ca
channel gating behaviour favoured by Ca agonists and
antagonist. Nature 1984;311:538-544.

Almers W, and McCleskey EW. Non-selective conductance in
calcium channels in frog muscle: Calcium selectivity in a
single~file profile. J Physiol 1984;353:585-608.

131



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Armstrong CM, and Neyton J. TIon permeation through calcium
channels: A one-site model. Annals NY Acad Sci 1991;635:18~
25.

Kostyuk PG, and Mironov SL. Some predictions concerning the
calcium channel model with different conformational states.
Gen Physiol Biophys 1986;6:649-659.

Hess P and Tsien RW. Mechanism of ion permeation through
calcium channels. Nature 1984;309:453-456.

Almers W, McCleskey EW, and Palade PT. A non-selective cation
conductance in frog muscle membrane blocked by micromolar
external calcium ions. J Physiol (Lond) 1984;353:565-583,

Trautwein W, Cavalie A, Allen TJA, Shuba YM, Pelzer S, and
Pelzer D. Dlrect and 1nd1rect regulatlon of cardiac L ~-type
calcium channels by B~adrenergic agonist. In: The Biology and
Medicine of Signal Transduction. Edited by: Nishizuka Y,
Raven Press, New York, 1990;pp. 45-50.

Kameyama M, Hescheler J, Hofmann F, and Trautwein W.
Modulation of Ca current during the phosphorylation cycle in
the guinea pig heart. Pflugers Arch 1986;407:123-128.

Hescheler J, Kameyama G, Trautwein W, Mieskes G, Soling HD.
Regulation of the cardiac calcium channel by protein
phosphatases. Eur J Bicchem 1987;165:261-266.

Armstrong DL, Rossier MF, Shcherbatko AD, and White RE.
Enzymatic gating of voltage-activated calcium channels.
Annals NY Acad Sci 1991;635:25-34.

Akera T. Pharmacological agents and myocardial calcium. In:
Calcium and the Heart. Edited by: Langer, GA. Raven Press,
New York, 1990; pp. 299-333.

Callewaert G, Cleemann L, Morad M. Eplngphrine enhances ca?*
current-regulated ca?* release and Ca reuptake in rat
ventricular myocytes. Proc Natl Acad Sci (USA) 1988;85:2009-
2013.

Robertson SP, Johnson JD, Holroyde MJ, Kranias EG, Potter JD,
Solaro RJ. The effect of troponln I phosphorylatlon of the

—blndlng properties of the Ca? ~regu1atory site of bovine
cardlac troponin. J Biol Chem 1982;257:260-213.

Karczewski P, Bartel S, Haase H, Krause EG. Isoproterencl
induces both cAMP-and ca101um dependent phosphorylation of
phospholamban in canine heart in vivo. Biomed Biochim Acta
1987;46:5433-5449.

132



184.

185.

i86.

187.

188.

189.

190.

191.

192.

193.

194.

195.

i96.

Lee CO, Vassalle M. Modulation of intracellular Nat activity
and cardiac force by norepinephrine and ca?*, Amer J Physiol
1983;244:C110~C114.

Schwartz A. Calcium antagonists: Review and perspective on
mechanism of action. Amer J Cardiol 1989;64:3I-9I.

Vaghy PL, Williams JS, and Schwartz A. Receptor pharmacology
of calcium entry blocking agents. Amer J Cardiol 1987;59:9A-
17A. o

Ferrante J and Triggle DJ. Drug- and disease-induced
regulation of voltage-dependent calcium channels. Pharm Rev
1990;42 (1) :29-44.

Rius RA, Govoni S, and Trabucchi M. Regional modification of
brain calcium antagonist binding after in vivo chronic lead
exposure. Toxicology 1986;40:191-197.

Dolin S, Little H, Hudspith M, Pagonis C, and Littleton J.
Increased dihydropyridine-sensitive calcium channels in rat
brain may underlie ethanol physical dependence. Neuropharm
1987;26:275-279.

Lucchi L, Govoni S, Battaini F, Pasinetti G, and Trabucchi M.
Ethanol administration in vivo alters calcium ion control in
rat striatum. Brain Res 1985;332:376-379.

Desnuelle C, Askanas V, and Engel WK. Insulin increases
voltage-dependent ca?* channels in membranes of aneurally
cultured human muscle. Neurology 1986;36(suppl 1):171-172.

Nobe S, Aomine M, Arita M, Ite S, and Takai R. Chronic
diabetes mellitus prolongs action potential duration of rat
ventricular muscles: Circumstantial evidence for impaired
ca?* channel. Cardiovascular Res 1990;24:381-389.

Kim D, Smith TW, and Marsh JD. Effect of thyroid hormone on
slow calcium channel function in cultured chick ventricular
cells. J Clin Invest 1987;80:88-94,

Hawthorn M, Gengo P,Wei SY, Rutledge A, Moran JF, Gallant S,
and Triggle DJ. Effect of thyroid status on B-adrenoreceptors
and calcium channels in rat cardiac and vascular tissue.
Naunyn-Schmiedebergs Arch Pharmacol 1988;337:539-568.

Chatelain P, Demol D, and Roba J. Comparison of [3H]
nitrendipine binding to heart membranes of normotensive and
spontaneously hypertensive rats. J Card Pharmacol 1984;6:220~
223. ’

Ishii K, Kano T, Kurobhe ¥, and Ando J. Binding of

133



197.

i9s8.

199,

200.

201.

202.

203.

204.

205.

206.

[3H]nitrendipine to heart and brain membranes from
normotensive and spontaneously hypertensive rats. Eur J
Pharmacol 1983;88:277-278.

Finkel MS, Marks ES, Patterson RE, Speir EH, Steadman KA, and
Keiser HR. Increased cardiac calcium channels in hanster
cardiomyopathy. Amer J Cardiol 1986;57:1205-1206.

Finkel MS, Marks ES, Patterson RE, Speir EH, Steadman Ka, and
Keiser HR. Correlation of changes in cardiac calcium channels
with hemodynamics in Syrian hamster cardiomyopathy and heart
failure. Life Sci 1987;41:153-159.

Kuo TH, Johnson DF, Tsang W, and Wiener J. Photoaffinity
labeling of the calcium channel antagonist receptor in the
heart of the cardiomyopathic hamster. Biochem Biophys Res
Commun 1987;148:926~933.

Wagner JA, Reynolds IJ, Weisman HF, Dudeck P, Weisfeldt ML,
and Snyder SH. Calcium antagonist receptors in
cardiomyopathic hamster: selective increases in heart,
muscle, brain. Science (Wash, DC) 1986;232:515-518.

Mayoux E, Callens F, Swynghedauw Bj and Charlemagne D.
Adaptational process of the cardiac Ca * channels to pressure
overload: Biochemical and physiological properties of the
dihydropyridine receptors in normal and hypertrophied rat
hearts. J Cardiocl Pharmacol 1988;12:390-396.

Howlett SE, and Gordon T. Calcium channels in normal and
dystrophic hamster cardiac muscle: [3H]nitrendipine binding
studies. Biochem Pharmacol 1987;36:2653-2659.

Howlett SE, Rafuse VG, and Gordon T. [3H]nitrendipine binding
sites in normal and cardiomyopathic hamsters: Absence of a
selective increase in putative calcium channels in
cardicomyopathic hearts. Cardiovasc Res 1988;22:840-846.

Finkel MS, Patterson RE, Roberts WS, Smith TD, and Keiser HR.
Calcium channel binding characteristics in the human heart.
Amer J Cardiol 1988;62:1281-1284.

Wagner JA, Sax FL, Weisman HF, Portefield J, McIntosh C,
Weisfeldt ML, Snyder SH, and Epstein SE. Calcium-antagonist
receptors in the atrial tissue of patients with hypertrophic
cardiomyopathy. N Engl J Med 1989;320:755-761.

Nishini N, Noguchi-~Kuno SA, Sugiyama T, and Tanaka C.
[3H]Nitrendipine binding sites are decreased in the substantia
nigra and striatum of the brain from patients .with Parkinson's
diesease. Brain Res 1986;377:186-189.

134



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Koch WJ, Ellinor PT, and Schwartz A. ¢DNA cloning of a
dihydropyridine-sensitive calcium channel from rat aorta. J
Biol Chem 1990;265(29):17786-17791.

Perz-Reyes E, Castellano A, Kim HA, Bertrand P, Baggstrom E,
Lacerda A, Wei X, and Birnbaumer L. Cloning and expression of
a cardiac/brain B subunit of the L-type calcium channel. J
Biol Chem 1992;267(3):1792-1797.

Triggle DJ. Calcium antagonists: History and perspective.
Stroke 1990;21(suppl IV):IV49-IV58,

Fleckenstein A. Peter Harris Award Lecture: History and
prospects in calcium antagonist research. J Mol Cell Cardiol
1990;22:241-251.

Fleckenstein A, Doring HJ, Kammermaeier H, Grun G. Influence
of prenylamine on the utilization of high energy phosphates in
cardiac muscle. 1In: Biochimica Applicata, vol 14 (Suppl 1)
“"Biochemical Aspects of Prenylamine", Capri, U.S. Edited by
Euler et al. Parma, Maccari 1967; pp. 323-344.

Nayler WG. Biochemical aspects of prenylamine action.
Preliminary communication. In: Biochimica Applicata, vol 14
(Suppl 1) "Biochemical Aspects of Prenylamine", Capri, U.S.
Edited by Euler et al. Parma, Maccari 1967; pp. 305-321.

Fleckenstein A. Calcium Antagonism in Heart and Smooth Muscle
-Experimental Facts and Therapeutic Propects. Monograph, John
Wiley Publishing Company, New York, 1983.

Fleckenstein A. Specific inhibitors and promoters of calcium
action in the excitation-contraction coupling of heart muscle
and their role in the prevention or production of myocardial
lesions. In: Calcium and the Heart. Edited by: ©P. Harris
and L. Opie, Academic Press, London, 1970; pp.135-188.

Gasser R. Calcium antagonists: Pharmacologic agents in
search of new clinical indications. Angiclogy 1990;41(1):36-
43.

Fleckenstein A. Calcium antagonists and calcium agonists:
Fundamental criteria and classification. 1In: Cardiovascular
Effects of Dihydropyridine-Type Calcium Antagonists and
Agonists. Edited by: Fleckenstein A, Van Breemen C, Gross R,
et al. Springer, Berlin 1985;pp. 3-31.

Fleckenstein A. History of calcium antagonists. In: calcium
Channel Blocking Drugs: A Novel Intervention for the Treatment
of Cardiac Disease. Amer Heart Assoc Monogr 1983;No. 95:3-16.
Vanhoutte PM, Paoletti R. The WHO classification of calcium

135



219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

antagonists. Trends Pharmacodyn 1987;172:235-239.

Opie LH, and Singh BN, Calcium Channel Antagonists. In:
Drugs for the Heart. Second Edition. Edited by: Opie LH, et
al. Grune and Stratton, Inc., Orlando, 1987;pp.34-53.

Schamroth L, Krinklexr DM, and Garrett C. Immediate effects of
intravenous verapamil in cardiac arrhythmias. Br Med J
1972;1:660-662,

Fleckenstein A, Tritthart H, Doring HJ, et al. Bay al040-ein
hochaktiver Ca-antagonistischer Inhibitor der
elektromechanischen Kopplungsprozesse im Warmblutermyckard.
Arzneim Forsch (Drug Res) 1972;22:22-23.

Gleogsmann H, Ferry DR, Goll A, et al. Calcium channels and
calcium channel drugs: Recent biochemical and biophysical
findings. Arzneim Forsch 1985;35:1917-1935,

Langs DA, Strong PD, and Triggle DJ. Receptor model for the
molecular basis of tissue selectivity of 1,4-dihydropyridine
calcium channel drugs. J Computer Aided Mol Design
1990;4:215-230.

Requlla S, Schneider T, Nastainczyk W, Meyer HE, and Hofmann
F. Identification of the site of interaction of the
dihydropyridine channel blockers nitrendipine and azidopine
with the calcium channel «; subunit. EMBO J 1991;10:45-49,

Spedding M, and Kenny B. Voltage-dependent calcium channels:
structures and drug-binding sites. Biochem Soc¢ Trans
1992;20:147-153.

Babitch J. Channel hands. Nature 1990;346:321-322.

Striessnig J, Glossmann H, and Catterall WA. Identification
of a phenylalkylamine binding region within the «; subunit of
skeletal muscle cCa?' channels. Proc Natl Acad Sci (USA)
1990;87:9108-9112,

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

Valdivia HH, and Coronoado R. Internal and external effects
of dihydropyridines in calcium channels of skeletal muscle.
J Gen Physiol 1989;95:1-27.

Hescheler J, Pelzer D, Trube G, and Trautwein W. Does the
organic calcium channel blocker D600 act from the inside or
outside of the cardiac cell membrane? Pflugers Arch

1982;393:287-291.

136



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Grabner M, Friedrid U, Knaus HG, Striessnig J, Scheffauer F,
Standinger R, Koch WJ, Schwartz A, and Glossmann H. Calcium
channels from Cyprinus carpio skeletal muscle. Proc Natl Acad
Sci (USA) 1991;88(3):727-731.

Goll A Ferry DR, Striessning J, Schober M and Glossmann H.
(=)-[ H]Desmethoxyverapamll a novel ca?* channel probe:
binding characteristics and target size analysis of its
receptor in skeletal muscle. FEBS Lett 1984;176:371-377.

Goll A, Glossmann H, and Mannhold R. Correlation between the
negative inotropic potency and binding parameters of 1,4-
dihydropyridine and phenylalkylamine calcium channel blockers
in cat  heart. Naunym Schmiedebergs Arch Pharmacol
1986;334:303-312.

Triggle DJ. Sites, mechanism of action, and differentiation
of calcium channel antagonists. Amer J Hyper 1991;4:422S5-
42985.

Gould RJ, Murphy KMM, Reynoclds 1IJ, and Snyder  SH.
Antlschlzzphrenlc drugs of the dlphenylbutylplperldlne type
act as Ca channel antagonists. Proc Natl Acad Sci (USA)
1983;80:5122-5125.

Nokin P, Clinet M, Polster P, et al. SR33557 a novel ca101um
antagonlst 1nteract10n w1th [ H]-(+)—n1trendlp1ne and | H]—
desmethoxyverapamil binding sites in cerebral membranes.

Naunyn Schmiedebergs Arch Pharmacol 1989;339:31-36.

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

Sanguinetti MC, Kass RS. Voltage-dependent block of calcium
channel current in calf cardiac ©Purkinje fibres by
dihydropyridine calcium channel antagonists. Circ Res
1984;55:336-348.

Kokubun S, Prod'hom B, Becker C, Porzig H, Reuter H. Studies
on Ca channels in intact cardiac cells: voltage-dependent
effects and cooperative interactions of dihydropyridine
enantiomers. Mol Pharmacol 1986;30:571-584.

Wei X-Y, Rutledge A, and Trlggle DJ. Voltage-dependent
binding of 1,4- dlhydropyrldlne ca?* channel antagonists and
activators in cultured neonatal rat ventricular myocytes. Mol
Pharmacol 1989;35:541-552,

Woolsey RL. Antiarrhythmic drugs. Annu Rev Pharmacol Toxicol
1991;31:427-455.

137



242.

243,

244.

245,

246.

247.

248.

249.

250.

251.

252.

253.

Triggle DJ. Calcium-channel antagonists: Mechanisms of
action, vascular selectivities, and clinical relevance. Clev
Clin Journ Med 1992;59:617-627.

Echizen H, Eichelbaum M. Clinical pharmocokinetics of
verapmail, nifedipine and diltiazem. Clin Pharmacokinet
1986;11:425-449.

Eichelbaum M, Remberg EG, Schomerus M, and Dengler HJ. The
metabolism of D, L (4C)verapam11 in man. Drug Metab Dis
1979;7:145-148.

Wood AJJ. Calcium antagonists: Pharmacologic differences and
similarities. Circ 1989;80(suppl IV):IV184-IV188.

Tkeda S, Oka J-I, and Nagao T. Effects of four diltiazem
stere01somers on binding of d-cis-[ H]dlltlazem and (+)-
[ H]PN200 110 to rabbit T-tubule calcium channels. Eur J
Pharmacol 1991;208:199-205.

Hughes AD, Hering S, and Bolton TB. Evidence that agonist and
antagonist enantiomers of the dihydropyridine PN 202-791 act
at different sites on the voltage-dependent calcium channel of
vascular muscle. Br J Pharmacol 1990;101:3-5.

Rampe D, and Triggle DJ. 1,4-Dihydropyridine activators and
antagonists: Structural and functional distinctions. Trends
Pharmacol Sci 1989;10:507-511.

Godfraind T, Miller R, and Wibo M. Calcium antagonism and
calcium entry blockage. Pharmacol Rev 1986;38:321-416.

Triggle DJ, Langs DA, and Janis RA. ca?* channel ligands:
Structure-function relationships of the 1,4~dihydropyridines.
Med Res Rev 1989;9:123-180.

Schneider T, Regulla S, and Hofmann F. The devapamil-binding
site of the purified skeletal muscle receptor for organic-
calcium channel blockers 1is modulated by micromolar and
millimolar concentrations of ca®* Eur J Biochem
1991;200:245-253.

Staudinger R, Knaus H~G, and Glossmann H. Positive
heterotroplc allosterlc regulators of dlhydropyrldlne binding
increase the ca?’ affinity of the L- type ca?* channel:
Stereoselective reversal by the novel ca?*t antagonist BM
20.1140. J Biol Chem 1991;266(17):10787-10795.

Yamada S, Kimura R, Harada Y, and Nakayama K. Calcium channel

receptor sites for (+)-{ H]PN 200-110 in coronary artery. J
Pharm Exp Ther 1990;252(1):327-332.

138



254.

255.

256,

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

Howlett SE, and Gordon T. [3H]-Nitrendipine binding in normal
and cardiomyopathic hamster  hearts: Modulation by
temperature, verapamil and diltiazemn. Mol Cell Cardiol
1990;22:975-985.

Ebersole BJ, and Molinoff PB. Inhibition of binding of
[3H]PN200 110 to membranes from rat brain and heart by
ascorbate is mediated by lipid peroxidation. J Pharm Exp Ther
1991;259(1):337-343.

Mason RP, M01se DM, and Shajenko L. Cholesterol alters the
binding of ca®* channel blockers to the membrane 1lipid
bilayer. Mol Pharm 1991;41:315-321.

Boles RG, Yamamura HI, Schoemaker H, Roeske WR. Temperature-
dependent modulation of [ H]—nltrendlplne binding by the
calcium channel antagonists verapamil and diltiazem in rat
brain synaptosomes. J Pharmacol Exp Therap 1984;229:333-339.

Schllllng WP, and Drewe JA. Voltage-sensitive nitrendipine
binding in an isolated cardiac sarcolemma preparation. J Biol
Chem 1986;261:2750~-2758.

Hess ML, and Manson NH. Molecular oxygen: Friend and foe?
J Mol Cell Cardiol 1984;16:969-985.

Halliwell B, and Gutteridge JMC. Oxygen radicals and the
nervous system. Trends Neurosci 1985;8:22-26.

Tulenko TN, Lapotofsky D, and Cox RH. Alterations in membrane
phosphollpld bilayer comp051t10n with age in the Fisher 344
rat. Physiologist 1988;31:A138.

Roth DMD, Reibel DK, and Lefer AM. Vascular responsiveness
and eicosenoid production in diabetic rats. Diabetologia
1983;24:372-376.

Chen M, Mason RP, and Tulenko TN. Structural, compositional
and functional alterations of arterial smooth muscle plasma
membranes in atherosclerosis. FASEB J 1991;5:531a.

Liu K, Massaeli H, and Pierce GN. The action of oxidized low
dens1ty 11poprot1en on calcium transients in isolated rabbit
cardiomyocytes. J Biol Chem 1993;268(6):4145-4151.

Hollenberg MD. Examples of homospecific and heterospecific
receptor regulation. Trends Pharmacol Sci 1985;6:242-245.,

Mahan LC, McKernan RM, and Insel PA. Metabolism of alpha- and

beta~adrenergic receptors in vitro and in vivo. Annu Rev
Pharmacol Toxicol 1987;27:215-235.

139



267.

268.

269,

270.

271.

272.

273.

274.

275.

276,

277.

278.

Hollenberg D. Biochemical mechanisms of receptor regulation.
Trends Pharmacol Sci 1985;6:299-302.

Levitan IB. Phosphorylation of ion channels . J Membr Biol
1985;87:177-190.

Pastan IH, and Willingham MC. Journey to the center of the
cell: Role of the receptosone. Science (Wash DC)
1981;214:504-509.

Sibley DR, Strasser RH, Caron MG, and Lefkowitz RJ.
Homologous desensitization of adenylate cyclase is associated
with phosphorylation of the B-adrenergic receptor. J Biol
Chem 1985;260:3883-3886.

Sibley DR, and Lefkowitz RJ. Molecular mechanisms of receptor
desensitization wusing the B-adrenergic receptor-coupled
adenylate cyclase system as a model. Nature 1985;317:124-129.

Fehlman M, Carpentier JL, Van Obergehen E, Freychet P, Thamm
P, Saunders D, Brandenburg D, and Orci L. Internalized
insulin receptors are recycled to the cell surface in rat
hepatocytes. Proc Natl Acad Sci (USA) 1982;79:5921-5925.

Ronnett GV, Tennekoon G, Knutson VP, and Lane MD. Kinetics of
insulin receptor transit to and removal from the plasma
membrane: Effect of insulin-induced down-regulation in 3T3-Ll1
adipocytes. J Biol Chem 1983;258:283-290.

Grundy SM. Cholesterol and Atherosclerosis: Diagnosis and
Treatment. JB Lippincott Company, Philadelphia, PA.

Panza G, Grebb JA, Sanna E, erght AC, and Hanbauer I.
Ev1dence for down—regulatlon of H—nltrendlplne recognition
sites in mouse brain after long-term treatment with nifidepine
or verapamil. Neuropharmacology 1985;34:1113-1117.

Gengo P, Skattebol A, Moran JF, Gallant 8, Hawthorn M, and
Triggle DJ. Regulation by chronic drug administration of
neuronal and cardiac calcium channel, beta adrencorecptor and
muscarinic receptor levels. Biochem Pharmacol 1988;37:627-
633.

Nishiyama T, Kobayashi A, Haga T, and Yamasaki N. Chronic
treatment w1th nlfedlplne does not change the number of
[ H]nltrendlplne and [ H]dlhydroalprenolol binding sites. Eur
J Pharmacol 1986;121:167-172.

Garthoff B, and Bellemann P. Effects of salt loading and

nitrendipine on dihydropyridine receptors .in hypertensive
rats. J Cardiol Pharmacol 1987;10(suppl 10):536-S38.

140



279.

280.

281.

282.

283.

284,

285.

286.

287.

288.

289.

290.

291,

Skattebol A, Triggle DJ, and Brown AM. Homologous regulation
of voltage-dependent ca?* channels by 1,4-dihydropyridines.
Biochem Biophys Res Commun 1989;160:929-936.

Liu K, and Pierce GN. The effects of low density lipoprotein
on calcium transients in isolated rabbit cariomyocytes. J
Biol Chem 1993;268(5):3767-3775.

Purcell H, Waller DG, and Fox K. Calcium antagonists in
cardiovascular disease. Brit J Cardio Pharmacol
1989;43(10) :369-~378.

Akhtar M, Tchou P, and Jazaryeri M. Use of calcium channel
entry blockers in the treatment of cardiac arrhythmias.
Circulation 1989;80(suppl IV):IV-31-IV39,

Talajic M, Papadatos D, Villemaire C, Nayebpour M, and Nattel
S. Antiarrhythmic actions of diltiazem during experimental
atrioventricular reentrant tachycardias: Importance of use-
dependent calcium channel-blocking properties. Circulation
1990;81:334-342.

Kloner RA, and Przyklenk K. Progress in cardioprotection:
The role of calcium antagonists. Amer J Cardiol 1990;66:2H~
9H.

Cohn PF. Effects of calcium channel blockers on the coronary
circulation. Amer J Hypertension 1990;3:2995-304S.

Beller GA. Calcium antagonists in the treatment of
Prinzmetal's angina and unstable angina pectoris. Circulation
1989;80 (suppl IV):IV-78-IV-87.

Bache RJ. Effects of calcium entry blockade on myocardial
blood flow. Circulation 1989;80(suppl IV):IV-40-IV-46.

Walsh RA. The effects of calcium entry blockade on normal and
ischemic ventricular diastolic function. Circulation
1989;80 (suppl IV):IV-52-IV-58.

Crawford MH. Theoretical considerations in the use of calcium
entry blockers in silent muocardial ishemia. Circulation
1989;80 (suppl IV):IV-74-IV-77.

Nakanishi J, Nishiocka K, and Jarmakani JM. Mechanism of
tissue Ca?* gain during reoxygenation after hypoxia in rabbit
myocardium. Amer J Physiol 1982;242(11):H437-H449.

Bersohn MM, and Shine KI. Verapamil protection of ischemic

isolated rabbit heart: Dependence on pretreatment. J Mol
Cell Cardiol 1983;15:659-671.

141



292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

Ezzaher A, Bouanani NEH, Bo Su J, Hittinger L, and Crozatier
B.. Increased negative inotropic effect of calcium-channel
blockers in hypertrophied and failing rabbit heart. J Pharm
Exp Therap 1991;257(1):466-471.

Gaurdon P, Blumrich M, and Ertl G. Aggravation of left
ventricular dilatation and reduction of survival by a calcium
channel blocker in rats with chronic myoccardial infarction.
Amer Heart J 1993;125:1226-1233.

Packer M. Pathophysiclogical mechanisms underlying the
adverse effects of calcium channel-blocking drugs in patients
with chronic heart failure. Circulation 1989;80(suppl IV):IV-
59-1IV-67.

Packer M. Second generation calcium channel blockers in the
treatment of chronic heart failure: Are they any better than
their predecessors? J Amer Coll Cardiol 1989:14(5):1339-1342,.

Schwinger HG, Bohm M, and Erdmann E. Negative inotropic
activity of the calcium antagonists isradipine, nifedipine,
diltiazem, and verapamil in diseased human myoccardium. Amer
J Hypertension 1991;4:1855-1878S.

Moss AJ, Oakes D, Benhorin J, Carleen E, and the Multicenter
Diltiazem Post-Infarction Research Group. The interaction
between diltiazem and left ventricular function after
myocardial infarction. Circulation 1989;80(suppl IV):IV-102-
IvV-106.

Griebenow R, Kaufmann W, Kramer L, Steffen HM, Wambach G,
Burger KJ, and Welzel D. Isradipine: A new calcium
antagonist  with strong vasodilatory but negligible
cardiopressive effects. J Cardiovascular Pharm 1990;15(suppl
1) :S84-S86.

Hoppeler H, Hess OM, Hug R, Turina J, and Krayenbuhl HP.
Effect of isradipine on left ventricular relaxation and
diastolic filling. J Cardiovascular Pharm 1990;15(suppl
1) :S79-5883.

Afzal N, Ganguly PK, Dhalla KS, Pierce GN, Singal PK, and
Dhalla NS. Beneficial effects of verapamil in diabetic
cardiomyopathy. Diabetes 1988;37:936-942.

Chobanian AV. Vascular effects of systemic hypertension.
Amer J Cardiol 1992;69:3E-~7E.

Weinberger MH. Calcium antagonists for the treatment of
systemic hypertension. Amer J Cardiol 1992;69:13E-16E.

Welzel D, Burger KJ, and Weidinger G. Calcium antagonists as

142



304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

first-line antihypertensive agents: A placebo-controlled,
comparative trial of isradipine and nifedipine. J
Cardiovascular Pharm 1990;15(suppl 1):870-574.

Hansson L, and Dahlof B. Calcium antagonists in the treatment
of hypertension: State of the art. J Cardiovascular Pharm
1990;15(suppl 1):5871-5875.

Burger W, Herholz H, Burger K, and Kober G. Antiischemic and
hemodynamlc effects of 1ntravenous isradipine, a new calcium
antagonist, in coronary heart disease: A comparative double-
blind cross-over study with nifedipine. J Cardiovascular
Pharm 1990;16:764~768.

Weber MA. Antihypertensive treatment: Considerations beyond
blood pressure control. Circulation 1989;80(suppl IV):IV-120-
Iv-127.

Kiowski W, Bollis P, Erne P, Muller FB, Hulthen UL, Buhler FR.
Mechanlsms of actlon and cllnlcal use of calcium antagonlsts
in hypertension. Circulation 1989;80(suppl IV):IV-136-1IV-144.

Resnick IM, Nicholson JP, and Laragh JH. The effects of
calcium channel blockade on blood pressure and calcium
metabolism. Amer J Hypertension 1989;2:927-930.

Messerli FH, Kaesser UR, Losen CJ. Effects of
antihypertensive therapy on hypertensive heart disease.
Circulation 1989;80(suppl IV):IV-145-IV-150.

Frishman WH, Skolnick AE, and Strom JA. Effects of calcium

entry blockade on hypertension-induced left ventricular
hypertrophy. Circulation 1989;80(suppl IV):IV-151-IV-161.

Benstein JA, and Dworkin LD. Renal vascular effects of
calcium channel blockers in hypertension. Amer J Hypertension
1990;3:3055-3128S.

Gotto AM. Calcium channel blockers and the prevention of
atherosclerosis. Amer J Hypertension 1990;3:3425-346S.

Paolettis R, and Bernini F. A new generation of calcium
antagonists and their role in atherosclerosis. Amer J Cardiol
1990;66:28H~31H.

Etingen OR, and Hajjar DP. Calcium channel blockers enhance
cholesterol ester hydrolysis and decrease total cholesterol
accumulation in human aortic tissue. Circ Res 1990;66:185~
190.

Hof RP, Tapparelli ¢, and Weinstein DB. Hemodynamic,
antlvasoconstrlctor'and antiatherosclerotic effects of calcium

143



316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

antagonists in animal models of atherosclerosis. J
cardiovascular Pharm 1990 15(suppl 1):57-512.

Krishna GG, and Narins RG. Calcium channel blockers:
Progression of renal disease. Circulation 1989;80(suppl
TV) :IV-47-IV=-51.

Grotta JC. Clinical aspects of the use of calcium antagonists
in cebrovascular disease. Clin Neuropharm 1991;14(5):373-390.

Hennerici MG. New aspects of calcium antagonists for
treatment of cebrovascular disease. J Cardiovascular Pharm
1991;18 (suppl 10):859-563.

Sauter A, and Rudin M. Calcium antagonists for reduction of
brain damage in stroke. J Cardiovascular Pharm 1990;15(suppl
1) :843-547.

Hulser PJ, Kornhuber AW, and Kornhuber HH. Treatment of acute
stroke with calcium antagonists. Eur Neurcl 1990;30(suppl
2):35-38.

Bevan JA, Kaminow L, Laher I, and Thompson LP. Pharmacology
of TA-3090 (8-chloro diltiazem) related to its cebrovascular
protective properties. Circulation 1989;80(suppl IV):IV-178~-
Iv-183.

Cohan SL. Pharmacology of calcium antagonists: Clinical
relevance in neurology. Eur Neurol 1990;30(suppl 2):28-30.

Taylor JM, and Simpson RU. Inhibition of cancer cell growth
by calcium channel antagonists in the athymic mouse. Cancer
Research 1992;52:2413-~2418.

Olesen J. Calcium antagonists in migraine and vertigo:
Possible mechansims of action and review of clinical trials.
Eur Neurol 1990;30(suppl 2):31-34.

Hoschl C. Do calcium antagonists have a place in the
treatment of mood disorders? Drugs 1991;42(5):721-729.

Le Grand B, Hatem S, Deroubaix E, Couetil J-P, and

Coraboeuf E. Calcium current depression in isolated
human atrial myocytes after cessation of chronic
treatment with <calcium antagonists. Circ Res

1991;69:292~300.

Packard MJ. Use of slow-release pellets to administer
calcitriol to avian embryos: Effects on plasma calcium,
magnesium and phosphorus. Gen Comp Endo 1992;85:8-16.
Ahnoff M and Persson B-A. Chromatography of calcium

144



329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

channel blockers. J Chromatography 1990;531:181-213.

Munson PJ and Robard D. LIGAND: A versatile
computerized approach for the characterization of ligand
binding systems. Anal Biochem 1980;107:220-239.

Afzal N, Pierce GN, Elimban V, Beamish RE and Dhalla NS.

Influence of verapamll on some subcellular defects in
diabetic cardiomyopathy. Amer J Physiol 1989;256:E453~
E458. N

Rouleau JL, Church LHJ, Hollosi G, Kidd P, Sievens RE,
Wikman- Coffelt J, and Parmley WW. Verapamll preserves
myocardial contractility in hereditary cardiomyopathy of
Syrian hamsters. Circ Res 1982;50:405-412.

Rosing DR, Condit JR, Maron BJ, Kent KM, Leon MB, Bonow
RO, Lipson LC, and Epsteln SE. Verapamll therapy: A new
approach to the pharmacologic treatment of hypertrophic
cardiomyopathy. IIT. Effects oflong-term
administration. Amer J Cardiol 1981;48:545-553.

Kapur PA, Law T and Watson E. Simultaneous gquantitation
of verapamll norverapamil, and N-dealkylated metabolites
in human plasma following oral administration. J
Chromatography 1985;337:160-165.

Lefkowitz RJ, Caron Mg, and Stiles GL. Mechanisms of
membrane- receptor regulation: Biochemical, physiological and
clinical insights derived from studies of the adrenergic
receptors. N Engl J Med 1984;310:1570-1579.

Hughes RJ, Mahan LC, and Insel PA. Certain B-blockers can
decrease.B—adrenerglc receptor numbers. II. Down-regulatlon of
receptor number by alprenolol and propanolol in cultured
lymphoma and muscle cells. Circ Res 1988;63:279-285.

Horowitz BZ, and Rhee KJ. Massive verapamil ingestion: A
report of two cases and a review of the literature. Amer J
Emerg Med 1989;7:625-631.

Nishioc Y, Kashiwagi A, Ogawa T, Asahlna T, Ikebuchi M, Kodama
M, and Shlgeta Y. TIncrease in [ H]PN 200-110 binding to
cardiac muscle membrane in streptozocin-induced diabetic
rats. Diabetes 1990;39:1064~1069.

Murphy DJ, and Tuana BS. Calcium ions inhibit the allosteric
interaction between the dihydropyridine and
phenylalkylamine binding sites on the voltage gated
calcium channel in heart sarcolemma but not in skeletal
muscle transverse tubules. Can J Physiol Pharmacol
1990;68:1389-1395,

145



