











INVESTIGATION OF THE PHOTOSENSITIZING ACTIVITY
OF 1,4-DIHYDRGPYRIDINE COMPOUNDS
IN RAT SMOOTH MUSCLE

BY

® MIGUEL MARTIN-CARABALLO

A thesis submitted to the School of Graduate Studies
in partial fulfilment of the requirements
for the degree of

Master of Science

Faculty of Medicine
Memoarial University of Newfoundland

19956

St. John's Newfoundland



l* I National Library BibliotheGue nationale
of Canada du Canada

Acquisitions and Direction des acquisitions e!
Bibliographic Services Branch  des services bibliographiques
395 Wallington Street 395, rue Wellington

Ottawa, Onlario Ottawa (Ontano)

K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-612-06134-5

Canad4

Your file  Voire 1¢ldionce

Ou: tie  Nolrg tatérence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CI NE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.



ABSTRACT

The general aim of this work was to investigate the photodynamic action
of 1,4-dihydropyridines (DHFs} with respect to contractile force generation in
rat smooth muscle. The preparations chosen possessed (thoracic aorta) or
lacked (oesophageal tunica muscularis mucosae {TMM) and pyloric sphincter )
intrinsic photoresponsiveness. Exposure to 3'-NO, -substituted DHP (3'-NO, -
DHP) photosensitized precontracted TMM preparations in a concentration-
dependent fashion and this could be mimicked by photodegradable nitric oxide
(NO) donors (streptozotocin, socium nitroprussidem, sodium nitrite).

3'-NO,-DHP- and NO donor-photoactivated responses in TMM, had at
least three different components, consisting of (i) a transient fast relaxation, lii)
a fast "off-contraction”, and ({iii} a slow, delayed relaxation. Only the latter
component persisted in calcium-depleted, calyculin A-precontracted preparations
or following inhibition of the fast response by DHP L-type Ca™**-channe!
antagonists, skinning of the plasmalemma and extracellular Ca** chelation.

Both tast and slow relaxations in the TiViM were diminished by NO
scavengers (LY 83583, carboxy-PTIO), whereas the fast relaxation was also
diminished by pre-irradiation of the 3'-NO,-DHP solution. The selective cGMP-
dependent phasphodicsterase inhibitor, zaprinast, enhanced the photorelaxation.

Unbuffering of the sarcoplasmic reticulum wvith either cyclopiazonic acid



i
or ryanodine inhibited the Bay K 8644-photoactivated fast response in TMM.
This effect was accelerated in the presence of extracellular Ca*'' and resembles
that seen in tissues exposed to the calcium ionophore A23187.

In thoracic aorta, the endogenous photorelaxation was enhanced by all
3'-NO,-DHPs tested. LY 83583 effectively inhibited both the endogenous and
3'-NO,-DHP-augmented photorelaxation. In pyloric sphincter, photosensitization
by the 3'-NO,-DHP, (+)-PN 202 791, was evident as a transient inhibition ol
the muscarinic agonist-stimulated phasic contractions, followed by a post-
irradiation contraction.

The present study supports the following conclusions: (1) 3'-NO,-DHP-
photoactivated responses are tissue-specific and mimic the endogenous or NO
donor-photoactivated response in smooth muscles, (2) photoactivated release
of NO, presumably followed by stimulation of soluble guanylate cyclase
mediates both the fast and slow relaxations in the TMM, (3) functional L-type
Cat**-channels are required for the expression of the fast components of the
photoactivated response, {4) the slow relaxation may involve direct regulation
of contractile protein phosphorylation by a cGMP-dependent protein kinase.

Keywords: guanylate cyclase, 3'-NQ,-1,4-dihydropyridines, L-type Ca"' '-
channel, nitric oxide, tunica muscularis mucosae, photosensitization, pyloric

sphincter, sarcoplasmic reticulum, thoracic aorta.
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CHAPTER ONE

INTRODUCTION

1.1 Photoactivated changes in contractility of smooth muscle

Visible or UV-irradiation of smooth muscle preparations may evoke
relaxation or contraction. Furthermore, in certain preparations, irradiation
induces a compiex response consisting of a relaxation-contraction sequence.
The following sections will describe the physical and pharmacological properties

of the photoactivated responses in smooth muscle.

1.1.17 Photorelaxation

Photoactivated responsiveness in smooth muscle may be of intrinsic or
extrinsic origin. Intrinsic photoretaxation does not require any added
photosensitizing agent. On the contrary, certain compounds such as
photodegradable NO-donors and 1,4-dihydropyridines {DHPs) have the property
to enhance the intrinsic photorelaxation in vascular smooth muscle or to

photosensitize de novo other preparations.

1.1.1.1 Endogenous photorelaxation
Forty years ago it was reported that visible or UV-irradiation evokes an
oxygen-independent photorelaxation in norpinephrine-precontracted rabbit aorta

(Furchgott et al., 1955). This response requiring no photosensitizing agent was



described as a reversible relaxation.

The action spectrum of the endogenous photorelaxation in aortic prepara-
tions revealed a peak at 310 nm, but photorelaxation of variable amplitude could
also be elicited in the visible range of the spectrum (Furchgott et al., 1961;
Chaudhry et al., 1993). However, since the action spectrum of the molecule
involved in the endogenous photorelaxation does not match the action spectrum
of most common chromophores {i.e., proteins, NADH, porphyrins, flavins) in
biological tissues, it has been suggested that more than one chromophore may
be involved in the photorelaxation (Chaudhry et al., 1993).

Other studies demonstrated that the amplitude of the endogenous
photorelaxation in rabbit aorta depends on the level of active tension of the
smooth muscle, but not on the stimulating drug used to produce contraction
(Furchgott et al., 1961). Howvever, K*-precontracted aortic preparations were
less responsive to the relaxant effect of UV-light. An explanation for this
observation may be found in the sensitivity of the photorelaxation to
extracellular Na* concentration, but not other ions, reported in vascular smooth
muscle (Raffa et al., 1991). Thus, Raffa et al. have described that the UV-
photoactivated relaxation in rabbit aorta is greatly inhibited by equimolar
replacement of the [Na*], with mannitol and Li', but not choline, in the

physiological buffer.
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Preconstricted segments of rabbit aorta also relax when exposed to
acetylcholine by an endothelium-dependent mechanism (Furchgott & Zawadski,
1980) (see section 1.4.2). Relaxation is mediated by an endotheliurn-derived
relaxing factor {EDRF) with the ultimate mediator being nitric oxide (NO){Palmer
et al., 1987; Furchgott, 1988, Ignarro et al., 1987). The subsequent step in
NO-mediated relaxation in smooth muscle involves activation of soluble
guanylate cyclase (sGC) and increase in the levels of ¢yclic guanosine-3',5'-
monophosphate (cGMP) (Rapoport & Murad, 1983). Pharmacological studies
have suggested that the endogenous photorelaxaticn in vascular smooth muscle
may bie mediated by a photoactivated relaxing factor with similarities to NO
{(Furchgott et al., 1985). Recent evidence using a porphyrin sensor, further
suggests that this factor is indeed NO (Kubaszewski et al., 1984). Similar to
acetylcholine-induced relaxation, photorelaxation is accompanied by an increase
in cGMP levels {(Furchgott et al., 1984; Karisson et al., 1984}. The onset of the
rise in cGMP precedes the onset of the photorelaxation. The NO-binding
molecule haemoglobin {Hb} inhibits both the rise in ¢GMP and the
photorelaxation resulting from UV-irradiation (Furchgott et al., 1984, 1985},
whereas LY 83583, which generates superoxide radicals, alsa diminishes the
photorelaxation (Furchgott & Jothianandan, 1991). Superoxide radicals react

with NO to form peroxynitrite (Beckman et al., 1990) and thus represents one
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means to diminish EDRF/NQO vasodilation {Gryglewski et al., 19886). In rabbit
thoracic aorta and bovine pulmonary artery, potentiation of the endogenous
photorelaxation can be demonstrated with the selective inhibitor of cGMP-
dependent phosphodiesterase, =zaprinast (M&B 22948) (Furchgott &
Jothianandan, 1991; Wolin et al., 1991).

The effect of the sGC inhibitor, methylene blue {ViB), on the endogenous
photorelaxation is presently unclear. Aithough MB significantly inhibits the UV
irradiation-induced increase in cGMP in rabbit aortic preparations; pretreatment
of aortic strips with MB results in a slowly developing, quasi-irreversible
inhibition of the photorelaxation (Furchgott et al., 1984). Furthermare, recent
data indicate that MB enhances the endogenous photorelaxation in several
vascular smooth muscle preparations (Chen & Gillis, 1993).

The endogenous photorelaxation, however, also occurs in endothelium-
denuded rabbit aortic preparations, suggesting that photoactivated release of
NO from the vascular endothelium is not required for the photorelaxation
{Furchgott et al., 1984). Since the superoxide scavenger, superoxide dismutase
does not modify the intrinsic photorelaxation, it has been suggested that the
source of NO may be an intracellular store in the smooth muscle cells
(Matsunaga & Furchgott, 1989). Furthermore, this store could be depleted

following repeated exposure to light stimulation (Venturini et al., 1993;



Kubaszewski et al., 1994),

Other pathways involving sGC activation are believed to mediate
photorelaxatiori in smooth muscle as well. Wolin et &l. {1991) have proposed
that metabolic degradation of hydrogen peroxide by catalase, followed by
activation of sGC, may mediate photorelaxation in bovine pulmonary artery.
Diract photoactivation of sGC has also been inferred by Karlsson et al. (1985},
which could underlie the increase in ¢cGMP and photorelaxation in bovine
mesenteric arteries (Karlsson et al., 1984),

Tallarida and colleagues have proposed two other mechanisms that
mediate the enclogenous photorelaxation in smooth muscle. The first mechanism
involves a decrease in cytoplasmic free [Ca**] upon UV-irradiation (Jacob &
Tallarida, 197 7). They observed that UV irradiation of rabbit aortic microsomes
enhances caicium binding which may explain the reduction in tonus shown in
the intact smooth muscle after irradiation. Whether this effect is c¢cGMP-
dependent rermnains to be determined since an increase in cGMP could result in
a decrease in intracellular [Ca**] via activation of a sarcolennmal Ca**-ATPase
(see section 1.4.2). The second mechanism supposedly involves a shift in the
equilibrium binding constant for the tonus-inducing drug and its receptor
{(McGonigle & Tallarida, 1980) in such way that the drug is displaced from the

receptor or the drug-receptor complex is inactivated, resulting in relaxation.



1.1.1.2 Exogenous photorelaxation

NaNO, (a non-acidified solution) enhances the endogenous
photorelaxation in rabbit aortic strips (Matsunaga & Furchgott, 1989).
Moreover, in smooth muscle preparations from rabbit stomach, duodenum and
uterus which are insensitive to photostimulation, NaNQO, is able to induce
relaxation upon UV-irradiation (Ehrreich & Furchgott, 1968). Matsunaga and
Furchgott (1991) demonstrated that NaNQ, in solution is photoactivated by long
wavelength UV-light to release a potent, but very labile relaxing substance with
pharmacological properties similar to EDRF. This molecule is believed to be NO
since photorelaxation can be stabilized by superoxide dismutase and completely
inhibited by Hb, but not methemoglobin {Matsunaga & Furchgott, 1988, 1991).
Howvever, the peak of the action spectrum for the endogenous photorelaxation
(310 nmy} differs from that of the NaNO,-potentiated photorelaxation (350 nm)
(Matsunaga & Furchgott, 1989).

Other NO-donors are able to photosensitize smooth muscle as well. Thus,
streptozotocin and N“-nitro-L-arginine enhance photorelaxation in rat aorta and
induce photorelaxation in rat trachea (Chang et al., 1993). Significant release
of NO following irradiation of a N“-nitro-L-arginine aqueous solution has been
demonstrated by Bauer and Fung (1993). Sodium nitroprusside (SNP)-

photoactivated relaxation has been described in porcine fundus (Golenhofen et
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al., 1990). In contrast, phasic smooth muscle such as porcine antrum and
pylorus are less sensitive to inhibition of the phasic contractions upon irradiation
of SNP-treated preparations (Golenhofen et al., 1990}.

The DHPs are chiefly known to modulate voltage-gated Ca* *-channels
of the L-type. A less understood property of some members of this class of
compounds is to sensitize smooth muscle to the relaxant effect of light
(Mikkelsen et al.,, 1985a,b). Mikkelsen and colleagues proposed that, in rat
thoracic aorta, UV irradiation induces a reversible shift of the DHP ligand, Bay
K 8644, from an agonist to an antagonist binding site at the L-type Ca**-
channel, causing inhibition of smooth muscle tonus (Mikkeisen & Nyborg,
1986). However, subsequent studies of DHP L-type Ca* *-channel agonist-
antagonist enantiomeric pairs have shown that both enantiomers produce
photorelaxation in vascular smooth muscle regardless of their action on the
Ca''-channel (Golenhofen et al., 1990; Triggle et al., 1991). Based on the
photosensitizing activity and modulation of L-type Ca**-channel in rat thoracic
aorta, DHPs have been divided into four groups: 1) L-type Ca* *-channel agonist-
photosensitizers: Bay K 8644 and PN 202-791, 2) L-type Ca**-channel
agonist-nonphotosensitizers: CGP 28392 and YC-170, 3} L-type Ca* *-channel
antagonist-photosensitizers: nifedipine, PN 200-110 and the antagonist

enantiomers of Bay K 8644 and PN 202-791, and finally 4) L-type Ca* *-channel
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antagonist-nonphotosensitizers: amlodipine, felodipine and PD 122860 (Triggle
& Bieger, 1990}. Subsequent investigations, however, have failed to corroborate
photosensitizing activity in the case of nifedipine and PN 200-110 (D. Bieger,
personal communication).

Preliminary structure-activity relationship {SAR) studies of DHPs suggest
that all molecules with a 3'-NO, substituent (3'-NQ -DHP) are effective
photosensitizers in smooth muscle (Golenhofen et al.,, 1990; Triggle et al,,
1991). As determined by spectral analysis, both the Bay K 8644-photoactivated
relaxation and absorbance in aqueous solution show a maximum around 410 nm
{(Golenhofen et al., 1990). These observations have led to the hypothesis that
the DHP-photoactivated relaxation results from photolytic release of NO from
the 3'-NO,-DHP molecule (Golenhofen et al., 1990) or from the formation of an
intermediate nitrosyl radical capable of activating sGC (Triggle and Bieger,
1990).

Whether irradiation of the 3'-NO,-DHP molecule may release a photolabile
relaxing substance similar to NO remains to be established since: 1) 2h-UV light
irradiation of a Bay K 8644 solution does not decrease its photosensitizing
activity in rat thoracic aorta. In addition, removal of the 3'-NO,-DHP from the
incubation medium does not attenuate the photorelaxation (Mikkelsen et al.,

1985ba); 2} although the photoactivated response of Bay K 8644-treated
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preparations is accompanied by an increase in cGMP content (Bieger & Triggle,
1991), no vasorelaxant product could be detected by bioassay during irradiation
of vascular smooth muscle (Chen & Gillis, 1992}; 3) 3'-NO,-DHP-photoactivated
relaxation is less sensitive to pharmacological compounds modifying
endogenous photorelaxation as well as NaNQO,-augmented photorelaxation.
Thus, superoxide dismutase has no effect on the Bay K 8644-mediated
photorelaxation (Chen & Gillis, 1992) whereas LY 83583 only attenuates the
DHP-augmented photorelaxation in aortic rings (Triggle & Bieger, 1990]).
Other results, on the contrary, seem to support the hypothesis regarding
photoactivated release of NO from the 3'-NO,-DHP molecule. Recently, Bauer
and Fung {1993) were able to demonstrate that irradiation of an ethanolic
solution of Bay K 8644 results in a measurable release of NO as determined by
chemiluminescence analysis. Moreover, an increase in cGMP production has
been demonstrated in Bay K 8644-photosensitised rat aortic preparations
{Triggle & Bieger, 1991) and (+}-PN 202 791-treated porcine coronary arteries
(Baik et al., 1994}. In the {atter, MB inhibits both the cGMP increase and the
photorelaxation. Whether the effect of 3'-NO,-DHP on cGMP is a direct result
of light stimulation remains to be determined since Bay K 8644 alone may also
stimulate cGMP synthesis in pituitary tumour cells and rat aortic smooth muscle

{(Heisler, 1986; Triggle et al., 1991}.
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Changes in the chemical structure of the 3'-NO,-DHP molecule as a result
of irradiation and its interaction with different biological structures remain to be
studied, especially changes related to the 3'-NO, group of the dihydropyridine
ring. However, significant data regarding photoactivated decomposition of DHP
antagonists have been described. Thus, irradiation of nimodipine and furnidipine
results in aromatization of the dihydropyridine moiety, turning it into a pyridine
ring (Nunez-Vergara et al., 1994, Zanocco et al., 1292). If the DHP contains a
-NO, group in the phenylring (e.g., nimodipine}, it may undergo reduction to the
nitroso derivate (Nufiez-Vergara et al., 1994) or transmutation of the nitro group
within the phenyl ring (Zanocco et al., 1992). The irradiation wavelength seems
to play a role in the rate of those transformations. Thus, UV-irradiation of
furnidipine results in oxidation of the dihydropyridine, whereas artificial day light
irradiation also includes reduction of the nitro group (Nunez-Vergara et al.,

1994,).
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1.1.2 Photocontraction

Light may evoke contraction in precontracted smooth muscle preparations
as wvell as in preparations held at basal tonus. However, unlike photorelaxation
which occurs mostly during photostimulation, contractions may take place
during, as well as after, irradiation. Thus, in frog iris sphincter, polychromatic
light irradiation induces photocontraction via release of calcium from an
intracellular source {Kargacin & Detwiler, 1985). However, high intensity Ar-
laser irradiation of rabbit aorta evokes photocontractions which are mediated by
a thermal effect of the laser on the smooth muscle (Steg et al.,, 1388).

Although UV and poiychromatic light-irradiation causes photarelaxation
in smooth muscle, in certain preparations relaxation is followed by an "off-
contraction”, i.e., a contraction occurring at the offset of the irradiation. At the
present time, the mechanism of this response remains unknown; however, it
has mainly been described in non-vascular smooth muscle such as preparations
from the gastrointestinal tract. Such post-irradiation stimulation was first
reported by Ehrreich and Furchgott (1968) in acetylcholine-precontracted rabbit
stomach smooth muscle, photosensitized with NaNQO,. This response was not
cholinergically mediated since it was resistant to atropine and hexamethonium.
When NaNO,pretreated preparations vvere stimulated electrically to induce

phasic contractions, irradiation evoked a transient or long lasting inhibition of
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the phasic activity, followed by an "off-contraction", the amplitude of the latter
being significantly larger than the amplitude of the phasic contractions. In
porcine longitudinal fundus, photostimulation of Bay K 8644-treated
preparations also evokes a photorelaxation which is followed by an "off-
contraction” after cessation of the photostimulus (Golenhofen et al., 1990).
While the foregoing review has focused only on the photoactivated
changes in the mechanical activity in smooth muscle, it is well recognised that
the cellular mechanisms of contraction and relaxation relate to the intrinsic
physiological properties of smooth muscle. The next section deals with this

aspect.
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1.2 Smooth Muscle: structure-function relationship

Contraction of smooth muscle cells is thought to occur, as in skeletal
muscie, through the interaction of myosin and actin filaments (Somiyo et al.,
1976; Somiyo, 1980)}. Aithough not arranged in sarcomeres as in skeletal
muscle, at ieast three distinct types of contractile filaments have been identified
in smooth muscle. These are the thick filaments (15 nm in cross-sectional
diarneter}, containing polymerized myosin monomers; the thin filaments {6-8
nm), composed mainly of actin and the intermediate filaments (10 nm), made
up of desmin or vimentin. Another major component of the contractile apparatus
in smooth muscle, called dense bodies, operate as attachment sites for actin
filaments, analogous to the Z-line in striated muscles.

Myosin is composed of two high molecular weight (230 kDa) heavy
chains and four low molecular weight {two 20 kDa and two 16 kDa or LC,, and
LC,q, respectively) light chains (Craig et al., 1983; Yanagisawa et al., 1987;
Messer & Kendric-Jones, 1988). The LC,, is the substrate for a specific
calcium-dependent kinase named myosin light chain kinase (MLCK). MLCK is a
high molecular weight protein (=105 kDa in chicken gizzard) that is activated
after binding to the calcium-dependent protein calmodulin. Proteolysis of the
purified enzyme has demonstrated that MLCK is composed of two domains: an

active domain which binds to myosin, and a pseudosubstrate domain,
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containing a calmodulin-binding site (Foyt et al., 1985; Walsh, 1986a). Under
resting conditions, binding of the pseudosubstrate domain to the active site
prevents myosin activation whereas calmodulin interaction with the
pseudosubstrate domain releases this autoinhibition of the active site, allowing
its activation of the myosin filaments.

Excitation-contraction coupling in smooth muscle involves the following
sequence of events: 1) activation of [Ca™ *]; by receptor-mediated events, 2}
activation of the calcium-binding protein calmodulin as the result of [Ca''],
increase; 3) stimulation of MLCK by the Ca**-calmodulin complex (Lucas et al.,
1986); 4) MLCK phosphorylation of the Ser 19 residue in the LC,, of the myosin
head, exposing a binding site for actin {Jakes et al., 1576; Adelstein & Eisenber,
1980; Walsh, 1985b), 5} activation of myosin ATPase resulting in the
generation of force through cycling of myosin cross-bridges with the actin
filaments, and 6) activation of several phosphatases which dephosphorylate the
LC,,. causing relaxation of smooth muscle (Morgan et al.,, 1976; Pato &

Adelstein, 1981).
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1.2.1 Regulation of contraction in smooth muscle

Although the details of molecular events mediating smooth muscle
contraction have not been fully resolved, there is littie doubt that calcium ions
act as the second messenger regulating smooth muscle tension development.

Increases in intracellular calcium may occur as the result of receptor
stimulation or/and membrane depolarization. Unlike skeletal muscle, where
contraction is mainly supported by release of intracellular calcium, smooth
muscle depends on extracellular calcium as well to maintain tension (Bolton,
1979; Daniel et al., 1979). Thus, it has been proposed that calcium entry in
smooth muscle may occur through receptor-gated channels, activated by
agonist receptor occupancy (Bolton, 1979), or through voltage-gated channels,
activated by membrane depolarization (Triggle, 1972).

Another possible source of calcium is the sarcoplasmic reticulum {ER).
Release of intracellular calcium from the SR may occur through the inositol
triphosphate (IP5)-activated channel and the caffeine modulated calcium-induced
calcium release mechanism {Somlyo et al., 1985; Baron et al., 1989; lino,
1990). A variety of extracellular signals (neurotransmitters, hormones, etc.)
interact with specific receptors located in the plasmalemma that are coupled via
a GTP-binding protein to the enzyme phospholipase C. Activation of

phospholipase C results in the hydrolysis of the membrane lipid,
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phosphatidylinositol 4,5-bisphosphate, generating two second messengers: IP,
and 1,2-diacylglycerol. The latter activates protein kinase C, whereas IP,
diffuses into the cytoplasm and interacts with the IP, -activated channe! in the
SR, allowing release of calcium into the myoplasm, down its concentration
gradient. The calcium-induced calcium release mechanism allows the release of
calcium ions from the SR as the result of an overall increase in myoplasmic
calcium concentration.

The different time course of calcium entry from the extracellular space
and calcium release from the SR is responsible for the biphasic components of
the agonist-induced contraction (Bond et al., 1984; Daniel et al., 1979). This
response contains an initial phasic contraction followed by a long lasting tonic
contraction. The first phase is believed to involve SR calcium release by IP.,
whereas the tonic contraction is mediated by calcium entry from the
extracellular space. Contraction induced by high K* entails mostly a tonic phase
mediated by calcium entry through voltage-gated channels.

Based on this simplified scheme, it has been proposed that smooth
muscle possesses two types of excitation-contraction coupling:
electromechanical and pharmacomechanical coupling {Somlyo & Somlyo, 1368).
The former is mediated by a change in resting membrane potential leading to

Ca** influx through voltage-gated channels. The latter involves: 1) Ca'' influx
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through receptor-gated channels; 2) SR Ca** release through IP;-activated
channel; and 3) regulation of kinase/phosphatase activity (see below}.

Several lines of evidence, however, suggest that cytoplasmic [Ca**] and
force generation are not rigidly coupled and that Ca™*-sensitivity of the
contractile apparatus can be modified by physiological mechanisms. The
tension/Ca* * relationship is higher during agonist than during high K*-induced
contractions (Bradley & Morgan, 1987; Himpens & Casteels, 1987; Rembold &
Murphy, 1988). In staphylococcus Q-toxin permeabilized smooth muscies,
which still retaining their agonist-coupled responses, an increase in calcium
sensitivity could be demonstrated by receptor stimulation (Kitazawa et al.,
1989; Nishimura et al.,, 1988). Moreover, simultaneous measurements of
tension and [Ca* *};, have shown that during continuous stimulation, although a-
adrenergic agonist induced force is maintained at high constant levels, calcium
concentration may decline to basal levels (Morgan & Morgan, 1982). In intact
smooth muscle, it has been demonstrated that levels of both MLCK
phosphorylation and shortening velocity decrease to control levels during the
phase of force maintenance (Dillon et al., 1981). In order to account for these
phenomena, a high calcium sensitivity state, the fatch state, has been proposed
to be involved in the development of force with significant decrease in calcium

concentration and phosphorylation (Dillon et al., 1981). The latch bridge is a
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dephosphorylated cross-bridge. Although both types of coupling are proposed
to generate the same amount of force, the latch bridge has a fivefold slower
detachment rate.

Several other studies have indicated the existence of regulatory
mechanisms other than myosin phosphorylation that may affect the contractile
tonus of smooth muscle but do not involve the formation of latch-bridges.
Convincing evidence for this has emerged from studies with smooth muscle
preparations permeabilized with staphylococcus @-toxin, indicating that a GTP-
binding protein may be implicated in increasing the Ca'' sensitivity of the
contractile proteins to various agonists (Kitazawa & Somlyo, 1991). Protein
kinase C has also been implicated in the regulation of smooth muscle
contraction. Thus, the tumour-promoting phorbol esters can induce slowly
developing, sustained contractions. Moreover, gizzard myosin is a substrate of
protein kinase C in vitro, with phosphorylation occurring at several sites (S1,
S2, T9) of the LC,, (Nishimura et al., 1990}. Howeuver, it is unclear if the protein
kinase C- induced tonus is the result of a direct effect on the contractile proteins
or an increase in Ca** influx through phosphorylation of voltage-gated channels
{Yabu et al., 1992). Regulation of the phosphorylation/ dephosphorylation rate
of MLCK through changes in the kinase/phosphatase activity ray also play an

important role in tonus generation in smooth muscles. Recent evidence demon-



19

strates that the phosphatase inhibitors, okadaic acid and calyculin A, induce
tonic contractions in rabbit aorta and guinea-pig taenia caeci (Shibata et al.,
1982; Hartshorne et al., 1989). Such contractions were independent of
extracellular calcium and did nct involve calcium mobilization from internal
stores {Hartshorne et al., 1989).

Several investigators have also suggested that large increases in [Ca™ "],
per se may decrease the sensitivity of the contractile apparatus to calcium {Stull
et al., 1990, Kitazawa & Somlyo, 1990). The molecular mechanism of calcium-
induced desensitization may be explained by phosphorylation of MLCK. In vitro
MLCK activity is a function of both calcium and calmodulin concentration.
However, increase in [Ca™ *], may activate a Ca * *-calmodulin-dependent protein
kinase Il vwhich phosphorylates MLCK (Stull et al., 19990). Phosphorylated MLCK
has a lower Ca**-sensitivity than the dephosphorylated enzyme. This
hypothesis may partially explain the phasic response of some smooth muscle
{Kitazawa & Somlyo, 1990}. Thus, exposure to high [Ca* "], induces a transient
contraction in staphylococcus a-toxin skinned smooth muscle. However, force
declines to a significantly lower level despite a maintained high [Ca®*];,
suggesting a time-dependent decrease in calcium-sensitivity of contraction.

Biochemical experiments also suggest the existence of contractile-

filament linked regulatory mechanisms in smooth muscle. Although smooth
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muscle lacks troponin, two other proteins called caldesmon and calponin may
be involved in the regulation of actin-myosin interaction in smooth muscie

{Sobue et al., 1981; Takahashi et al., 1986).
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1.2.1.1 Voitage-gated channels.

As mentioned above, voltage-gated channels play a very important role
in calcium-entry during force maintenance in smooth muscle.
Electrophysiological studies indicate that there are at least two subtypes of
voltage-gated channels in smooth muscles (Sturek & Hermsmeyer, 1986;
Benham et al., 1987): i} L-type Ca* *-channels, characterized by activation at
depolarized membrane potential and large conductance. Upon repolarization, L.-
type Ca'*-channels inactivate slowly; ii) T-type Ca* *-channels are activated
at more polarized membrane potentials and have low conductance. Since the
inactivation kinetics are very fast, T-type Ca**-channels are characterized by
a transient current.

The N-type Ca* *-channels appears to be confined only to neurons where
it probably regulates neurotransmitter release (Miller, 1987).

Molecular analysis has demonstrated that the L-type Ca**-channels is a
complex of five protein subunits (a,, &,, B, T, 0)(Glossmann & Ferry, 1983;
Curtis & Catterall, 1984, Borsotto et al., 1985). The o,-subunit forms the
transmembrane channel pore and also contains the binding site for the three
main ligands regulating channel activity: 1,4-dihydropyridines, benzothiazepines
and phenylalkylamines.

The DHPs are modulators of the L-type Ca* *-channels, acting either as
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activators (agonists) or inbibitors. The same binding site in the &, subunit seems
to accommodate both types of ligands. DHP agonists and antagonists interact
with a high enantiomeric specificity with the binding site (Franckowiak et al.,
1985; Triggle et al., 1989). Patch clamp recordings have revealed that L-type
Ca* *-channels exhibit three different gating states: closed, open and inactivated
{(Hess et al, 1984; Kokubun & Reuter, 1984). DHP agonists bind to the open
state, whereas antagonists bind preferentially to the inactivated state (Bean,
1984).

The o, and the B subunits of the L-type Ca*'-channels contain at least
one phosphorylation site {Curtis & Catterall, 1985; Hosey et al., 1986)}. Several
observations suggest that phosphorylation of L-type Ca* '-channels by second
messengers regulates channel activity. Thus, calcium current increases as the
result of phosphorylation by a caimodulin-dependent protein kinase 1! in stomach
smooth muscle from the toad Bufo marinus {McCarron et al., 13892}. Cyclic
AMP also appears to stimulate L-type Ca™ *-channels in cardiac myocytes and
guinea pig ventricular cells (Kameyama et al., 1986). However, in rat ileum
smooth muscle cAMP does not produce any effect in channel activity (Yabu et
al., 1992). Modulation of L-type Ca**-channels has also been associated with

activation of a pertussis toxin-sensitive G-protein (Yatani et al., 1987).
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1.2.2 Relaxation of smooth muscle

Relaxation of pre-contracted smooth muscle could be achieved either
through a reduction in the free cytoplasmic calcium or by decreasing the rate of
phosphorylation of the contractile proteins. [Ca**);, can be reduced via {1)
inhibition of calcium influx from the extracellular space and of calcium release
from the SR, or {2} by enhancing the activity of mechanisms for Ca** removal
from the myoplasm. The latter may involve calcium-sequestration into the SR
by a Ca* *-ATPase or extrusion into the extracellular space (Casteels et al.,
1986) by the plasmalemmal Ca**-ATPase and the Na*/Ca** exchange. Both
the SR and the plasmalemmal calcium pump use ATP hydrolysis to transport
calcium against its concentration gradient. However, the SR Ca**-ATPase
differs from the plasmalemmal pump in several properties, e.g. the SR pump is
regulated by phospholamban, where the plasmalemmal pump is regulated by
calmodulin (Raeymaekers & Jones, 1986).

Drug-induced relaxation of smooth muscle may occur through (-
adrenoceptor activation or nitric oxide release, leading to the stimulation of

specific cAMP- and cGMP-dependent protein kinases, respectively.
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1.2.2.1 R-adrenoceptor stimulation and cAMP

Activation of the enzyme adenylate cyclase either by agonist binding to
f3-adrenoceptors or by action of vasodilator prostaglandins induces relaxation of
airway, gastrointestinal and other smooth muscle (reviewed by Blilbring &
Tomita, 1987). Adenylate cyclase catalyses the production of cAMP from ATP,
Increase in the intracellular level of cAMP stimulates a specific protein kinase,
PKA (review by Langan, 1973).

Two potential sites for PKA action have been the focus of most studies:
effects on intracellular Ca** metabolism and phosphorylation of MLCK. Thus,
the cAMP-mediated effects on intracellular calcium concentration, including
stimulation of Ca** efflux (Moore & Fay, 1993) and sequestration into the SR
(Casteels & Raeymaekers, 1979; Mueller & van Breemen, 1979), have been
demonstrated in several smooth muscles. Increase in Ca'' etflux could be
mediated by activation of the Na*/K*-ATPase (Moore & Fay, 1993). The
increase in the transmembrane Na*-gradient will stimulate the Na'/Ca''’
exchange in the Ca*-extrusion mode, therefore diminishing [Ca' '}, induced by
excitatory stimuli.

it has also been demonstrated that PKA phosphorylates MLCK from
gizzard smooth muscle at two sites (S815 and S828) (Conti & Adelstein, 1981;

Payne et al., 1981). In the absence of bound calmodulin both sites are
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phosphorylated; however, with calmodulin bound to MLCK, only the S828 site
is phasphorylated. Phospherylation of the S828 site alone has no effect on the
kinase, but phosphorylation of both sites results in a decrease in the affinity of
MLCK for calmodulin {Conti & Adelstein, 1981). Whether this mechanism is
important for smooth muscle relaxation in vivo is not compietely clear.
However, in skinned guinea pig taenia coli and trachea, its significance has been
demonstrated (Miesheri & Riegg, 1983; Sparrow et al., 1984; Nishimura & van

Breemen, 1989).
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1.2.2.2 Nitric oxide and cGNMIP

In 1980 Furchgott & Zawadzki demonstrated that stimulation of intact
vascular smooth muscie by acetyicholine lead to the release of EDRF. Further
investigations determined that this factor is NO (Palmer et al., 1987; Ignarro et
al., 1988). NO is synthesized from L-arginine by the enzyme nitric oxide
synthase (NOS) with the formation of citrulline as a co-product {(Moncada et al.,
1989; Palmer & Moncada, 1989). Several cofactors such as NADPH, FMM,
FAD and tetrahydrobiopterin are required for the catalytic activity of NOS. The
NO-mediated mechanism of smooth muscle relaxation involves activation of
sGC after binding to the haem iron of the enzyme (lgnarro, 1991), followed by
an increase in intracellular cGMP. The same final pathway is involved in smooth
muscle relaxation by nitrovasodilators and in endoihelium-dependent relaxation
stimulated by substance P, the calcium ionophore A23187 and bradykinin
(Murad et al., 1978; Ignarro et al., 1987; Khan & Furchgott, 1987; Kelm &
Schrader, 1988).

At least three different NOS have been described. These differ by their
tissue localization and Ca* *-dependence. Thus, the activity of two constitutive
NOS, i.e., the 135 kD endothelial NOS (Lamas et al.,, 1992) and the 168 kD
neuronai NOS (Bredt et al., 1991}, is stimulated by an increase in intracellular

calcium. Conversely, an inducible, Ca**-independent NOS is expressed in
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macrophages following immunological stimuli {Lyons et al., 1992). This enzyme
is believed to mediate the cytotoxic activity of NO in macrophages. The rate of
NO synthesis from this enzyme is much higher than in endothelial and brain
NOS. Moreover, the inducible NOS is bound to a caimodulin-regulatory sequence
{Cho et al., 1992). This eliminates the requirement for calcium to stimulate the
activity of the inducible NOS.

Degradation of cyclic nucleotides in vascular and non-vascular smooth
muscle is mediated by at least five phosphodiesterase (PDE) isozymes, each
encoded by a distinct gene or gene family (Torphy & Cielinski, 1990; Torphy et.
al., 1993; Saeki & Saito, 1993). However, cGMP degradation may only involve
two types known as cGMP-specific PDE {PDE V) and calmodulin-dependent PDE
(PDE 1). Although zaprinast inhibits both enzymes, the highest selectivity is
shown toward PDE V (Saeki & Saito, 1993).

Although the mechanism of cGMP-mediated relaxation is not fully
understood, saveral sites have been proposed as possible target for protein
kinase G (PKG). It has been demonstrated that PKG activates Ca* *-ATPase
activity in crude preparations. This result has been supported by studies
demonstrating that PKG catalyses the phosphorylation of phosphoiamban, a
regulator of SR Ca” *-ATPase {Raeymaekers et al., 1988; Twort & van Breemen,

1988). Moreover, agents which increase cGMP may induce relaxation of
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vascular smooth muscle by activating K*-channels which results in membrane
repolarization and a decrease in calcium influx through voltage-gated channels
{Nelson et al., 1990; Thornbury et al., 1991). Phosphorylation &y PKG activates
Cat*-activated K*-channels inducing hyperpolarization and relaxation of
coronary artery (Taniguchi et al., 1993).

No direct effect of cGMP on channel regulation similar to that mediating
phototransduction in retinal cells, has been found in smooth (reviewed by Kaupp
& Koch, 1992). The role of phosphorylation by PKG on contractile tonus is
presently unclear despite reports showing modulation of the calcium sensitivity
of the contractile proteins by PXG (Pfitzer et al., 1982; Nishimura & van

Breemen, 1989).
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1.3 Objectives and rationales of this study

The aims of this study were the following:

1a) to characterize and compare the DHP-photoactivated response in tonic and
phasic smooth muscles devoid of any intrinsic responsiveness to light, and b) to
contrast these responses with an endogenously mediated one.

Several studies have demonstrated that the light-induced responses in vascular
and non-vascular smooth muscle differ in their components. Whereas in vascular
smooth muscle, DHPs or NO donors augment the intrinsic photorelaxation (Golenhofen
et al., 1990; Triggle & Bieger, 1920; Chen & Gillis, 1992), the DHP- or NO donor-
photoactivated response in rabbit stomach and porcine fundus consists of a relaxation
followed by an "off-contraction” {Ehrreich & Furchgott, 1968; Golenhofen et al.,
1990). On the contrary, phasic smooth muscle (porcine circular antrum) and smooth
muscle with mixed tonic and phasic contractions (guinea-pig uterus) are insensitive to
photostimulation even following treatment with 3'-NO,-DHP or NO-donors {Golenhofen
et al., 1990).

in this study, the vascular and non-vascular smooth muscle preparations chosen
to investigate the DHP-photoactivated response were the thoracic aorta and TMM,
respectively. Furthermore, the TMM and pyloric sphincter were used to compare the

DHP-photoactivated re._nonse in tonic and phasic smooth muscles, respectively.
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2) to determine whether the 3'-NO,-DHP-photoactivated response is mediated
by release of NO from the DHP molecule.

Photoactivated release of NO from the DHP molecule has been implicated as the
initial step in photorelaxation of smooth muscle. Thus, DHP-photoactivated relaxation
in smooth muscle seems to involve only nitro-substituted DHP (Golenhofen et al.,
1990, Triggle et al., 1990) and DHP photosensitization could be mimicked by
photodegradable NO-donors {Golenhofen et al., 1990). Photoactivated release of NO
has been demonstrated following irradiation of a 3'-NO,-DHP compound (Bauer &
Fung, 1993).

If photoactivated release of NO accounts for the 3'-NO,-DHP-photoactivated
response in the TMM, the following predictions can be made:

(i) established NO-donors should mimic the 3'-NO,-DHP-photoactivated response;

(i} the photoactivated response should be attenuated by the NO-inactivating agents
LY 83583, haemoglobin and carboxy-PT!O;

(i} the photosensitizing efficacy of a 3'-NO,-DHP solution shouid be altered by prior

polychromatic light irradiation of the solution.
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3) to determine the effector mechanism(s) involved in the 3'-NO,-DHP-
photoactivated response.

Since DHP-augmented photorelaxation in rat aorta are accompanied by an
increase in ¢cGMP production (Triggle at al., 1991, Baik et al., 1994}, it has been
proposed that activation of sGC following photoactivated release of NO, may lead to
photorelaxation. If activation of sGC were to mediate the 3'-NO,-DHP-photoactivated
response in the TMM, the selective cGMP-PDE inhibitor, zaprinast should enhance any
NO-mediated effect occurring via stimulation of sGC.

Previous work in rat thoracic acrta has shown that the 3'-NO,-DHP-augmented

photorelaxation does not require the presence of extracellular calcium (Triggle &
Bieger, 1990) and it occurs independently of the effect of DHPs on the L-type Ca**-
channels (Golenhofen et al., 1990; Triggle et al.,, 1991). If the 3'-NO,-DHP-
photoactivated response were dissociated from extracellular calcium, the following
predictions could be made:
{i) the photoactivated response should be indistinguishable vwhether it is produced by
photosensitizing DHPs with agonist or antagonist effects at the L-type Ca**-channel;
(i) chelation of extraceliular calcium, inhibition of L-type Ca**-channel with non-
photosensitizing DHPs or skinning of the plasmalemma should not interfere with the
photosensitizing activity of DHPs.

Microsomal Ca* *-binding has also been implicated as a possible mechanism for
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photorelaxation (McGonigle & Taliarida, 1980). If the SR were to mediate the 3'-NO,-
DHP-photoactivated response, agents which interfere with the storage/release capacity
of the SR, such as cyclopiazonic acid and ryanodine, respectively, should modify the

photoactivated response.



CHAPTER TWO
METHODS AND MATERIALS

2.1 Animals

Male Sprague-Dawley rats, 150-300g, were purchased from Charles River
Inc., Montreal, Quebec or from the vivarium at Memarial University of
Newfoundland. The animals were housed in the animal quarters of the Faculty
of Medicine, Memorial University of Newfoundland. Rats were keptona 12 h
light/dark schedule with controlied humidity and temperature. The animals had
access to food and water ad libitum. Procedures performed on the animals were
approved by the Animal Care Committee at Memorial University of
Newfoundland in accordance with the guidelines of the Canadian Association

on Animal Care.

2.2 Preparation of tissues for in vitro mechanical study

2.2.1 Isolated TMM

Rats were anaesthetized with urethane {1.2 g/kg, i.p.}. The thorax was
exposed with a midline incision, the rib cage cut open and the cesophagus
dissected out from the pharynx to the stomach. A meta!l rod was slipped
through the lumen and the oesophagus placed in a Sylgard (Dow Corning
Corp., USA)-coated petri dish containing Tyrode's solution aerated with 95%0,
/5%CQ0,. Care was taken to maintain the length of the ocesophagus during
dissection equivalent to its original length. Dissection was carried out under

white incandescent light (0.6 mW/cm?2. The tunica muscularis propria was split
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lengthwise and dissected away leaving the smooth muscle tube, viz. the TMM.
The TMM was divided into three or four segments. The segments corresponded
to proximal (cervical), middle (supradiaphragmatic) and distal
(infradiaphragmatic) portions, each 1-2 cm in length. Each segment was secured
at one end via a loop of silk thread (5-0 silk, Ethicon) to a tissue holder. The
other end was tied with the silk thread to a Grass FTO3C force transducer. The
preparation was bathed with Tyrode's solution in a 10 ml water-jacketed organ

bath. Preparations were aerated with 95%0, /5%CO, and maintained at 37°C.

2.2.2 Isolated thoracic aorta

The rat thoracic aorta was excised and placed in a Sylgard-coated petri
dish containing Tyrode’s solution aerated with 95%0, /5%CO0,. The vessel was
cleaned of adherent fat and connective tissue and cut into rings of
approximately 3-5 mm in length. Each ring was mounted between two triangular
steel wires. One of the wires was tied to a tissue holder whereas the other wvire
was connected to the force tranducer. Each segment was maintained in water-
jacketed organ bath containing Tyrode's buffer at 37°C and aerated with
95%0, /5%C0O,. The endothelium was removed by saponin {100 ug/ml)-
treatment for 5 minutes in Tyrode’s buffer at 37°C (Gréaser et al., 1988). After
washing out saponin from the bath with fresh buffer, the absence of
acetylcholine (1 uM)-induced relaxation was used to confirm endothelium

removal.
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2.2.3 Isolated pyloric sphincter

The pyloric sphincter was excised and placed in a Sylgard-coated petri
dish containing Tyrode's solution aerated with 95%0, /5%C0,. The pyloric
sphincter was cleaned of adherent fat and connective tissue. To separate the
inner circular layer of smooth muscle from the outer longitudinal layer, the
pyloric sphincter was inverted. The longitudinal layer was removed and one or
two strips were prepared from the circular layer of smooth muscle. Each strip
was secured at one end via a loop of silk thread (5-0 silk, Ethicon) to a tissue
holder. The other end was tied with the silk thread to a Grass FT03C force
transducer. The preparation was bathed with Tyrode's solution at 37 “Cina 10

m} water-jacketed organ bath.

2.3 Mechanical recording

Isemetric longitudinal tension was recorded via a Grass FTO3C transducer
on a Grass 7D polygraph. The transducers were mounted on adjustable clamps
permitting fine adjustment of resting muscle tension without overstretching the
tissues. TMM and pyloric sphincter preparations were set up at a preload of 0.3
g whereas aortic rings were set at 1 g preload.

To register and analyze fast changes in tension, force transducers were
connected with a Digi-Med tension force analyzer (model 200), kindly suppiied
by Micro-Med (Louisville, KY). Data were stored as digital information using a

PC 486DX2/50. Traces were analyzed using the software Acqknowledge for
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Windows (Biopac System Inc.) or imported into SigmaPlot (Jandel Scientific) for

graphic reproduction.

2.4 Experimental protocol

Tissues were allowed to equilibrate in Tyrode's solution for approximately
30 minutes. Muscle tissues were stimulated to generate active tonus by means
of the following protocols: i) incubation with the muscarinic cholinoceptor
agonist cis-dioxolane (CD) at the ECgyqo (0.1 #M or 0.3 uM) (Akbaraly, 1987)
in Tyrode's solution; ii) incubation in 110 mM K'-depolarizing solution
containing a known calcium concentration; iii) incubation in 110 mM K',
nominally calcium free solution, containing 0.3 uM CD. After a steady-state
tonus was reached, photosensitization of smooth muscle was induced with DHP
or NO-donors. Concentration-response curves for these compounds were
obtained by cumulative additions to the organ bath. When drugs were examined
for their ability to inhibit light-induced responses in TMM, precontracted
preparations were first photosensitized with a fixed concentration of DHP or
NO-donor and then, exposed to test concentrations of the drug. If tonus
dropped as a result, it was titrated back to its original level with additional
spasmogen. The relaxant effect of isoprenaline {INA, 0.3 uM) was tested at the
end of most experiments to ensure that the capability of the tissues to relax in
response to a nonphotic stimulus was preserved.

Tetrodotoxin {TTX)-sensitive, field stimulation-induced relaxations of
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TMM vvere obtained in Tyrode's medium. Preparations were pre-treated with 1
nM methscopolamine, a muscarinic acetylcholine receptor antagonist lacking
subtype selectivity . This concentration was sufficient to block field stimulation-
induced cholinergic contractions followed by contraction with 1 yM CD, TTX-
insensitive relaxations were obtained in TMM preparations treated with 0.5 uM
TTX and precontracted with 1 4#M CD.

The intrinsic or DHP-augmented photorelaxation in thoracic aorta was
revealed using phenylephrine (ECgq4, =0.1 yM)-precontracted preparations. The
DHP-photoactivated response in pyloric sphincter was studied in CD {1 yM)-
treated preparations. Activation of the muscarinic acetylcholine receptors

induced phasic contractions in pyloric sphincter.

2.5 Skinning of muscle preparations

Skinning of the TIVIM wvas carried out with B-escin (50 uM) for 20-30
minutes (Kobayashi et al., 1989) in the presence of a skinning solution (see
section 2.7) at 22 °C and pH 7.0 (pCa** <8)}. Contraction was induced by
increasing the Ca®**:ethylene glycol-bis(B-aminoethyl ether) N,N,N’,N'-
tetraacetic acid (EGTA) ratio, keeping the total EGTA concentration constant at
0.1 mM. The apparent binding constant of the Ca**-EGTA complex was
considered to be 2.52 x 10 M at 22°C and pH 7.0, as calculated by the
ancillary computer program STACONS (Fabiato & Fabiato, 1979). The

concentrations of free calcium shown in the results were calculated by the



38

computer program ALEX, the updated version of SPECS (Fabiato, 1988). The
software STACONS and SPECS were kindly supplied by Dr. Fabiato (Medical

College of Virginia, USA}.

2.6 SR calcium-depletion

Calcium-depletion of the SR was achieved by rapetitive stimulation of the
TMM preparation with CD in 110 mM K* nominally calcium-free solution
containing 30 uM of the calcium chelator BAPTA. To prevent refilling of the SR
after its depletion, preparations were subsequently incubated with the SR Ca' '-

ATPase inhibitor cyclopiazonic acid (3-5 uM) (Seidler et al., 1989).

2.7 Buffers

The composition of the Tyrode's solution was (in mM): NaCl 137, KCI
2.7, CaCl, 1.8, MgCl, 1.1, NaHCO, 12.0, NaH,P0O, 0.42, D-glucose 5.6. Prior
to use the buffer was aerated with 95% O, + 5% CQ . The 110 mM K'-
depolarizing, nominally Ca**-free solution was prepared by substituting an
equimolar concentration of KCI for NaCl to obtain a final potassium
concentration of 110 mM, with CaCl, being omitted from the solution. The
resulting isotonic solution was aerated with 95% O, + 5% CO,.

The skinning solution had the following composition (in mM}: KCi 126,
NaCl 7, MgCl, 5, ATP 2.5, 3-[N-morpholinolpropanesulfonic acid (MOPS) 10,

EGTA 1.0.



39

2.8 Photostimuition

Photostimulation was carried out by means of a timer-controlled
polychromatic halogen light source (EJL, 200W, General Electric) the intensity
of wwhich could be varied. Photostimuli (0.9 W/cm?) were delivered for 10 s at
intervals of 2-5 minutes through a fibre-optic light guide positioned 10 mm

from the preparation. The change in the bath temperature as a resuit of 0.9

W/cm?-irradiation was <0.5 °C. Intensity was determined by means of a

radiometer (IL 1700, Ealing) and measured at the tip of the light guide .

2.9 Electrical field stimulation

Electrical field stimulation of isolated TMM preparations was delivered via
a Grass S88 stimulator using two concentric platinum rings spaced 5 mm apart
and surrounding the preparation. Rectangular pulses of 40V and 10 s duration
were applied gvery 1.5-2 min. Pulse width and frequency were varied depending

on the type of respaonse studied.

2.10 Drugs and chemicals

The drugs used in this study and their sources were:
Anachemia Chemicals (Canadal: sodium nitrite
BDH Chemicals (U,K.}): methylene blue (MB)

Calbiochem{USA): carboxy-2-phenyl-4,4,5,5-tetramethylimidazcline-3-
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oxide-1-oxyl (carboxy-PT!Q), streptozotocin
Research Biochemicals International (LUJSA): (+) cis-dioxolane (CD}),
ketanserin, L-NG-nitroarginine methyl ester and ryanodine
Sigma (USA): calcium ionophore A23187, adenosine 5'-triphosphate
{disodium salt, from equine muscle), atropine, 1,2-bis{2-
aminophenoxy)ethane-N,N,N*,N’- tetraacetic acid (BAPTA), calyculin
A, cyclopiazonic acid, diethyldithiocarbamate, f3-escin, ethylene glycol-
bis(B-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA),
guanethidine, bovine haemoglobin (Hb), indomethacin, isoprenaline,
methscopolamine , nifedipine, 3-[N-morpholino]propanesulfonic acid
(MQPS), ouabain, potassium cyanide, potassium fluoride,
phenylephrine, propanolol, sodium nitroprusside (SNP), sodium
dithionate, saponin, tetrodotoxin (TTX).

The following drugs were generously donated:
Bay 10 8495, Bay 0 9507 and Bay K 9073 (Dr. D.J, Triggle, School
of Pharmacy, State University of Nevy York at Buffalo., U.5.A)
CGP 28392 (Dr. G.B. Weiss, Ciba-Geigy Corp.. USA)
Felodipine (Hassle, Sweden)
LY 83583 (Lilly Research Lab., USA)
racemic Bay K 8644 and its enantiomers Bay K 5714 and 4407,
nicardipine, nimodipine and nitrendipine (Miles Inc., USA)

zaprinast (M&B 22948) (Rhéne-ioulenc Inc,, UK.}
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(+), (-)-PN 202 791 and (+}PN 200-110 (Sandoz Inc.. Switzerland)
YC 170 {(Yamanouchi Pharmaceuticals, Japan)

{+)-Bay K 8644 is the racemate of Bay K 5417 and Bay K 4407.

The mixture of reduced and oxidized forms of Hb supplied by Sigma
Chemical was converted to the reduced form as described by Martin et al.
(1986). A 10-fold molar excess of the reducing agent sodium dithionite was
added to a 0.1 mM solution of Hb and then the sodium dithionite was removed
by dialysis (Spectra/Por Membranes tubing (Fisher, USA)) against 100 volumes
of distilled water for 2 h at 4°C. The resulting solution was frozen in 1 ml-
aliquots at -20°C.

Stock solutions of DHPs, zaprinast, LY 83583 and ryanodine were
prepared in 100% ethanol; corresponding volumes of the solvent were routinely
tested to rule out a vehicle effect. The maximal amount of ethanol added into
the 10 ml-organ bath did not exceed 50 yM. All the remaining drugs were
dissolved in water. The aqueous sclution of NaNO, had a pH of 8.1.

Polychromatic light-irradiation (0.9 W/cm? of SNP (1 M, aqueous
solution) and (+)-PN 202 791 (1 mM, ethanol-dissolved) solution was carried

for 60 minutes at 37°C.

2.117 Presentation of results and statistics

The polygraph traces shown in the figures are representative of data
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replicated in 4-6 preparations. Traces vvere digitized with a Logitech scanner for
graphic reproduction. The small squares above each trace represent the 10
second-photostimulation unless indicated otherwise. The vertical bar, indicating
tension in each trace, is placed such that the botton of the line is at the level of
basal tonus. Statistical results are expressed as mean =+ standard error of the
mean (SEM), n represents the number of preparations used for each mean.
Where indicated, cumulative concentration-response curves were normalised
and log concentrations interpolated for each predetermined response. Curve
normalization involved expressing each response as a percentage of the maximal
response.

Photorelaxation was expressed as a percent of the steady state tonus or
as an absolute value in tension. The effect of a drug on the photorelaxation was
examined by comparing the value of photorelaxation before and after the
application of the drug. When two groups were compared only once, significant
differences were analyzed using the Student's t-test for paired observations.
When more than two groups were compared, one way analysis of variance
{Student-Newman-Keuls test) was used to test for significant differences.
Differences with a p < 0.05 as determined by either test were considered
significant. The statistical software Sigmastat {Jandel Scientific) was used for
all calculations. Data were plotted using SigmaPlot (Jandel Scientific). Curve

fitting was carried out with TableCurve (Jandel Scientific).



CHAPTER THREE

RESULTS

3.1 Photoactivated responses in the rat tunica muscularis mucosae

Freshly dissected TMM preparations did not show a measurable intrinsic
response to polychromatic light irradiation, irrespective of their contractile state.
Photoresponsiveness was readily induced by several DHP such as Bay K 8644
and PN 202 791. Comparison of the chemical structures of DHPs (Appendix i)
tested for photosensitizing activity (Table 1) revealed that only compounds
containing a 3'-nitro group on the 1,4-dihydropyridine ring {3'-NQO,-DHPs) were
able to induce photorelaxation, regardless of whether they were activators or
inhibitors of L-type Ca**-channels. However, agonist and antagonist
photosensitizers each induced a characteristic photoresponse pattern consisting
of a respectively complex relaxation-contraction sequence and relaxation. The
photosensitizing activity of 3'-NO,-DHPs persisted for at least 5 h after wash
out from the tissue without any apparent change in the photoactivated

response.
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Table 1. DHP-mediated photoactivity in oesophageal TMM at equieffective
extracellular calcium concentrations which induce 500 mg steady-state tension.

“ DHPs Light-induced [Ca''} (uM)? |

activity (%)’

Y Control 0° 410 + 71
(+)-Bay K 8644 -51.0 £ 7.8 60 + 12
Bay K 5417 -60.0 = 9.5 66 + 9
Bay K 4407 -10.3 + 5.0 1427 *+ 58
{+)-PN 202 791 -49,3 = 3.0 90 = 15
{-)-PN 202 791 -12.0 £ 3.1 1867 + 23
Bay 10 8495 -34.3 £ 7.0 567 + 27
Bay 0 8507 -46.6 + 13.3 203 + 29
CGP 28392 @ 507 + 12
YC-170 @ 607 + 19
Felodipine @ 1633 + 130
Nicardipine _ @ 1760 =+ 44
Nimodipine @ 2000 + 82
Nitrendipine @ 1533 + 55
(+)-PN 200-110 @ 1733 + 56
4-(p-nitrophenyl)-1,4-DHP o 600 = 100
Nifedipine + 13.8 + 3.0 1900 + 53
Bay K 9073 + 6.0 + 0.6 53 + 17

' light-induced activity expressed as percent of 500 mg-active tonus (n=4-6).
{ +) represents photocontraction whereas (-) represents photorelaxation.

2 concentration of extracellular calcium required for obtaining 500 mg of tonus
in the presence of 1 uM of the DHP (except for nifedipine where 10 niM was
used}. Experiments were carried out in 110 mM K* buffer plus 0.3 4M CD.

3 @ represents compounds devoid of any photoactivity.
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3.1.1 1.,4-dihydropyridine-photoactivated responses
When exposed in a K*-depolarizing solution to the 3'-NO,-DHP agonist
(+)-PN 202 791, CD-precontracted tissues displayed a characteristic
photoactivated response consisting of an initial fast relaxation followed by an
off-contraction {Fig.1 A). In some preparations, a low amplitude, late relaxation
occurred before the pre-existing tonus level recovered (Fig 1A, Fig 2 (inset}). A
virtually identical photoactivated response was obtained with racemic Bay K
8644 and its enantiomer the L-type Ca**-channel agonist Bay K 5417. The
amplitude of the fast relaxation as well as the amplitude and slope of the off-
contraction increased with stimulus duration, whereas the slope of the fast
relaxation was constant (Fig.2). The fast relaxation reached its nadir within 2.6
= 0.2s and then faded rapidly (escape}. The escape response was characterized
as the decrement of the fast relaxation while photostimulation was still applied.
The escape of the fast relaxation was more evident at irradiation periods > 10s
(Fig. 2, inset) and the slope did not show any irradiation time-dependence.
The "off-contraction" was seen only under twao conditions: at submaximal
levels of CD (< 0.1 gM)-induced tonus in Tyrode's buffer or at [Ca**]1<1 mM
in K*-depolarizing medium, indicative of mechanical saturation when tissues
were fully contracted. However, the "off-contraction” was evident at steady-

state active tension in tissues pretreated with (+)-PN 202 791 {1 gM) bathed



Fig.1 Photoactivated response by: A) the DHP L-type Ca' '-channel agonist
(+)-PN 202 791 {1 uM); B) its antagonist enantiomer (-)-PN 202 791 (1 uM);
and C) the NO-donor streptozotocin (1 mM) in TMM preparations. In all cases,
experiments were carried out at similar CD (0.3 yM)-induced tonus levels {180
mg) in 110mM K* depolarizing buffer.

The horizontal bar above each trace represents the 10 s-irradiation period.
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Fig.2 Irradiation time dependence of the amplitude of the relaxation (A, (%],
filled circle); the amplitude of the off-contraction (A, (%), open circle); the
slope of the relaxation (S, (mg/s), filled square}; the siope of the off-contraction
after turning off the light source, (S, (Mma/s), open square) and the slope of the
escape of the relaxation (S, (mg/s), filled triangle) during the fast {+)-PN 202
791-photoactivated response in TMM.

Inset: {+)-PN 202 791 (1 uM)-photoactivated response after 10 s- and 30
s-irradiation period.

A, and A are expressed as percent of the amplitude of the relaxation and the
"off-contraction, respectively, at 60 s-irradiation (control).

Note that the units for the ordinate are in percent or mg/s as referred to the
amplitude or slope of the photoactivated responses, respectively.
Experiments were carried out in 110 mM K*, nominally calcium-free buffer in
CD (0.3 uM)-precontracted preparations (n=4).
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in a K*-depolarizing, nominally calcium-free medium.

The 3'-NO,-DHP antagonists (-)-PN 202 791 (Fig. 1B) and Bay K 4407
{not illustrated) were also eftective as photosensitizers. In 110 mM K'-
depolarizing solution at matched levels of CD-induced tonus, both antagonists
induced comparable photosensitization. However, the photoactivated response
obtained in the presence of L-type Ca* *-channel antagonists differed from that
to agonists in that the amplitude of the relaxation was smaller, the kinetics of
the response was slower (slope of relaxation=1.1 = 0.4 mg/s, n=4) and there
was no off-contraction.

The correlation between the amplitude of the photorelaxation and the
concentration of extracellular calcium needed to maintain a predetermined level
of contractile force was estimated for both agonist and antagonist
photosensitizing DHPs (Fig.3). The linear regression demonstrated that the
photoactivated relaxation by the 3'-NO,-DHP agonists, Bay K 5417 and {+}-PN
202 791, was greater and required lower extracellular calcium as compared
with the photorelaxation obtained in the presence of their enantiomeric
antagonist, Bay K 4407 and {-})-PN 202 721, respectively. No difference in the
value of the photorelaxation was noted between racemic Bay K 8644 and the
agonist enantiomer Bay K 5417. The equieffective calcium concentrations for

the other DHPs are also presented in Table 1.
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Fig. 3 Correlation (r=0.81, n=4) between equieffective extracellular calcium
concentration and percent of photorelaxation of 3'-NO,-DHP L-type Ca''’-
channel agonist and antagonist enantiomers and racemic Bay K 8644 in TMM,
[Ca''] and percent of the photorelaxation were calculated at 500 mg active
tension. Concentration of all the 3'-NO,-DHPs shown was 1 yM.
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Fig.4 Effect of DHP L-type Ca**-channel antagonists on the 3'-NO,-DHP- and
NO-donor-photoactivated fast response in TMM,

A-Effect of the nonphotosensitizing DHP felodipine on the {+)-Bay K
8644 (1 uM)-photoactivated response in 110 mM K*, nominally calcium-free
solution.

B-Photoactivated response of the NO-donor sodium nitroprusside {30 M)
is attenuated by the photosensitizing 3'-NO,-DHP Bay K 4407 {30-300 nM) in
110 mM K*, nominally calcium-free solution. TMM preparations were
contracted with CD 0.3 uM.
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A shift in the 3'-NO,-DHP-photoactivated response from agonist to
antagonist pattern vvas obtained with the DHP L-type Ca' '-channel antagonist
felodipine (1 M) in { +)-Bay K 8644-sensitized tissues (Fig. 4A). Tissues treated
with felodipine alone remained unresponsive to light (Table 1).

The photoactivated relaxation for 3'-NO,-DHPs wvas concentration-
dependent (Fig.5). Photorelaxations reached a maximum at 1 M in the case of
racemic Bay K 8644 or the agonist (+)-PN 202 791. At that concentration,
photorelaxation obtained with the antagonist (-)-PN 202 791 amounted to only
40% of the active tension.

DHP compounds containing an o-nitro group in the phenyl ring such as
nifedipine and Bay O 9073 induced a concentration-independent, long lasting
photocontraction in TMM (Fig. 6A, B). The duration and the slope of the
nifedipine-photoactivated contractions were 180 + 4 s and 2.14 + 0.5 mg/s
(n=4), respectively. Bay O 9073-photoactivated contraction was preceded by
a small relaxation (Fig. 6B). As demonstrated by the Ca' '-sensitivity of the
contraction, nifedipine had an antagonistic effect at L-type Ca''-channels,
whereas Bay O 9073 had the oppositive effect, i.e., an agonistic effect at the
Ca**-channels (Table 1). In 6 out of 12 experiments, there was a slow increase
in tension after intermittent irradiation of nifedipine-treated preparations whereas

in 5 out of 7 Bay O 907 3-treated preparations, the tonus tended to decrease.



52

Fig.5 Concentration-response curves for the DHPs: (+)-Bay K 8644, ( +)- and
()-PN 202 791 and the NO-donors: streptozotocin, sodium nitroprusside (SNP)
and soditm nitrite in TMM preparations bathed in Tyrode's buffer.
Photorelaxation is expressed as percent of the CD (0.3 uM)-induced tension
(hn=4-8).
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Fig.6 Photoactivated response by o-nitrophenyl-substituted DHPs in TMM.

A-Nifedipine (10 nM)-photoactivated contractions in CD-precontracted
TMM., Preparations were bathed in 110 mM K*, depolarizing buffer, containing
1mMCa**.

B-Bay O 9073 (1 uM)-photoactivated response in CD-precontracted TMM.
Experiments were carried out in 110 mM K*, nominally Ca' '-free buffer.

The 10 s-irradiation period is represented by the horizontal bar below
each trace.
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3.1.2 Comparison between the 3'-NO.-DHP- and NO donot-
photoactivated response

Precontracted TMM preparations also became responsive to
photostimulation after exposure to NO-donors such as streptozotocin, SNP and
sodium nitrite. The NO-donor-mediated photosensitization in rat TMM mimicked
that obtained wvith the 3'-NO,-DHP in displaying: (i) an initial fast relaxation, (i)
a fast "off-contraction™ and (iii) a late relaxation before the pre-existing tonus
level recovered (Fig. 1C). The SNP (30 uM)-photoactivated fast relaxation-
contraction sequence was transformed by the photosensitizing L-type Ca' ' -
channel antagonist Bay K 4407 ({30-300nM) into a slow monophasic
photorelaxation of small amplitude (Fig. 4B). In addition, the NO-donor-
photoactivated response was concentration-dependent. However, all three NO-
donors were less potent photosensitizers than 3'-NO,-DHPs (Fig. 5} and differed
in terms of efficacy. Streptozotocin vwas more efficacious, but less potent than
SNP. Sodium nitrite vvas the least potent sensitizer. Relative to (+)-PN 202

791, streptozotocin had an equipotent molar ratio of 2.1 x 10°,
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3.1.3 Comparison between the NO-donor-photoactivated response and
the neurogenic NO-mediated relaxation

As described above, photosensitization of the TMM with 3'-NO,-DHP
agonists and NO-donors produced an off-contraction. It thus appeared of
interest to compare, in the same preparation, the NO donor-photoactivated
response with the response induced by electrical stimulation of intramural NO-
producing (nitroxidergic) nerves (Will et al., 1990). As shown in Fig. 7A, the
field stimulation-evoked, TTX-sensitive relaxation was devoid of any post-
stimulation contraction contrary to that resulting from photostimulation of SNP-
pretreated TIMM preparations. However, a post-stimulation contraction was
obtained following the electrically evoked, TTX-insensitive relaxations {Fig 7B).
The TTX-sensitive relaxation (Fig. 7A) but not the SNP-photoactivated response
or the TTX-insensitive relaxation (not illustrated) vwas blocked by the NOS-

inhibitor, L-N®-nitroarginine methyl ester (L-NAME, 1 mM).



Fig.7 SNP-photoactivated response and field stimulation (FS)-evoked TTX-
sensitive {A) and -insensitive relaxations (B) in CD (1 yM)-precontracted TMM
preparations, bathed in Tyrode's buffer.

A- Preparation was pretreated with 10 nM methscopolamine to block FS-
induced cholinergic contractions. Photoactivated response was induced with 50
/M SNP, Electrical field stimulation parameters: 8 Hz, 0.5 ms pulse width, 40
V, 10 s trains of stimuiation.

B- Preparation was pretreated with TTX (0.5 uM) to inhibit FS-evoked
nitroxidergic relaxations. Photoactivated response was induced with 30 uM
SNP. Electrical field stimulation parameters: 4 Hz, 2 ms pulse width, 40 V, 10
s trains of stimulation.

Squares represent 10 s-photostimulation.



ujw

Buw o9

Sq

W L JNVYN-T




57

3.1.4 Effect of skinning of the plasmalemma and extracellular calcium
chelation on the (% )-Bay K 8644-photoactivated response

Since regulation of calcium influx through L-type Ca''-channel seemed
to be involved in the 3'-NO,-DHP-photoactivated response in the TMM, further
experiments were done to determine the effect of eliminating plasmalemmal
Ca*™* entry. First, preparations were subjected to chemical skinning with B-escin
to eliminate any ionic fluxes across the membrane. Second, extracellular free
calcium was removed by chelation.

Attempts at skinning of the TMM were considered successful only in 1/3
of the experiments based in the following criteria: high calcium sensitivity of the
contraction and production of a tonus that was reversible either with
isoprenaline or by transferring the preparations to a calcium-free medium. Data
obtained from viable preparations (n = 6) revealed the dependence of the fast
photoactivated response on an intact plasmalemma. The skinning procedure
employed thus resulied in the loss of the fast relaxation-contraction sequence,
specifically the off-cuintraction, unmasking a slow photorelaxation at a calcium
concentration as low as 6 yM (Fig. 8).

in preparations maintained in 110 mM K*, nc-minally free calcium buffer
and precontracted with CD 0.3 uM, the calcium chelator BAPTA (3 to 100 uM)
inhibited the { x)-Bay K 8644-photoactivated fast response, leaving a residual

slow photorelaxation (Fig. 9). In most tissues BAPTA lowered tonus (Fig. 9A),
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but in some instances steady state tonus was unaffected (Fig. 9B). When tonus
was restored by raising the CD concentration, inhibition of the photoactivated
response persisted with virtually no change in the steady state tonus.
Analogous inhibitory effects on the fast photoactivated response and steady-
state active tension (n =6) were obtained with EGTA {maximal concentration 1
mM, not illustrated) in CD-(0.3 uM)-precontracted TMM preparations bathed in

110 mM K*, nominally calcium-free buffer.



Fig.8 ({+)-Bay K 8644 (1 uM)-photoactivated response in B-escin skinned TMM.
Contraction was induced with cajcium as indicated below the trace. Note
relaxant response to isoprenaline (INA).
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Fig.9 Effect of the calcium chelator BAPTA on the (£ )-Bay K 8644 (1 uM)-
photoactivated response in TMM preparations bathed in 110 mM XK', nominally
calcium-free buffer. TMM preparations were precontracted with 0.3 uM CD.
A and B represent the variability in the contractile tonus after BAPTA treatment
in two different preparations.
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3.1.5 Effect of cyclopiazonic acid and ryanodine on the (+)-Bay K 8644-
photoactivated response

The effect on the photoactivated response of the Ca' '-ATPase inhibitor,
cyclopiazonic acid, and the modulator of calcium-induced calcium release,
ryanodine, were examined in tissues precontracted vvith CD (0.3 uM) in
Tyrode's buffer (Fig. 10 A,C} orin 110 mM K*, nominally calcium-free bufler
(Fig. 10 B,D). Under both experimental conditions, cyclopiazonic acid (10 um)
and ryanodine (30 uM) inhibited the Bay K 8644-photoactivated fast response.
In Ca*’-containing buffer, the inhibition was of immediate onset and
accompanied by a rise in tonus. In 110 mM K*, nominafly calcium-free buffer,
the inhibition was delayed and coincided with a gradual reduction in CD-tonus.
Inhibition of the fast photorelaxation and of the off-contraction followed a
similar time course. A residual slow photorelaxation of small amplitude persisted
even after incubation with higher concentrations {(up to 100 uM) of
cyclopiazonic acid or ryanodine.

In order to test the possibility that the cyclopiazonic acid effect on the 3'-
NO,-DHP- photoactivated response resuited from a calcium "overflow" into the
myoplasm, tissue were depleted of the intracellular calcium by repetitive
stimulation of the TMM preparation with CD in 110 mM K*, nomi..ally calcium-
free solution containing 30 yM of the calcium chelator BAPTA (Fig. 11A).

Howvever, in the presence of cyclopiazonic acid (3 uM), a fast (+)-Bay K 8644-
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photoactivated response was obtained similar to that observed in tissues with
an intact SR (Fig. 11B). In this case, a small amount of calcium (30 pyM) was
added for tonus generation. A further CD (0.3 uM) challenge demonstrated that
the SR calcium store had not been refilled, as evidenced by the continued
depression of the phasic (initial) component of the CD-evoked contraction (Fig.

11C).



Fig.10 Effect of ryanadine (RYA, 30 uM)} and cyclopiazonic acid (CPA, 10 uivi)
on the (£)-Bay K 8644 (1uM)-photoactivated response in TMM preparations
bathed in Tyrode's (A,C) or nominally calcium-free, depolarizing buffer (B,D). In
all cases, tonus was induced with CD 0.3 uM.,
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Fig.11 Depletion of the sarcoplasmic reticulum Ca** prevents inhibition of the
{+)-Bay K 8644-photoactivated response by cyclopiazonic acid in TMM.

A-Depletion of SR Ca** after repetitive stimulation with CD (0.3 uM) in
110 mM K*, nominally calcium-free solution containing 30 uM BAPTA, as
demonstrated by nearly complete loss of contractile response after the fourth
CD-challenge.

B-In a preparation previously depleted of the SR calcium, incubation with
cyclopiazonic acid {(CPA,3 uM) did not prevent the (+)-Bay K 8644-
photoactivated response evident when low extracellular calcium was added to
induce tonus. Experiment was carried out in 110 miM K*, nominally calcium-free
solution.

C-Incubation with CPA (3 uM} of SR Ca* *-depieted preparation prevents
the refilling of the SR as evidenced by the depression in the phasic component
of the CD-induced contraction.
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3.1.6 Effect of the calcium ionophore A 23187 on the (£ )-Bay K 8644-
photoactivated response

Inhibition of the {+)-Bay K 8644-photoactivated response by calcium
overflow from SR into the cytoplasm was further examined with the calcium-
ionophore A 23187 (Fig. 12A). in calcium-containing buffer, A 23187 {1 uv)
inhibited the fast photoactivated response. However, in nominally-free calcium
solution the same concentration of the calcium ionophore did not cause a

significant inhibition of the photoactivated response (Fig. 12B).



Fig.12 Effect of the calcium ionophore A23187 on the (+)-Bay K 8644 {1 uM)-
photoactivated response in TMM preparations bathed in Tyrode's (A) andin 110
mM K', nominally calcium-free buffer (B).
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3.1.7 Effect of NO-inactivating procedures on the fast photoactivated
response

In CD- or K*-precontracted TMM preparations, LY 83583 (Fig. 13),
carboxy-PTIO and Hb (not illustrated) failed to produce any significant change
in the fast photorelaxation when a near-maximal photoactivated response was
induced with 1 M (+)-PN 202 791. In CD (0.3 uM)-precontracted preparations
bathed in a 110 mM K*-depolarizing solution, LY 83583 (10 uM) failed to
diminish the (+}-Bay K 8644 (1 uM)-photoactivated fast relaxation whereas the
amplitude of the "off-contraction” was significantly decreased. In this case, the
amplitude of the relaxation and the "off-contraction™ after LY 83583-treatment
were expressed as percent of the pre-treatment re'>xation or contraction,
respectively. The photorelaxation was not altered following LY 83583-treatment
{pre-LY 83583: 100 % vs. post-LY 83583: 86.5 + 7.1 % (n=10, p>0.05)).
On the contrary, the amplitude of the "off-contraction” was significantly
decreased (pre-LY 83583: 100 % vs. post-LY 83583: 9.1 = 2.6 % (n=10,
p <0.05)).

At lower concentrations of (+)-PN 202 791 or in the presence of the
superoxide dismutase inhibitor, diethyldithiocarbamate {DDC, 100 yM), a 10 uM
concentration of LY 83583 significantly diminished the (+}-PN 202 791-
photoactivated fast relaxation (Fig. 13). Diethyidithiocarbamate (100 uM) alone

did not cause a significant inhibition of the (+)-PN 202 791-photoactivated fast
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Fig. 13 Effect of LY 83583 (10 uM) alone or in combination with the superoxide
dismutase inhibitor diethyldithiocarbamate (DDC, 100 yM) on the (+) PN 202
791 (1 uM)-photoactivated response in TMM.

Experiments were carried out in CD {0.1 uM)-precontracted preparations bathed
in Tyrode's buffer, n=4-6 preparations per group. Photlorelaxation was
expressed as percent of steady-state tonus.* p< 0.05 vs. control.

O control
© LY 83583 (10 uM)
® LY 83583 (10 uM) + DDC (0.5 mM)
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Table 2. Effect of haemoglobin {Hb) and carboxy-PTIO on the (+)-PN 202 791-
photoactivated fast relaxation in TMM.

Drug Amplitude of the % inhibition
photorelaxation (mg) vs. control
Control? 253 + 25 .
Hb {10 uM) 214 + 26 14 £ 6
Hb (30 uM) 158 + 35 40 = 7
Control? 64 + 7 -
carboxy-PTIO (100 uxM) 36 + § 59 + 9

! experiment was carried out in CD (0.1 uM)-precontracted preparations bathed
in Tyrode's buffer and photosensitized with 0.1 ygM (+)-PN 202 791.

? experiment was carried out in CD (0.1 uM)-precontracted preparations bathed
in 110 mM K*, nominally calcium-free buffer and photosensitized with 30 nM

(+)-PN 202 791.

' p<0.05 vs. control, n=4 preparations per group.
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relaxation. The fast photorelaxation induced by low concentrations of { +)-PN
202 791 was also sensitive to the NO-trapping agent carboxy-PTIO (Table 2).
The decrease in the {+)-PN 202 791-photoactivated fast relaxation by Hb {10
or 30 uM) was not statistically different from the control (Table 2).

[rradiation of the (+)-PN 202 791 stock solution caused a rightward shift
in the photorelaxation concentration response curve as compared with the
controi (a non-irradiated solution of (+)-PN 202 791)(Fig. 14A). The
concentration-response curve for the irradiated solution also showed a decrease
in the maximal response to light-stimulation. As compared with the {+)-PN 202
791 concentration-response curve, a right- and downward shift was also
obtained with non-irradiated racemic PN 2C2 791. The slopes of the sigmoid
curves for irradiated (+)-PN 202 791 and (+)-PN 202 791 were statistically
different from the control. In contrast, irradiation of an SNP solution induced a
rightvvard shift in the concentration response curve (Fig. 14B) with no decrease

in the maximal photorelaxation.



Fig.14 Effect of (+)-PN 202 791 (A) and SNP (B) irradiated solutions on the
photorelaxation concentration response curve in TMM. {+)-PN 202 791 (1 uM)
and SNP {1mM) stock solutions were irradiated for 60 min at 37 °C. *p<0.05
vs. control (non-irradiated solution). After 10 min irradiation, the SNP solution
became blue probably because of the formation of Na,[Fe(CN);(NOH)I.

The respective slope values as determined by curve fitting analysis were: 4.06
+ 0.34 for (+)-PN 202 791, 2.9 = 0.34" for irradiated (+)-PN 202 791 and
2.14 % 0.44° for racemic PN 202 791,  p<0.05 vs (+)-PN 202 791 (n=4
preparations per group).
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3.1.8 Effect of zaprinast on the fast and the slow residual
photorelaxations

Two second-irradiation of (4)-PN 202 791 pretreated preparations
displayed a relaxation followed by an recovery from irradiation., Both the
amplitude of the relaxation and the slope of the oftset response wene
significantly increased by the cGMP-dependent PDE inhibitar, zaprinast, whereas
the slope of the relaxation remained unchanged.

At 10 s-irradiation, zaprinast enhanced the ampltude of the fast
photorelaxation (Fig. 15). However, neither the sftope of the tast photorelaxation
nor the slope of the off-contraction were affected by zaprinast, whoreas the
slope and the percent decrement of the escape were dinunishod.

Incubation of the DHP aganist or NO-dunor photosensitized TMM with
DHP antagonists (Fig. 4), BAPTA (Fig. 9), cyclopiazonic acid and ryanodine (Fiy.
10) unmasked a low amplitude slow residual photorelaxation as described above
{section 3.1.8). Zaprinast enhanced the siow photorelaxation undoer all
conditions (Fig. 16, 17) and this effect was readily reversed by LY 83583 (Fig.

10).



Fig.15 Effect of zaprinast (filled bars) on the parameters of the fast
photoresponse at two (2) and ten {10) s irradiation in TMM,

The parameters of the relaxation were as follows: amplitude of the fast
relaxation (A, (%)), and slope of the fast relaxation (S, (mg/s}}, slope of the
offset response at 2 s-irradiation and at 10 s-irradiation (S, (mg/s)), slope of
the escape response (S, (mg/s})), and percent decrement of the fast relaxation
(%D, ().

A, was expressed as percent of the amplitude of the relaxation at 10 s-
irradiation {control).

%D. was calculated as {R,y/R,..*100, where R,,,, and Ry, represent the value
of the relaxation at its peak and at the end of the 10 s-irradiation period.
Experiments were carried out in Tyrode's buffer. CD (0.1 yM)-precontracted
preparations were photosensitized with 1 M (+)-PN 202 7971 (h=4
preparations per group}. Control values are represented as open bars.
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Fig.16 Effects of zaprinast and LY 83583 on the slow photorelaxation in TMM
bathed in 110 mM K', nominally calcium free buffer. Tissues were
precontracted with 0.3 M CD and the slow photorelaxation was obtained after
treatmaent with BAPTA {100 4M). Photosensiization was induced with 1 yM of
{ ©)})-Bay K 8644,
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Fig. 17 Amplitade of the {+) Bay K 8644 photoactivated slow relaxation before
(apen colimns) and after zaprinast (right hatching) in a depolarizing nominally
calcivin free modiom (A) and before (solid columns) and after (Inft hatching)
sapunast (10 M) in Tyrode's bulfer (B) ("p<0.05 vs. contral, h=45
proparations por group)). The slow relaxations  ware obtained following
troatment of TMM preparations with BAPTA {100 p#M), [eladipme (1 0M],

ryanochne (RYA, 30 M) and cyclopiazonic acid {CPA, 10 uM).
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3.1.9 Dependence of the 3'-NO,-DHP-photoactivated relaxation on
contractile stimuli and the active tension level

In other to determine how different mechanisms of tonus generaticn may
affect the photoactivated response in the TMM, the fast photlorelaxation was
examined under various contractile states induced with such pharmacological
stimuli as the muscarinic agonist CD, 2 depolarizing solution and the
phosphatase 1, 2A inhibitor, calyculin A. The magnitude of the 3' NO. DHP
photoactivated relaxation varied with both the pharmacological stimulus used
and with the level of contractile tension.

Pretreatment of TMM preparations with the phosphatase 1,2A inhibitor
calyculin A induced a slowly developing contraction in calcium-deploted nissues
(as described in section 2.6). In the presence of calyculin A-induced tonus, the
DHP photosensitizer {+)-PN 202 791 gave rise to slow photorelaxations in o
concentration-dependent fashion (Fig. 18). A similar concentration ol calyculin
A did not affect tonus-generation or the fast photorelaxation in calcium
replenished preparations (not illustrated}. In calyculin A precontracted
preparations, the slow photoreiaxation was enhanced by czaprinast (Fig. 8),
similar to the slow photorelaxation obtained after cafcium depletion and
inhibition of L-type Ca’ '-channels {described ahove).

The fast photorelaxation was evident either in CD- or K' -precontractod

preparations. The 3'-NO,-DHP-photoactivated response showed identical
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features under either contractile stimulus. However, irregular fluctuations in
tonus occurraed when CD (< 0.1 uM)-precontracted preparations were exposed
to DHP agonists in Tyrode's solution. In contrast, CD- or calcium-induced tonus
in the depolarizing solution was maintained at a steady level for several hours
{not illustrated).

The amplitude of the fast photcretaxation varied with the level of active
tonus. Thus, in 110 mM K', nominally Ca' * -free buffer and the absence of
active tonus, a photoactivated response was undetectable. With graded
increments in [Ca' |, over the range of 10 to 1000 yM, the amplitude of the
photorelaxation measured in absolute terms increased in parallel with contractile
tonus, reaching a maximum at 300 M, i.e. the [Ca' '], causing a near maximal
increase in tonus (Fig. 19A). With a further increase in [Ca' "|,. the absolute
value of both tonus and photorelaxation declined, However, over the range of
[Ca''l, tested, the photorelaxation expressed as percent of the steady state
tonus was not significantly different (Fig 19A).

A different relationship between the (+}-Bay K 8644-photoactivated fast
relaxation and the level tonus was obtained in sarcoplasmic Ca' ‘-depleted
tisstie contracted with CD. Fig. 19B shows the beli-shaped relationship between
the amplitude of the photorelaxation and the level of CD-induced tonus in 110

mM K' solution containing 10 gM calcium. The amplitude of the photorelaxation
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reached a maximum at 0.1 4M CD, corresponding to the EC,, of this agonist.
With further increases in the CD concentration, the amplitude of the
photorelaxation fell to near zero. Expressed as percentage of CD-induced tonus,
the relative photorelaxation amplitude declined from a mnaximal value of 60% to

5%.



Fig.18 {(+)-PN 202 791-photoactivated slow relaxation in calyculin A-
precontracted TMM. Experiment was carried out in extracellular calcium-
depleted preparations (treated with 30 uM BAPTA), bathed in 110 mM K,
nominally calcium-free medium.
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Fig.19 Dependence of the ( £)-Bay K 8644-photoactivated fast relaxation on the
active tonus in TMM.

A-Calcium dependence of tonus (top panrel} and (£)-Bay K 8644 {1 uM)-

induced photorelaxation (middle and iower panels). Experiments vvere carried out
in 110 mM K' depolarizing solution, tonus was induced with cumulative
addition of calcium chloride solution.
The tonus response was standardized with reference to the maximal response
of the TMM in 110 mM K* solution to calcium (753+95 mg, n=4). The
photorelaxation is shown in its absolute value {lower panel) and as percent of
the induced tonus (middle panel). In the latter, the dashed line corresponds to
the linear regression for the plotted values {r=0.65).

B-Dependence of the { +)-Bay K 8644 {1 yM)-photoactivated fast relaxation
(middle and lower panels) on the CD-induced tonus of sarcoplasmic calcium-
depleted tissues. Top panel shows the change in the level of tonus as a function
of CD concentration. Experiments were carried out in the presence of
cyclopiazonic acid 5 yuM in 110 mM K*, depolarizing solution containing 10 uM
calcium.

The tonus response was standardized with reference to the maximal response
of the TMM to CD (204 £ 45 mg, n=4). Photorelaxation is shown in the same
manner as in panel A,
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3.1.10 Effect of pharmacological agents on the 3'-NO,-DHP-
photoactivated response in the TMM

Several nhiarmacological agents were examined as potential modifiers of
the 3" NO--DHP-photoactivated response. in CD (0.3 uM)-precontracted TMM
preparations bathed in a depolarizing buffer, the { £1}-Bay K 8644 (1 uM)-induced
fast photorelaxation was significantly inhibited by sodium fluoride (NaF, 30
mM). Expressed as percent of the existing tonus, the amplitude of the
photorelaxation before and after NaF was 85.2 + 7.7 vs. 21.0 + 3.2 (h=5,
p< 0.05), respectively. The NaF-mediated effect on the photorelaxation was
precederd by an increase in contractile tonus.

Other pharmacological agents tested during this study were ineffective
against the 3'-NQO,-DHP-photoactivated response (Table 3). Neither the biphasic
fast response not the stow photorelaxation induced by (+)-Bay K 8644 or (4 )-
PN 202 791 were affected by these drugs when tested in Tyrode's or 110 mM

K*, nominally calcium-free solution (n= 3-4).
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Table 3. Pharmacological agents devoid of any effect on the 3' NO. DHP

photoactivated response.

Agent
TTX

methscopolamine

propanolol

guanethedine
indomethacin
ouabain

ICS 205-930

ketanserin

L-arginine

L-N®-nitroarginine
methyl ester

KCN

Na' channel blocker
MmACHR antagonist

3-adrenoceptor
antagonist

adrenergic neuron blocker
cyclo-oxygenase inhibitor
Na'/K' ATPase inhibitor

5HT, receptor antagonist

5HT,./BHT, receptor
antagonist

NOS subsirate
NOS inhibitor

inhibitor of oxidative
phosphorylation

10 oM
100 nM
10 uM

10 uM
100 uM
100 M

10 M

1 M

1T mM
1T mM

0.1 mM
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3.2 Photoactivated response in the rat pyloric sphincter and thoracic
aorta

The rat pyloric sphincter responded with phasic contractions to CD {1
uM)-stimulation. Similar to the TMM, pyloric sphincter was devoid of any
intrinsic responsiveness to light irradiation. Photostimulation of CD-pretreated
pyloric sphincter did not produce any change in the frequency of the phasic
contractions or in the basal tonus (Fig 20 A, upper trace). 30 s-irradiation of
(+) PN 202 791-treated preparations revealed a transient inhibition {duration =
10 s) of the phasic contractions followed by an escape or resumption of the
phasic activity {Fig 20 A, lower trace). Termination of the photostimuiation
resulted in an "off-contraction” of targer amplitude than the phasic contractions.

Contrary to the TMM and pyloric sphincter, precontracted rat thoracic
aorta sho wed an endogenous photorelaxation after polychomatic light irradiation
(Fig. 20B, upper trace). Following the relaxation there was a delayed recovery
to the prestimulation tension. The effects of the 3'-NO,-DHP photosensitizer
(+)-PN 202 791 on the endogenous photorelaxation, under different conditions
of irradiation intensity and photostimulation interval, are summarised in Fig. 27.
Moreover, a sample trace of the {+}-PN 202 791-augmented relaxation in rat
thoracic aorta is shown in Fig. 20 B (lower trace). Both the relaxation and the
recovery compenents of the endogenous and the {(+)-PN 202 791-augmented

responses were described by a logistic function (Fig. 20B). Each component



Fig.20 Sample ‘races of the photoactivated response in rat pyloric sphincter and
thoracic aorta.

A- 30 s-photostimulation of CD-pretreated pyloric sphincter before (upper
trace) and after {+)-PN 202 791 (1 gM) treatment (lower trace). The horizontal
bar represents 30 s irradiation.

B- 10 s-photostimulation of PE (0.1 uM}-precontracted rat thoracic aorta
before (upper trace) and after (+)-PN 202 791 {1 uM)-treatment (lovver trace).
The 10 s-irradiation interval is represented by the horizontal bar.

The logistic equations for the relaxation and recovery of the endogenous
relaxation are y=2.77 +0.93(1 +{x/5.13)" ") and y =2.57 +1.22(1 1 (x/5.53)
077 (coefficient of determination ¢ > 0.97, F-statistic > 1103), whereas tho
equations describing the relaxation and recovery of the {1)-PN 202 791

augmented response are y=2.50+1.14(1+(x/6.26)" "} and
y=2.46+1.43(1 +({x/35.55) ' ') (r" > 0.99, F-statistic » 2834).
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contained three phases: 1) an initial slow phase, 2} an intermediate fast phase
and 3) a late slow phase. The duration of the initial slow phase was negligible
as compared with the duration of the following two phases. The effcct of {1}
PN 202 791 on the endogenous photoreiaxation was characterized by the siope
of the fast phase. Moreover, the photorelaxation and recovery were described
by the time required for the relaxation to reach its maximal value (T, . ) O
the time necessary for the recovery to reach 50% of the prephotostimulation
tension (T4}, respectively (Fig. 21).

The results in thoracic aorta can be summarised as follows:

1) the amplitude of the endogenous photorelaxation was increased following
(+)-PN 202 791-treatment. This effect was observed both at difterent
intensities (0.08 W/cm? or 0.9 W/cm?) or durations {10 s or 30 s at 0.9 W/cm |
of light-irradiation;

2} the slope of the fast phase of the (+)-PN 202 791-augmaented
photorelaxation at 0.08 W/cm? was similar to the slope ol the intrinsic
photorelaxation at a higher intensity (0.9 W/cm?). No further increase in the
slope of {+)-PN 202 791-augmented photorelaxation was noticed at 0.9 W/cm”’
irradiation or at 30 s photostimulation;

3} at 0.9 W/cm?, Toeak e iNCreased following sensitization by (+)-PN 202 791,

as the irradiation period increased;
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4} no change in the slope of the recovery for the endogenous or the {+}-PN 202
797-enhanced photorelaxation was found at different intensities or intervals of
irradiation. The long duration of the recovery resulted from the slope of the
recovery (fast phase) being at least 1.5 times smalier than the slope of the
relaxation,

5} {+)-PN 202 791 was without effect on T, at 0.08 W/cm’. However, an
increase was noticed at 0.9 W/cm? which seemed to be maximal since a longer

irradiation interval (30 s) did not produce any further change.



Fig.21 Parameters of the endogenous and the (+)-PN 202 791 (1 u\)
augmented photorelaxation (PhR) in rat thoracic aorta under 0.08 W/cm” (I, ,)
(10 s-irradiation) or 0.9 W/cm? (l,4){10 s-, 30 s-irradiation) photostimulation.
Experiments were carried out in Tyrode's buffer. Preparation were precontracted
with phenylephrine (0.1 uM).

Toour atax Fepresents the interval for the relaxation to reach its maximal value,
whereas T., represents the time required to recover 10 50% of the pre
photostimulation tension level.

' amplitude of the relaxation was expressed as percent of the cndogenous
photorelaxation obtained after 10 s-irradiation at 0.9 W/cm?.

* n<0.05 vs. same parameter of the endogenous relaxation {(n- 4 10).
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3.2.1 Effect of methylene blue and LY 83583 on the photorelaxation in
thoracic aorta

In rat thoracic aorta, LY 83583 inhibited the endogenous photarclaxation
at 1 uM concentration {Table 3). On the contrary, a ten-fold larger concentration
of LY 83583 was ineffective against the (+£)-Bay K 8644 (1 uM) augmented
photorelaxation. After removal of (x)-Bay K 8644 {from the incubation bulfer,
LY 83583 significantly reduced the photorelaxation. The removal of () Bay K
8644 did not affect the amplitude of the photorelaxation. As in the TMM, LY
83583 was also an effective inhibitor of the photorelaxation augmented by a
low concentration of the 3'-NO,-DHP, Bay K 8643 (3 nM)}. The inhibitor of sGC,
methylene blue, effectively blocked the Bay K 864 3-augmented photorelaxation

in rat thoracic aorta.
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Table 4. Effect of LY 83583 and methylene blue (MB) on the endogenous and
in phenylephrine (0.1 uM)-

the 3'-NO,-DHP-augmented photorelaxation

precontracted rat thoracic aorta.

Treatment

Amplitude of the
photoreiaxation (%)

Endogenous photorelaxation {(control) 40.0 = 4.0
+ LY 83583 (1 uM) 2.2 +1.5°
(+)-Bay K 8644 (1 uM){control}’ 65.5 + 7.1

+ LY 83583 (10 M) 61.4 £ 5.9

Photorelaxation after {+)-Bay K 8644

removal’ 67.6 = 2.7

+ LY 83583 (10 yM) 14.4 x 5.0
Bay K 8643 (3 nM)-augmented

photorelaxation (control) 47.5 + 3.5

+ LY 83583 (1 uM) 14.8 + 4.3°
Bay K 8643 (30 nM)-augmented

photorelaxation {control) 83.0 + 5.8
+ MB (3 yM) 5.8 + 2.3°

(+)-Bay K 8466-augmented photorelaxation
photoresponse was eliminated with 1 y4M LY 83583.

after the endogenous

‘ Rat aorta preparations were treated with 1 4M (+)-Bay K 8644 for at least 15
min. After that Bay K was removed from the bath by washing with fresh buffer.
After that tissues were precontracted again with phenylephrine (0.1 M),

" p < 0.05 vs. control {(n=4-5 preparations per group).



90

3.2.2 Effect of zaprinast on the 3'-NO,-DHP-photoactivated response in
rat pyloric sphincter

In pyloric sphincter, the phasic contractions observed in the presence ol
zaprinast during the 30 s-irradiation (similar to an escape response during
photostimulation) were decreased by 78% as measured by the area ot the
phasic contractions ( pre-zaprinast: 66.5 + 2.5 vs. post-zaprinast: 14.3 + 0.4,
(p< 0.05, n=3)). No significant change was observed in the amplitude ot the

"off-contraction".



CHAPTER FOUR
DISCUSSION

4.1 General properties of the DHP-photoactivated response

The DHPs examined in this investigation mediated multiple photoactivated
response patterns in the three smooth muscle preparations studied. These
photodynamic effects were confined to compounds possessing nitro
substituents and encompassed simple relaxation or contraction events and
complex relaxation-contraction sequences. Photoactivated responses involving
relaxation with or without a contraction component were mediated by 3'-NO,-
DHPs, vwhereas pure photocontractions were obtained solely with o-nitrophenyl-
substituted DHPs. Since the former but not the latter were concentration-
dependent, it is suggested that the photocontraction by o-nitrophenyi-
substituted DHPs is a passive process nat involving release of a photodynamic
derivative. Non nitro-substituted DHPs, specially those with antagonistic action
at L-type Ca''-channels wvere able to alter the complex relaxation-contraction
response in TMM preparations.

Exposure to 3'-NO,-DHPs augmented the intrinsic photorelaxation in rat
thoracic aorta or photosensitized de novo preparations devoid of any intrinsic
photorespensiveness, i.e., rat TMM and pyloric sphincter. In preparations
lacking endogenous photoresponsiveness, photodegradable NO-donors mimicked

the 3'-NO,-DHPs in conferring photoactivity. In TMM preparations, hovvever, the
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NO donor-photoactivated response differed qualitatively from the neurally

evoked NO-mediated response,

4.1.1 Tissue selectivity of the photoactivated response components

The present study demonstrates that the 3'-NO,-DHP-photoinduced ettect
on smooth muscle contractility is expressed in a tissue-selective manner. In
TMM preparations, L-type Ca''-channel agonist 3'-NQO,-DHPs produced o
complex response, consisting of a fast relaxation-contraction secquence,
followed by a late slow relaxation. In pyloric sphincter, the same compounds
mediated a transient inhibition of the phasic contractions followed by an "off
contraction”. In rat thoracic aorta, however, sensitization by 3' NO, DHPs
augmented the intrinsic photorelaxation.

These findings are consistent with the diversity of the photoactivated
response previously described in other smooth muscle preparations. Thus, 1he
3'-NO,-DHP-photoactivated biphasic relaxation-contraction sequence in thoe
TMM is similar to the Bay K 8644-photoactivated response in porcine fundus
{(Golenhofen et al., 1990) or the NaNO,-photoactivated response in rabbit
stomach smooth muscle (Ehrreich & Furchgott, 1968). However, a distinctive
feature of the biphasic photoactivated response in the TMM was the transicnt

duration of the relaxation as compared with the sustained relaxations described
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by others (Furchgott et al., 1961; Golenhofen et al., 1990). The possible basis
for this difference will be discussed in a later section. The 3'-NO,-DHP-
photoactivated response in pyloric sphincter is similar to the transient
photoactivated inhibition of the electrically stimulated phasic contractions in the
NaNO,-pretreated rabbit stomach (Ehrreich & Furchgott, 1968).

As first shown by Furchgott {(1961) in rabbit thoracic aorta, the intrinsic
response consists of a photorelaxation followed by a long lasting recovery. Both
the relaxation and recovery contain an initial stow phase of short duration, an
intermediate fast phase and a late slow phase. 3'-NO,-DHPs have been shown
to enhance the intrinsic photorefaxation in vascular smooth muscle (Golenhofen
et al., 1990; Triggie et al., 1990; Chen & Giilis, 1992}; however, the effect of
3' NO,-DHP an the photorelaxation-recovery sequence has not been described
before. As shown here, photosensitization of rat tharacic aorta by 3'-NO,-DHP
does not alter the pattern of the intrinsic relaxation; it only modifies the
quantitative properties of the intrinsic photorelaxation {i.e., the amplitude and

slope of the endogenous photorelaxation).
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4.1.2 Structure-activity relationship

The TMM preparation was specially selected tor the investigation ot the
structure-activity relationship between DHPs. Although several DHPs were
tested in this study, only nitro-substituted DHPs were reported as possessing
a photo-induced activity in TMM preparations. 3'-NO,-DHPs induced a
photoactivated response involving relaxation whereas nitrophenyl-substitutoed
DHPs either mediated a long-lasting photocontraction (o-nitrophenyl-substituted
DHPs) or lacked any photosensitizing activity (m- and p-nitrophenyl-substituted
DHPs). Non nitro-substituted DHPs with L-type Ca''-channel antagonisiic
action, albeit devoid of any photodynamic activity, were able 1o modily the
components of the 3'-NO,-DHP-photoactivated response.

Previous studies carried out in vascular smooth thuscle (Golenhofen et al.,
1990; Triggle et al., 1991} have demonstrated that 3'-NO.-DHPs augmant the
endogenous photoretaxation. However, the presence of an intrinsic
photoresponsiveness in this type of smooth muscle may have obscured any
other photo-induced activity. This drawback was avoided in the presernt study
by using a preparation lacking any endogenous photoresponsiveness, the
oesophageal TMIM.

The present results demonstrate that the nitro group in  the

dihydropyridine ring is absolutely required for photoactivated responses
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involving relaxation. If photoactivated release of NO from the 3'-NO,-DHP
molecule is to account for the photosensitizing activity of these compounds
(Golenhofen et al.,, 1990), the present results are consistent with this
possihility. By contrast, m- and p-nitrophenyl-substituted DHPs {nicardipine,
mimodipine, nitrendipine and 4-(p-nitrophenyl}-1,4-DHP) did not photosensitize
TMM preparations, suggesting that the nitro group in the pheny! ring may have
a less favourable energetic configuration to allow for the release of NO by
polychromatic light irradiation.

The o-nitrophenyl-substituted DHP, nifedipine, mediated a concentration-
independent, long lasting photocontraction which could be differentiated by its
duration from the 3'-NO,-DHP-induced "off-contraction” in the TMM. Because
only one such compound was tested, a definitive conclusion regarding o-
nifrophenyl-substituted DHPs as a mediator of photocontractions is preliminary.
However, it is notewarthy that Bay O 9073 which contains a nitro group cn
both the dihydropyridine and the phenyl rings, had a mixed photoactivated
response intermediate between that of 3'-NO,-DHP and nifedipine.

The concentration-independence of the nifedipine- and the Bay O 9073-
photoactivated response suggests that photocontractions are most likely
mediated by the photodecomposition of these molecules. In heart celi

membranes, it has been shown that irradiation results in the rapid removal of
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calcium channel blockade by nifedipine (Gurmney et al., 1985) or nisoldipine,
whereas the m-nitrophenyl DHP, nimodipine, is less photosensitive (Sanguinetti
& Kass, 1984). This may also explain the effect of irradiation on tonus. Thus,
in several cases, irradiation of nifedipine-sensitized preparations producced an
increase in steady state tonus, whereas a decrement in tension was obsorved
after Bay K 907 3. This is consistent with the antagonistic eltect ol nitedipine

on the TMM and the agonist effect of Bay K 9073.
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4.2 Role of photoactivated release of NO in the 3'-NO,-DHP-
photoactivated response

Unlike vascular smooth muscle (Furchgott et al., 1961}, the TMM and
pyloric sphincter are devoid of any intrinsic photoactivated response to light-
irradiation. Photosensitization with 3'-NO,-DHP may be equivalent to supplying
A phototransducer substance, i.e., a photo-induced relaxing factor, which is
alrcady present in vascular smooth muscle (Furchgott et al., 1985). Since
photodegradable NO-donors mimicked the 3'-NO,-DHP-photoactivated response
in the TMM, the mediator molecule could be NO or a NO-like molecule. At first
glance, this assumption would seem to be implausible given that 3'-NQ,-DHPs
were effective at micromolar concentrations, 100 times lower than those
required for the most effective NO-donor. However, as highly hydrophobic
molecules, 3'-NO,-DHP would be expected to accumulate in the lipid phase of
the plasmalemma and sarcoplasmic membrane system with a cell to medium
ratio of 120:1 (Lillmann & Mohr, 1987}, permitting the effector structure(s) to
be accesscd more effectively than with hydrophilic NO donors. This would
explain the high potency of 3'-NO,-DHP agonists in comparison with the latter.

Pharmacological evidence also suggests that NO mediates the 3'-NO,-
DHP-photoactivated response in the TMiVl. Thus, agents that interfere with NO
and cGMP production/degradation affected both the fast and slow components

of the photoactivated response in the TMM. In particular, the NO scavenger LY
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83583 and carboxy-PTIO inhibited the fast photorelaxation tollowing
photosensitization with low concentrations of the 3'-NO.,-DHP. However, at a
maximal concentration of the 3'-NO,-DHP, photorelaxations were minimally
affected by LY 83583 and carboxy-PT10. The fast photorelaxation was reduced
following treatment with LY 83583 only after pre-incubation with the
superoxide dismutase inhibitor diethyldithiocarbamate. To explain these results,
the following factors should be considered: 1) the 3'-NO.-DHP-photoactivatad
fast relaxation may be the result of a very sensitive photo-inducible step
requiring few molecules of the phototransducer (NO) to produce relaxation, 2)
the close proximity of the photoinducible NO-source to its target may preempt
any effect of the NO-scavenger on the photoactivated response. Accordingly,
NO scavengers are only effective at low concentrations of the 3' NO, DHP or
when the superoxide production is presumably enhanced by inhibition ol
endogenous superoxide dismutase.

Although Hb inhibits the endothelium-dependent, acetylcholine maediated
relaxation as well as the NO donor-augmented photorelaxation in vascular
smooth muscle {Furchgott et al., 1984, 1885), in this study Hb was inctfiective
against the 3'-NO,-DHP-photoactivated response. Since Hb does not ¢ross the
plasmalemmal barrier, one possible explanation is that Hb only affccts NO

released extracellularly. Therefore, Hb will not affect photoactivated release of
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NO from 3'-NO,-DHP which takes place at the plasmalemmal and sarcoplasmic
membrane level.

Irradiation of the 3'-NQ,-DHP solution, similar to the NO-donor SNP,
resulted in a decrease in the photosensitizing activity of the compound as
indicated by the rightward shift in the dose-response curve. This is consistent
with the hypothesis that the irradiated molecule will loose its photoactivity due
to release of the active moiety mediating photorelaxation. As demonstrated by
chemiluminescence analysis, this active moiety appears to be NO (Bauer &
Fung, 1994). Irradiation of the 3'-NO,-DHP solution wvas also accompanied by
a depression of the maximal response. This effect would be consistent with
racemization of the 3'-NO,-DHP molecule and the formation of the L-type Ca’ ' -
channel antagonist analog. The similarity between the concentration-response
curves for irradiated (+)-PN 202 791 and racemic PN 202 791 seems to
corroborate this conclusion.

The results in rat tharacic aorta are also consistent with the hypothesis
of photoactivated release of NO from 3'-NO,-DHPs. Exposure to 3'-NO,-DHP
resulted in an increase in the slope of the fast and the final slow phases of the
intrinsic photorelaxation. Thus, following low intensity irradiation, the slope of
the fast phase of the 3'-NO,-DHP-augmented photorelaxation was equivalent to

the slope of the intrinsic photorelaxation at a higher irradiation intensity. This
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would be expected if more molecules of the mediator were formed by irradiation
of 3'-NO.,-DHP-treated preparations. However, the slow phase only was
augmented with increased duration of photostimulation. This suggesis that the
fast and the following slow phase may be regulated by a different NO-mediated
mechanism. It is unlikely, however, that the final slow phasc represents a
change in the visco-elastic properties of the smooth muscle as proposoed by
Furchgott et al. (1961) since this phase was augmented by 3' NO, DHP
treatment.

Pharmacological evidence in rat thoracic aorta further supports the
conclusion that the 3'-NG,-DHP-augmented photarelaxation is mediated by
photoactivated release of NQ. As in the TMM, LY 83583 was an effective
blocker of the photorelaxation enhanced by a low concentration of the 3' NO,
DHP, Bay K 8643, but not when a high concentration of the 3'-NO,-DHP was
used. Furthermore, after removal of the 3'-NO,-DHP from the bath, the
augmented photorelaxation was greatly diminished by LY 83583. As previously
shown by Mikkelsen et al. (1985a) and supported by the present resulls,
removal of the 3'-NQO,-DHP did not result in the loss of the photoactivated
response following intermittent photostimulation for at least 5 h, probably
reflecting the accumulation of these drugs in cell phospholipid memibranes

(LoNimann & Mahr, 1987).
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4.3 Effector mechanisms involved in the photoactivated response

The physiological action of NO in smooth muscle has been mainly related
to the activation of sGC. However, NO release in living cells may mediate other
effects apart from ¢GMP formation. NO has been implicated in the cytotoxic
effects mediated by macrophage activation (Hibbs et al., 1988) or glutamate
receptor stimulation in neurons (Dawson et al., 1993). Several pathways
mediate this cytotoxicity via the formation of highly reactive radicals, alteration
in the genetic material or binding to iron-sulphur-containing enzymes. Thus,
formation of peroxynitrite radicals as the result of NO reaction with superoxide
ion could mediate NO-induced neurotoxicity (Lipton et al., 1993). NO formation
may also alter the genetic material in cellular organisms as a result of
deamination of DNA (Wink et al., 1991). NO binding to iron-sulphur-containing
enzymes may block oxidative phosphorylation. Thus, activation of peritoneal
macrophages inhibits oxidative phosphorylation by a L-arginine-dependent
mechanism (Drapier & Hibbs, 1988). However, these NO-mediated cytotoxic
eftects are unlikely to be involved in the photoactivated response by 3'-NO,-
DHP since: 1) intermittent photostimulation for long periods did not lead to
decreases in the photoactivated respense and smooth muscle contractility; 2)
the fast photorelaxation was insensitive to 0.7 mM cyanide. A similar

concentration of cyanide completely inhibits mitochondria! cytochrome oxidase
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{(Griffiths & Wharton, 1961).

4.3.1 Role of cGMP in the 3'-NO,-DHP-photoactivated response

Photolytic release of NO from the 3'-NO,-DHP should lead to activation
of sGC and formation of cGMP since previous work has already rovealed an
increase in cGMP as the result of polychromatic (Triggle & Bieger, 1991) or UV
light irradiation of 3'-NQO,-DHP-treated smooth muscle preparations (Baik ot al.,
1994). In keeping with this hypothesis the cGMP-dependent PDE inhibitor,
zaprinast, enhanced both the fast and slow components of the photoactivated
response in the TMM, whereas LY 83583 still reversed the zaprinast madinted
enhancement of the slow photorelaxation. In rat thoracic aorta, the sGC
inhibitor, MB, significantly inhibited the photorelaxation supported by Bay K
8643, confirming recent results in porcine coronary artery (Baik et al., 1994)
and gastric fundus {Golenhofen et al., 1920).

Two additional cGMP-dependent pathways have been implicated in the
mechanism of intrinsic photoresponsiveness of smooth muscle. Whereas o
direct activation of guanylate cyclase by light has been inferred by Karlsson et
al. {1985) from the study of the endogenous photorelaxation in bhovine
mesenteric artery, such a mechanism can be ruled out in the ~ase of the TMV

since the photoactivated response is only observed in tissues sensitized with 3'
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NO.-DHPs. Wolin et al. {1991} have proposed that photorelaxation in pulmonary
artery is associated with an increase in cGMP levels via a catalase-dependent
activation of sGC. However, it is unlikely that a similar pathway plays any role
in the 3'-NO,-DHP-photoactivated response in oesophageal TMM since the
photorelaxation was insensitive to cyanide. As a Fe*'-containing enzyme,
catalase would be inhibited by CN {Schonbaun & Chance, 1976).

This investigation also revealed a novel feature of the 3'-NO,-DHP-
induced response in smooth muscle: the escape or fade of the fast
photorelaxation in the TMM, i.e., the decrement in the fast photorelaxation
while irradiation was being applied. This phenomenon probably reflects a shift
in the balance between cGMP production and degradation as suggested by the
ability of zaprinast to prevent the escape of the fast photorelaxation in the TMM
and to delay the appearance of phasic contractions in pyloric sphincter within
the irradiation interval. Another possibility is that irradiation will deplete most
of the available NO-releasing molecules in the vicinity of the target enzyme.
However, the fade of the fast photorelaxation was still present in tissues
photosensitized with a maximal concentration of the 3'-NO,-DHP and remained
sensitive to zaprinast, suggesting that NO availability may not be the limiting
factor.

The escape of the photorelaxation in the TMM contrasts with the
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photorelaxation {(endogenous and 3'-NO,-DHP-augmented) in rat aorta in which
the relaxation remained for as !ong as irradiation was applied. Moreover, alter
10 s irradiation, the intrinsic photorelaxation was still progressing and this was
enhanced by 3'-NO,-DHP. This suggests that the ¢cGMP effect may continuc
after irradiation even when supposedly photoactivated release of NO should
have declined. Despite conflicting evidence regarding the temporal correlation
between post-stimulation intracellular cGMP levels and contractile force
generation (Nakatsu & Diamond, 1989), the recovery of the relaxation could he
related to the degradation of cGMP.

The pharmacological characteristics of the 3'-NO,-DHP-photoactivatad
response in smooth muscle are consistent with NO as the primary step leading
to photorelaxation. As inferred from the study of the photoactivated mechanical
response in the TMM, however, the following cGMP-dependent steps could
generate two kinetically different responses, i.e., a fast and a slow
photorelaxation. As described below these two responses may point to the

existent of different effector mechanisms.
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4.3.2 Role of the plasmalemma in the 3'-NO,-DHP-photoactivated
fast response

3'-NO.,-DHPs have a dual character, combining activity as L-type Ca' -
channel modulators and as photosensitizing agents. The present data clearly
indicate a qualitative and quantitative difference between 3'-NO,-DHP agonist
and antagonist-induced photosensitizing activity. With antagonists, the rate of
photorelaxation was diminished and the "off"-contraction abolished. This
difference was most evident at extracellular Ca®* cancentrations below the
physiological range. L-type Ca' ‘-channels are, therefore, likely to mediate the
expression of the fast components of the photoactivated response.

Our results contrast with previous reports showing the agonist-
antagonist enantiomeric paits of Bay K 8644 and PN 202 791 to be
equieffective as photosensitizers in rabbit aorta and porcine stomach fundus
(Golenhofen et al., 1990), rat thoracic aorta (Triggle & Bieger, 1990) and
porcine coronary artery (Baik et al., 1994}, However, the explanation for these
contrasting results may be found in the experimental conditions used in this
study and those carried out previously:

1) whereas the present results vvere obtained in preparations precontracted with
a depolarizing solution containing low concentrations of Ca' ', previous work
was carried out in normal physiological solution, hence at high extracellular

Ca'' concentration. Due to the high-affinity binding of DHP antagonists to
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inactivated L-type Ca''-channels {(Bean, 1984), the use of a depolanizing
solution may result in a hugher binding rate of DHP antagormusts to L type Ca'!
channels as compared with that in a normal physiological buffer {Godtraind,
1992);
2) the use of L-type Ca' '-channel antagonists results in a decrease in tension
output. Whereas this is without etfect in preparations devoid of any endogenous
photoresponsiveness (e.g., TMM), in vascular smooth muscle preparations this
suggests an increase in photosensitizing activity. Thus, Triggle & Biegoer (1990)
found that the L-type Ca''-channel antagonists PN 202-110 and nifedipine
enhanced the endogenous relaxation in rat thoracic aorta. Howaever, further
studies with more rigorous controls for tonus dependence have failed to confirm
these resuits (Bieger, personal communication). On the contrary, the present
results revealed a different type of response in the case of nifediping, which
probably results from photolytic inactivation of this L-type Ca'' channel
antagonist. Therefore, previous results in vascular smooth muscle describing the
photosensitizing effect of L-type Ca' ' -channel antagonists may have to he re
examined, with proper controls for the endogenous and the 3'-NO, DHP
antagonist-augmented photorelaxation.

Past work in the TMM has also demaonstrated that electrical field

stimulation results in a relaxation response with a TTX-sensitive and insensiive
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component {Akbarali et al., 1986). The latter was mimicked by the K -channel
openers, BRL 34915 and pinacidil, and blocked by the L-type Ca' "-channel
antagonists, nifedipine, (+)-PN 200-110 and verapamil, as vvell as by incubation
in a depolarizing K' solution, suggesting the involvement of Ca'*-activated K'
channels (Akbarali et al., 18988a,b). On the contrary, the 3'-NO,-DHP-
photoactivated fast response, albeit sensitive to L-type Ca’' " -channel
antagonists, was unaffected by incubation i a K'-depolarizing medium.
Therefore, calcium entry followed by activation of K'-channels is unlikely to
mediate the photorelaxation in the TMM.

These findings suggest that photostimulation may cause a decrease in the
calcium current through the L-type Ca''-channel. Consistent with this
inerpretation, extracellular calcium depletion as well as chemical skinning of
TMM smooth muscle fibers significantly inhibited the fast photoresponse
components. At appraopriate levels of cholinoceptor stimulation, extracellular
calcium chelation was effective in inhibiting the photoactivated response in K' -
depolarized TMM with little or no alteration in steady-state tonus. By contrast,
the 3'-NO,-DHP-augmented photorelaxation in rat aorta is not affected by L-type
Ca' '- channel antagonists and is independent of extracellular [Ca’ '] (Bieger &
Triggle, 1990). Therefore, the 3'-NO,-DHP-photoactivated response in rat aorta,

unlike the fast photorelaxation in the TMM, does not appear to involve
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plasmalemmal Ca’ ' channels.

The proposed mechanism of photoactivated L-type Ca''-channel
modulation by 3'-NO,-DHP agonists implies an increased probability of channel
closure during relaxation. As argued above, NO acting ifwough sGC is the
primary step in this process. Activation of sGC will lead to cGMP formation and
stimulation of cGMP-dependent protein kinase. Patch-clamp studies have
pointed to an inhibition of calcium current {l..,) through L-type Ca' '-channels in
rat thoracic aorta and rabbit pulmori«:.?';' artery treated with the NO-donor SNP
(Magliola & Jones, 1990, Clapp & G:Irnev, 1991). Moreover, polychromatic
light irradiation of (x)-Bay K 8644-pretreated rat dorsal root and hippocampal
neurons resulted in an inhibition of L-type Ca''-channel current (Scott &
Dolphin, 1988; 0O'Regan et al., 1990). However, these resulls cannot he
extrapolated to explain the 3'-NQ,-DHP-photoactivated responsc in the TMIVL
The inhibition of I, foltowing irradiation of neuronal preparations is partially or
fully irreversible whereas in the TMM the photosensitized stala persists for a
long period (at least 5 h) following washout of the 3'-NO,-DHP from the bathing
medium. Recently, it has been demonstrated that the effect of NO on L type
Ca''-channel activity plays an important role in vascular tonus regulation
(Omote & Mizusawa, 1994). Thus, inhibition of NO release by endothelium

removal or L-N®-nitroarginine methyl ester-treatment of rabbit coronary arteres
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results in spontaneous contractions sensitive to L-type Ca* "-channel blockade.

4.3.2.1 Regulation of the "off-contraction”

The fast photoactivated response in the oesophageal TMM consists of a
biphasic relaxation-contraction sequence with the contraction occurring as a
post-irradiation response. This "off-contraction" was also present in pyloric
sphincter following photosensitization by 3'-NO,-DHPs. Similar post-irradiation
contractions have been described in Bay K 8644-photosensitized fundic
preparations (Golenhofen et al., 1980) and NaNO,-treated rabbit stomach
(Ehrreich & Furchgott, 1968). The post-irradiation stimulation in the TMM is not
cholinergically mediated since methscopolamine failed to block it. This
observation agrees with that of Ehrreich and Furchgott (1968} who first
demonstrated the atropine-resistance of the "post-irradiation stimulation” in
rabbit stomach.

Although the "off-contraction™ showed a linear-dependence on the
amplitude of the preceeding relaxation at irradiation periods < 10 s, the "off-
contraction" was still evident when tonus level did not allow for expression of
the relaxation, i.e., at baseline level. In other words, the preceding events
occurring during photostimulation triggered the “off-contraction” even when the

photorelaxation was not manifested. The "off-contraction” was also inhibited
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by the same procedures that inhibited the fast relaxation. It seems theretore
that the sequence of relaxation-contraction is coupled and may retlect a
regulatory process occurring at the level of the L-type Ca' ' -:zhannel.

An "off-contraction™ following electrical stimulation-induced relaxation
has been described in several gastrointestinal smooth muscles, including guinea
pig sphincter of Oddi (Pauletzkiet al., 1993), rat duodenum (Mule et al., 1990),
guinea pig colon (Maggi & Giuliani, 1993), opossum and human lower
esophageal sphincter and lower oesophagus (Preiksaitis et al., 1994}, In mos!
cases the relaxation seems to be mediated by a non-cholinergic, non-adrenergic
mechanism. NO, prostaglandins and neuropeptides have been implicated as tho
neurotransmitters mediating the electrical stimulation-induced relaxation.
Activation of non-cholinergic, non-adrenergic nerves also  meodiates
hyperpolarization of the canine colon smooth muscle via NO release. Tlis
response also knovvn as an inhibitory junction potential is followed by a post
stimulus excitatory response (depolarization) (Ward et al., 1992).

Contrary to the nerve-mediated "off-contraction” in other tissues (Magqi
& Giuliani, 1993; Pauletzki et al., 1993, Preiksaitis et al., 1994), the light
induced "off-contraction” vwas TTX-insensitive and persisted in K'-depolarized
preparations maintained at subnormal extracellular calcium concentrations,

suggesting that the photoactivated “"off-contraction” is of myogenic origin.
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Consistent with this conclusion, the present results show that the electrically
evoked TTX-insensitive relaxation was also followed by a rebound contraction.
By contrast, the nerve-mediated nitroxidergic relaxations lacked any post-
stimulation contraction, suggesting that the preceding NO-mediated event is not
required for the expression of the photoactivated "off-contraction"”. Whether this
should be attributed to different actions of NO released intraceliularly or
extracellularly by photo- or electrical stimulation, respectively, requires further
studies with photosensitizing compounds that are incapable of permeating the
cell membrane. Therefore, it would be premature to rule out the involvement of
the preceding photoactivated release of NO in the "off-contraction” considering
that the post-irradiation response was not only evident with photodegradable
NO donors but also inhibited by the NO scavenger LY 83583. Moreover, in
smooth muscle preparations other than TMM, the TTX-sensitive, nitroxidergic
relaxations are followed by a post-simulation contraction {Pauletzki et al., 1993,
Preiksaitis et al,, 1994). Furhtermore, in canine colon, L-N%-nitroarginine methyl
ester inhibits both the electrical stimulation evoked inhibitory junction potential
and the following rebound (Ward et al., 1992).

Another conceivable explanation is that activation of a secondary
mechanism via a ¢cGMP-dependent pathway could be involved in the "off-

contraction”. As demonstrated in opossum oesophageal longitudinal muscle,



112

SNP produces a biphasic responsg, i.e, an initial transient relaxation followed by
a indomethacin-sensitive, lang lasting contraction {Saha et al., 1993). However,
the 3'-NO,-DHP-photoactivated "off-contraction", albeit sensitive to LY 83583,
does not seem to involve prostaglandins or thromboxane as demonstrated by
the failure of indomethacin to modify this response. In addition, it scoms that
the cGMP sensitivity of this pathway may differ from that mediating
photorelaxation since LY 83583 was mare effective at inhibiting the contraction

than the fast relaxation induced by a maximal concentration of the 3' NO,, DHP.



113

4.3.3 Role of the sarcaplasmic reticulum in the 3'-NO,-DHP-
photoactivated response

Along with the plasmalemma, the SR is another primary structure
controlling tonus generation in smooth muscle (van Breemen & Saida, 1989;
Quian et al., 1992). Previously, McGonigle and Tallarida (1980} have
demonstrated that UV irradiation of rabbit aortic microsomes is accompanied by
increased calcium binding. This effect could underlie the decrease in tension
elicited in precontracted rabbit aorta by photostimulation. In other words,
photorelaxation in smooth muscle may involve Ca' ' -sequestration by the SR.

Two mechanisms acting at the level of the SR are thought to regulate
myoplasmic calcium concentration, and hence, tonus generation in smooth
muscle: the SR Ca''-ATPase and the ryanodine chiannel. The former controls
calcium sequestration into the SR, whereas the ryanodine channel is responsible
for calcium-induced calcium release from the SR. Ryanodine and cyclopiazonic
acid are primary tools in the study of regulation of Ca’ * by the SR. The naturat
alkaloid, ryanodine, locks the ryanodine channel in a subconductance state
{(Hwang & van Breemen, 1987), whereas cyclopiazonic acid inhibits the SR
Ca''-ATPase (Seidler et al.,, 1989). Both agents give rise to calcium depletion
of the SR.

At first glance, the results with ryanodine and cyclopiazonic acid suggest

that the 3'-NO,-DHP-photoactivated fast response requires a functional SR.
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Howvever, since cyclopiazonic acid and ryanodine interfere with different calcium
mechanisms, it is unlikely that the photoactivated response observed in TMIM
is the result of a direct interaction of the 3'-NO.-DHP molecule with either thoe
SR Ca''-ATPase or the ryanodine channel. This conclusion was further
confirmed in cyclopiazonic acid-pretreated TMM preparations whore the { 1) Bay
K 8644-photoactivated response persisted while the SR function, as assessed
by the phasic response to muscarinic acetylcholine receplor agonist challenge,
was blocked. Nonetheless, at least for the SR Ca' '-ATPase there have been
reports concerning the binding of DHPs (Zerning, 1990). A simipler explanation
of the cyclopiazonic acid- and ryanodine-mediated inhibitory effect on the 3
NO,-DHP-photoactivated response would be that swamping of the myoplasm
with calcium mobilized from the SR masks any small change due to calcium
influx/effiux across the plasmalemma. However, when the intracellular calcium
store is depleted, a low concentration ot extracellular calcium is sufficient (o
support photorelaxation even in the continued presence of cyclopiazonic acid.
The above hypothesis is consistent with abservations on the dependence
of the time course of the action of cyclopiazonic acid and ryanodine on the

+

extracellular Ca‘ ' concentration. In calcium-containing hufier both compounds
produced a rapid inhibition of the photoactivated response, accompamnaed by an

increase of tonus. The opposite situation occurred in nominally calcium free
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solution, i.e., inhibition of the photoactivated response took significantly longer
in the presence of either drug. Similarly, at physiclogical levels of extracellular
Ca'' concentration, the calcium ionophore A 23187 inhibited the 3'-NO,-DHP-
photoactivated response, probably because the massive calcium entry induced
by the ionophore overwhelms the Ca' ' buffering capacity of the SR. Howvever,
in nominally calcium-free medium the photoactivated response was barely
affected by A 23187,

Consistent with previous results in rat thoracic aorta (Triggle and Bieger,
1991), sodium fluoride inhibited the (+)-Bay K 8644-photoactivated response
in the TMM. Since fluoride ions inhibit the sarcoplasmic Ca''-ATPase
(Utegalieva et al., 1990), fluoride could mimic the cyclopiazonic acid-mediated
eftect on the photoactivated response. However, in TMM preparations bathed
in a depolarizing, nominally calcium-free buffer, the cyclopiazonic acid-mediated
effect on the photoactivated response was accompanied by a decline in tension,
whereas under similar conditions fluoride mediated contraction. This could be
the resulting effect of fluoride on several mechanisms mediating contraction in
smooth muscle. As demonstrated by several studies, the fluoride-mediated
contraction could involve G protein-mediated activation of the phospholipase C
cascade and (Fermum et al.,, 1991; Murthy et al., 1992; Watson et al., 1988;

Zeng et al., 1988) or an increase in the calcium sensitivity of the contractile
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proteins {Adeagbo & Triggle, 1991).

Summarizing the above results, Ca'' sequestration in the SR is not
directly involved in the 3'-NO,-DHP-photoactivated response in the TMM.
However, drugs which alter the buffering capacity of the SR could indirectly

interfere with the expression of the photoactivated response.
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4.3.4 involvement of ather intracellular mechanisms in the 3'-NO,-DHP-
photoactivated slow relaxation

While the mechanisms of cGMP-induced relaxaticn in smooth muscle
remain incompletely understood {for review see Lincoln, 1989}, the present
results show that the cGMP mediated slow photorelaxation is resistant to such
factors as L-type Ca' '-channel blockade, depolarization of the cell membrane
or inhibition of the SR Ca' '-ATPase and the ryanodine channel. Conceivably
this response involves cGMP signalling at a substrate such as myosin light chain
kinase or a direct regulation of the calcium sensitivity of the contractile
clements, probably by a cGMP-dependent protein kinase {Nishimura & van
Breernen (1989}, This hypothesis is supported by the results obtained with the
phosphatase inhibitor calyculin A. Several reports have demonstrated that
calyculin A induces a slowly developing contraction in smooth muscle. This
response is independent of extracellular calcium and occurs even in SR calcium-
depleted preparations (Shibata et al., 1982; Hartshorne et al, 1989). It has been
suggested that inhibition of the phosphatase shifts the equilibrium between
phosphorylation and dephosphorylation of the contractile proteins towards
phosphorylation, resulting in contraction. The calyculin A-induced contraction
in calcium-depleted TMM wvas photosensitized by {+)-PN 202 791 and the
resulting slow photorelaxation was enhanced by zaprinast. Therefore, the slow

photorelaxation probably involves regulation of the contractile proteins via a
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cGMP-dependent protein kinase.

In comparison with the fast photorelaxation, the lovwer amplitude, more
shallow slope and longer duration of the slow photorelaxation suggest that
regulation of the contractile proteins by a cGMP-dependent mechanism occurs
at a lower velocity than does the modulation of L-type Ca' ' -channel. This could
be due to the different cellular structures where tne slow photorelaxation and
fast response take place, i.e.,, the myoplasma and the plasmalemins,
respectively. If photoactivated release of NO occurs in the sarcolenumal
membrane where 3'-NO,-DHPs accumulate, it is likely that diffusion into the
myoplasma will take longer.

As revealed by the present study, several similarities exist between the
slow photorelaxation in TMM and the 3'-NO,-DHP-augmented photorelaxation
in rat thoracic aorta: 1) both types of relaxations are insensitive 1o extracediular
calcium depletion (Triggle & Bieger, 1991), and 2} in both cases the relaxations
also seem to be mediated by photoactivated release of NO followed by
activation of sGC (Golenhofen et al.,, 1990; Triggle et al., 1991; Baik ¢t al,
1994), Whether the intracellular mechanism of the intrinsic or the 3'-NO, DHP
augmented relaxation in rat thoracic aorta occurs via regulation of confractile

protein phosphorylation remains to be determined.
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4.3.5 Dependence of the 3'-NO,-DHP-photoactivated response on
the contractile stimuli and the active tonus

Mechanical activity of smooth muscle represents the final physiological
output resulting from various membrane-mediated and intraceliular events.
Therefore, tension recording is an indirect measure of egrlier biophysical and/or
biochemical processes including change in membrane conductance, synthesis
of itracellular messerngers and activation of specific protein substrates. To
study how different components of tonus generation are involved in the 3'-NO,-
DHP-photoactivated response, several stimuli were used to induce contraction.
Each stumnulus activated specific intracellular steps of the contractile processes
allowing discrimination between those events which support photorelaxation
and those which do not. Thus, K *-induced tension is mediatad by Ca' *-entry
through voltage-gated channels, leading to stimulation of the contractile
proteins, whereas muscarinic agonist-induced tonus may also involve activation
of DHP-insensitive receptor-gated channels, IP;-induced calcium release and
secondary regulation of the contractile proteins by phosphorylation. Moreover,
Mmuscarinic acetylcholine receptor-induced tonus in TMM is partially sensitive to
DHP antagonists suggesting that voltage-gated channeis are also involved in
tonus generation (Akbarali, 1987). On the contrary, in calcium-depleted
preparations calyculin  A-induced tonus may involve a shift in the

phaosphorylation/dephosphorylation state of the contractile proteins {Hartshorne
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et al.,, 1989). The present results thus demonstrate that the ftast and slow
photorelaxations in the TMM depend on the contractile stimuli applicd which
could be related to the different components involved in tonus gengration, 1.e.,
L-type Ca''-channels as well as other memorane-related and intracelluln
structures.

The proportion of the L-type Ca'’-channel component n the overall
tension output may define the dependence of the 3'-NO,-DHP photoactivated
fast relaxation on active tonus. Thus, striking differences betweoen high K and
CD-induced tonus are evident after expressing photorelaxations as a percent of
active tonus. In the faormer condition, the magnitude of the photorelaxaton
remains virtually unchanged as tonus increases in a Ca'’' concentration
dependent-manner. On the contrary, the relative value of the photorelaxation s
diminished as the CD-induced tonus increases. Itis likely that differences in the
intracellular mechanisms leading to reguiation of the contractile proteins under
either condition are responsible for this behaviour. Thus, several components
could contribute to agonist-induced tonus and not all of them are subject to
photorelaxation. Conceivably the fast photorelaxation is susceplible to that
component of the contraction that depends on calcium influx though voltage
gated channels. Therefore, the higher the CD-induced tonus, the higher the non

photorelaxable components of contraction and the lovver the photorelaxation as
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noxpressed as a percent of tonus.

When expressed in absolute values of tension, the 3'-NO,-DHP-
photoactivated fast relaxation shows a biphasic dependence on the level of
active tonus with no apparent ditferences between high K- and muscarinic
agonist-induced tension. The absolute amount of the photorelaxation increases
almost in parallel as the tonus increases. However, after contraction reaches the
maximal value, a further increase in muscarinic agonist or calcium concentration
mduces a decrease in both tonus and photorelaxation. One possible explanation
for this observation could be a decrease in the sensitivity of the contractile
proteins to calcium {Swull et all., 1990; Himpens & Casteel, 1987; Kitazawa &
Somlyo, 1990). This mechanism termed Ca' "-induced desensitization may act
to prevent adverse effects resulting from a prolonged increase in {Ca''],.
Although the molecular mecha...sm responsible for the Ca' '-induced
desensitization of contraction in smooth muscle is not fully understood, one
possible target is phosphorytation of MLCK via activation oi calmodulin-
dependent protein kinase. Thus, in rabbit renal arteries, a high level of «-
adrenoceptor occupancy decreases the relaxant effect of nifedipine by
increasing MLCK phophorylation (Ratz, 1993).

In contrast to smooth muscie preparations from either rat duodenum

{Dave et al.,1979) or fundus (D. Bieger, personal communication), the 3'-NQO,-
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DHP-photoactivated response in the TMM persisted undiminished under
depolarizing conditions and did not show dependence on extraceliular Na' as
reported for the endogenous relaxation in rabbit aortic smooth muscle (Raffa ¢t
al. , 1992). Thus, light still produced a response in tissuc maintained in a high
K *-depolarizing solution and high concentrations of the Na'/K'-ATPase

inhibitor ouabain did not affect the light-induced response in Tyrode's solution.
Although the rat Na'/K'-ATPase is relatively insensitive to ouabain (Allen &
Schwartz, 1969; Toda, 1974), a tenfold lower concentration than that used in
this study was able to block the K '-induced relaxation in rat tail artery (Webb

& Bohr, 1978) and TMM {Akbarali et al., 1287).
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4.4 Photoactivated response and neurogenic control of the TMM

One question which arose during the study of the photoactivated
response in the TMN was the possibility that an endogenous transmitter was
released  following sensitisation with  3'-NO,-DHP. However, since the
photoactivated response was also evident in a depolarizing medium and in the
presence of TTX, a neurogenic component did not seem to be involved. As
discussed below, the ineffectiveness of pharmacaological drugs interfering with
neurotransmitter action further carroborates this conclusion.

Several studies regarding neurogenic control of the TMM have
demonstrated an extensive innervation by the parasympathetic nervous system
(Bicger & Triggle, 1985). The cholinergic two-neuron pathway mediates
contraction of oesophageal smooth muscle via activation of muscarinic
receptors. Jacob and Tallarida (1977) proposed that UV irradiation interferes
with the agonist-receptor complex resulting in relaxation of precontracted aortic
strips from rabbit. However, muscarinic receptor-induced contractile activity per
se does not appear to be a prerequisite for 3'-NO,-DHP-induced
photoresponsiveness. Since photosensitization was observed in the presence of
methscopolamine in TMPM preparations bathed in Tyrode's or K*-depolarizing
buffer at appropriate concentrations of extracellular calcium to support a tonic

contraction (> 1 uM), involvement of the agonist-receptor complex as a possible



target for f1e light-induced effect in TMM is unlikely.

Although histological studies reveal the presence of adrencrgic fibers in
the TMM, their physiological role is unknown (Akbarali, 1987). Stimulation of
3-adrenoceptors in TMM induces relaxation of the smooth muscle. However,
incubation of precontracted preparations with guanethidine and the R
adrenoceptor antagonist propranolol do not produce any effect on the
photoactivated response. Moreover, the adrenoceptor agonist isoprenaline was
routinely tested in this study to determine the tissue’s capability for relaxation.
3-adrenoceptor-mediated relaxation in smooth muscle could involve stmulation
of Ca''-efflux (Moore & Fay, 1993), stimulation of intraceliular Ca''
sequestration (Casteels & Raeymaekers, 1979; Mueller & van Breemen, 1979),
or decrease in the Ca® ' -sensitivity of the contractile proteins by PKA phosphor
ylation (Conti & Aldestein, 1981). In the TMM, none of these mechanisms
seems to be involved in the fast photorelaxation since the isoprenaline-induced
relaxation was preserved after blockade of the 3'-NO,-DHP-photoactivated fasl
response. With regard to the slow relaxation, it was still evident in ouahain
treated or K'‘-depolarized tissues, as well as, after inhibition of SR Ca''
ATPase, indicating that stimulation of Ca'' extrusion or sequestration is not
involved in the slow photorelaxaticn. Therefore, the slow photorelaxation and

the B-adrenoceptor-mediated relaxation may share a similar mechanism of
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relaxation based on a decrease in the Ca' ' -sensitivity of the contractile proteins
by phosphorylation via PKG and PKA, respectively.

5-HT release frorm mast cells may also regulate contractile tonus in TMMV
(Akbarali, 1987). Where 5-HT induces a hexamethonium-resistant, ketanserin-
sensitive increase in tension in the distal portion of the TMM, relaxation of the
TMM is most evident after a muscarinic-agonist-induced contractile response
(Akbarali, 1987). 5-HT-induced relaxation in the TMM is ketanserin insensitive
but it is blocked by the b-HT, receptor antagonist ICS 205-330 (Ohia et al.,
1992). However, ketanserin or {CS 205-930 treatment of CD-precontracted
TMM preparations does not prevent the (%)-Bay K 8644-photoactivated

response.



4.5 Future experiments

The results and the hypotheses regarding the 3'-NO,-DHP-photoactivated
response in the TMM raise several issues for future consideration.
1} In view of the postulated mechanism for the fast photorelaxation, regulation
of the L-type Ca' '-channel current by cGMP in the TMM merits further study
by electrophysiological methods.
2} Although photoactivated release of NO has been demonstrated with racemic
Bay K 8644, corresponding evidence regarding other 3'-NQO.-DHP is lacking.
Chemiluminescence analysis may help to determine whether photoactivated
release of NO is a general property of the DHPs.
3) Nifedipine was the only authentic o-nitro-substituted DHP mediating
phatocontraction. It would be interesting to determine if other DHPs with an o
nitro in the phenyl ring are able to evoke photocontractions in simooth muscle,
4) One important observation from this work is that the "ofi{-contraction®,
widely observed in other gastrointestinal smooth muscles, is present after light
stimulation. The nature of this response requires further exploration.
5) The presence of a 3'-nitro group on the dihydropyridine ring, hut not on the
phenyl ring is necessary to induce photorelaxation. It remains to he deternmined
if other compounds containing a nitro group on other positions of the

dihydropyridine ring are photosensitizers as well.
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4.8 Summary

1) Exposure to DHP compounds give rise to different photoactivated
responses in smooth muscie that depend on the chemical structure of the DHP
molecule and differ from organ to organ.

2) DHP-induced photodynamic activity was observed only in compounds
containing nitro-substituent. Photoactivated responses involving relaxation are
mediated by 3'-NO,-DHPs whereas photosensitization by o-nitrophenyl-
substituted DHPs cause contractions. As evidenced by contractile force
generation, 3'-NO,-DHP-induced photorelaxations, but not o-nitrophenyl-
substituted DHP-mediated photocontractions, are concentration-dependent,
Compounds lacking any photodynamic activity but possessing L-type Ca“’ -
channel affinity can modify the 3'-NO,-DHP-photoactivated response in TMM.

3) The photoactivated response by 3'-NO,-DHP L-type Ca''-channel
agonists in TMM is mimicked by photodegradable NO-donors and consists of a
fast relaxation-"off-contraction” sequence that is superimposed on a normally
concealed slow relaxation.

4) In rat thoracic aorta, 3'-NO,-DHPs enhance the intrinsic
photorelaxation.

5) An "“off-contraction” is evident following photoinhibition of the

muscarinic agonist-stimulated phasic contractions in 3'-NQ,-DHP-treated pyioric
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sphincter or following field stimulation-evoked TTX-insensitive relaxations, but
not by electrical stimulation of intramural nitroxidergic nerves in TMM
preparations.

8) The 3'-NO,-DHP-photoactivated response is sensitive to NO scaven
gers and cGMP-modulators, suggesting that photoactivated release ot NO from
the DHP molecule, followed by stimulation of sGC, is involved in the
photoactivated response.

7) Cyclic GMP generation may lead to two kinetically ditferent mechanical
responses in the TMM: 1) a fast relaxation, highly sensitive to 1,4- DHP L-1type
Ca' "-channel antagonists, chelation of extracellular calcium, or skinning of the
plasmalemma, suggesting a mechanism of calcium influx regulation via L-type
Ca* *-channels; and 2) a slow relaxation probably mediated by regulation of
contractile protein phosphorylation by a cGMP-dependent protein kinase.

8) Depleting the SR of calcium with ryanodine or cyclopiazonic acid as
well as treatment with the calcium ionophore A 23187 inhibits the tast
photoactivated response in the TMM.

9) The amplitude of the fast relaxations varies with the contractile stimuli

used and the level of contractile tension.
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CHEMICAL STRUCTURES OF 1,4-DIHYDROPYRIDINES
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