v

s

E European Journal of Pharmacology 360 (1998) 43-50

ELSE
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Abstract

This study investigates the mechanism whereby the antioxidant 2-t-butyl-4-methoxyphenol (BHA) relaxes guinea pig gastric fundus
smooth muscle. In circular smooth muscle strips, 10 wM cyclopiazonic acid, a specific inhibitor of sarcoplasmic reticulum Ca?"-ATPase,
induced a prolonged rise in tension which depended on the presence of extracellular Ca?*. BHA (plCy, = 5.83), sodium nitroprusside
(6.85), isoproterenol (7.69) and nifedipine (8.02), but not 2,6-di-t-butyl-4-methoxyphenol (DTBHA) (up to 30 wM), relaxed muscle strips
contracted with cyclopiazonic acid. Methyl-1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluoromethyl phenyl)-pyridine-5-carboxylate (Bay K
8644) (1 M) antagonised the nifedipine- but not the BHA-induced relaxation. Nifedipine and isoproterenol (10 u.M) caused a decrease
in spontaneous tone, but did not counteract the subsequent rise in tension elicited by 10 wM cyclopiazonic acid. Conversely, 100 .M
BHA and 100 wM sodium nitroprusside not only significantly reduced spontaneous tone but also markedly impaired the response of the
muscles to cyclopiazonic acid. DTBHA failed to show either effect. When added to preparations completely relaxed by 100 .M BHA, 10
mM tetraethylammonium still elicited nifedipine-sensitive tonic and phasic contractions in the presence or absence of 10 uM
cyclopiazonic acid. BHA and DTBHA inhibited, in a concentration-dependent manner, the Ca?*-promoted contraction of strips
depolarised by 10 mM tetraethylammonium. The BHA antagonism showed a non-competitive profile while that of DTBHA was
competitive. In muscle strips at rest, 10 wM BHA caused a significant increase in tissue CAMP concentration, leaving cGMP unmodified.
To conclude, the myorelaxant action of BHA on gastric fundus smooth muscle appears to be mediated partly by an increase in cAMP
levels and partly by inhibition of Ca®* influx from the extracellular space. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Research on cell protection after ischemia-reperfusion
injury has recently been focused on a dual pharmacologi-
cal strategy which intervenes in the various phases of the
pathological event, i.e., before, during and after ischemia
inactivating oxyradicals with antioxidants and limiting the
availability of free intracellular Ca2* by reducing its influx
from the extracellular space.

From a pharmacological viewpoint, therefore, molecules
which combine both scavenging and Ca?* channel antago-
nist properties are particularly valuable because they block
the two most crucia steps in the sequence of events
triggered by ischemia-reperfusion injury: free radical re-
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lease and Ca®" overload. In a recent attempt to identify
such dual-purpose molecules, we demonstrated the dual
action of fifteen phenol derivatives: they had an antispas-
mogenic action on longitudinal ileum musculature and
antioxidant activity in microsomal and linoleate systems
(Sgaragli et d., 1993). The same study showed that com-
pounds with a phenol moiety sterically hindered by a
lipophilic group, such as the antioxidants 2-t-butyl-4-
methoxyphenol (BHA) and 2,6-di-t-butyl-4-metho-
xyphenol (DTBHA), exert their spasmolytic action via
inhibition of Ca?* influx into cells through L-type Ca?*
channels.

BHA has been shown to inhibit agonist evoked in-
creases in cytosolic Ca?* concentrations (Alexandre et al.,
1986). Zoccarato et al. (1987) showed that, under depolar-
ising conditions, BHA strongly inhibits Ca?* uptake by
guinea pig cerebral cortex synaptosomes and the subse-
quent y-aminobutyric acid (GABA) and glutamate release.
Furthermore, hydroxyl or peroxyl radical scavengers have
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recently proved useful in the prevention of experimental
ischemia-reperfusion damage. Such compounds include the
novel butylated hydroxytoluene derivatives, 5-[[3,
5-big 1,1-dimethylethyl]-4-hydroxyphenyl]-methylenel-
-3-methyl-4-thiazolidinone (LY 256548) (Ruterbories and
Lindstrom, 1990), p-(pyrrolidinylmethylene)butylated hy-
droxytoluene (E-5110) (Shirota et al., 1987) and 2-(alyl-
1-piperazinyl)-4-n-amyl-oxyquinazoline fumarate (KB-
5666) (Hara and Kogure, 1990).

Although their antioxidant efficacy has long been
known, the potential protection afforded by the interaction
of these hindered phenols with Ca2* homeostasis is still a
very new field of investigation. We therefore examined the
pharmacodynamics of the two most effective representa
tives of this bifunctional class of compounds, BHA and
DTBHA, by anaysing their spasmolytic and antispasmo-
genic activities in circular smooth muscle strips isolated
from the guinea pig gastric fundus. These muscle fibres
have an efficient Ca?* uptake system which functions
through sequestering sites presumably situated just beneath
the muscle membrane (Kuriyama et a., 1976). The gastric
fundus responds to external stimuli with spike-free tonic
contractions. Tetraethylammonium, a non-specific K*
channel blocker, and cyclopiazonic acid, a specific in-
hibitor of sarcoplasmic reticulum Ca2*-ATPase (Seidler et
al., 1989), were used as pharmacological tools in the
present study. In vascular smooth muscle, the peripherally
located sarcoplasmic reticulum (Bond et al., 1984) accu-
mulates Ca?* entering the plasmalemma and functions as
a ‘buffer barrier’ against its further penetration into the
deeper myoplasm (van Breemen et al., 1995) where it
promotes contraction. The model of a ‘superficial buffer
barrier’ has also been confirmed for the gastric fundus
smooth muscle preparation used here (Petkov and Boev,
1996). Disruption of this ‘superficial buffer barrier’ by an
agent such as cyclopiazonic acid leads to an increase in
[Ca®"].. The ensuing muscle contraction will therefore be
the result of the interplay between the sarcoplasmic reticu-
lum Ca’®* leak and the opening of plasmalemmal Ca?*
channels (Putney, 1990).

The results reported here indicate that the antispasmo-
genic effect of BHA on guinea pig gastric fundus can be
attributed to the increase in intracellular cAMP concentra-
tion ([cCAMP]) as well as to the block of plasmalemmal
Ca?* channels. These effects appear to be fairly specific in
view of the different pharmacological profile of a strict
structural analogue, DTBHA, which induces muscle relax-
ation by inhibiting Ca2* influx through the cell membrane.

2. Materials and methods

2.1. Tissue preparation and contractility studies

Adult male guinea pigs (350-450 g), fasted overnight,
were anaesthetised with a mixture of Ketavet® and

Rompum®, decapitated and exsanguinated. The stomach
was removed, opened along the longitudina axis of the
greater curvature and washed in cold Ca?*-free physio-
logical salt solution (Ca?*-free PSS) containing (mM):
NaCl 118, KCl 4.7, KH,PO, 1.2, MgCl, 1.2, NaHCO, 25
and glucose 11.5. The stomach was then pinned flat in a
dissecting dish filled with Ca?*-free PSS, and smooth
muscle strips (1-2 mm in width; 1.5-2 cm in length) were
dissected from the circular layer of the anterior fundus
wall (upper part), avoiding mucosa contamination, and
transferred into 20-ml organ bath chambers filled with
Ca*-free PSS at 37°C, gassed with 5% CO,—95% O,, pH
7.4. Strips were connected to isometric transducers (Basile,
Varesg, Italy) and stretched to a tension of 10 mN. After
equilibration for 15 min, Ca?*-free PSS was replaced with
normal PSS containing 2.5 mM Ca?* and the strips were
allowed to develop stable spontaneous tone over a 30-min
period.

At the end of each experimental session, 100 uM
sodium nitroprusside was added to suppress any residual
contraction. Under sodium nitroprusside the strips reached
a resting tone of zero tension, equivalent to that achieved
when Ca?* was omitted from the bath.

Dimethyl sulfoxide and ethanol, at the maximum con-
centration which bathed tissues (0.18% and 0.11%, v /v,
respectively), affected neither spontaneous tone nor the
response to the drugs.

2.2. Experiments in the presence of cyclopiazonic acid

In a first series of experiments, 10 wM cyclopiazonic
acid was added to the bath and maximum, stable contrac-
tions developed over a 20—60-min period. Drugs were then
added and cumulative concentration-response curves were
plotted. The compounds tested as spasmolytic agents
(BHA, DTBHA, nifedipine, isoproterenol and sodium ni-
troprusside), with or without the addition of tetrodotoxin
and/or atropine, were left in contact with the strips, at
each concentration used, for long enough to allow full
development of the effect.

In a second series of experiments cyclopiazonic acid-
elicited tension was studied in strips preincubated for 15
min with various antispasmogens.

In some experiments, the dihydropyridine receptor ago-
nist methyl-1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluo-
romethylphenyl)-pyridine-5-carboxylate (Bay K 8644) was
added together with cyclopiazonic acid to determine
whether the ability of BHA or nifedipine to reverse the
cyclopiazonic acid-promoted contraction depended on im-
pairment of L-type Ca?* channels. The strip was subjected
to cumulative addition of increasing concentrations of
BHA (or nifedipine), after cyclopiazonic acid, in order to
test relaxation effects. After several washes with normal
PSS, spontaneous tone reverted to control values. The
same preparation was then exposed to 1 .M Bay K 8644
and 10 wM cyclopiazonic acid. When the plateau contrac-
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tion was reached after 30—60 min (a time sufficient to
obtain full Bay K 8644 activation of L-type Ca?* chan-
nels), BHA or nifedipine was administered cumulatively.

In a few experiments, 30 wM ryanodine was used to
empty intracellular Ca&®* stores; it was added 45 min
before cyclopiazonic acid due to its slow onset of action
(Bourreau et al., 1991).

2.3. Experiments in the presence of tetraethylammonium
and Ba?*

These experiments were performed in the presence of
0.1 wM tetrodotoxin to avoid any neurotransmitter release
caused by K* channel blockers (Boev et al., 1985).

In afirst series of experiments, the effects of tetraethyl-
ammonium and Ba®" were tested on strips preincubated
with BHA, with and without cyclopiazonic acid. Nifedip-
ine was added at the end of al experiments.

In a second series, 10 mM tetraethylammonium was
added to the bath and a maximum, stable contraction
developed within 20 min. BHA was then added to obtain a
cumulative concentration-response rel axation.

In a third series, after three similar consecutive re-
sponses were obtained to 10 wM acetylcholine, PSS was
replaced with Ca?*-free PSS containing 10 mM tetraethyl-
ammonium. The spasmogenic response to Ca2* (0.03-3
mM) was studied by recording cumulative concentration-
effect curves. An initial concentration-effect curve was
obtained for Ca?* followed by two others. In test tissues,
BHA or DTBHA was present for 15 min before and
throughout recording of the second and third concentra-
tion-effect curves; their concentration was increased 15
min before the third curve. Control tissues were treated
similarly but without exposure to BHA and DTBHA. In
both control and test conditions, cumulative
concentration-effect curves for Ca?* were drawn on exper-
imental data normalised against the response to 3 mM
Ca’* (taken as 100%) of the initial curve.

2.4. Measurement of cyclic nucleotides

After the equilibration period (see above), strips were
incubated for 15 min with dimethyl sulfoxide (control), 10
wM BHA or 10 wM sodium nitroprusside. The strips were
then homogenised in 1 ml PSS containing 50 M 3-iso-
butyl-1-methylxanthine and 10 wM indomethacin. Then
500 wl of ice-cold trichloroacetic acid (10% w/v) was
added and the samples were stored under liquid nitrogen
until measurement. The cyclic nucleotides were extracted
from trichloroacetic acid with 0.5 M tri-n-octylamine
(Harper and Brooker, 1975) and the concentrations of
cGMP and cAMP in the agueous phase were measured
with a radioimmunoassay kit using **°|-labelled cGMP and
*H-labelled cAMP (Steiner et d., 1972; Salvemini et al.,
1991). The recovery of cGMP and cAMP was about 99%,
so the results were not corrected for loss (Salvemini et al.,

1991). All the determinations were performed in quad-
ruplicate. The results are expressed as fmol of cGMP and
pmol of CAMP per mg of protein. The protein concentra
tions were determined by the Lowry method, using bovine
serum abumin as standard (Lowry et a., 1951).

2.5. Drugs: commercial sources and solutions

BHA from Fluka Chemie (Buchs, Switzerland) was
recrystallised once from petroleum ether prior to use.
DTBHA from Aldrich-Chemie (Steinheim, Germany) was
recrystallised once from ethanol prior to use. Nifedipine,
Bay K 8644, cyclopiazonic acid, tetrodotoxin, tetraethyl-
ammonium, EGTA, tri-n-octylamine, 3-isobutyl-1-methyl-
xanthine, indomethacin, isoproterenol and 1,1,2-trichloro-
trifluoroethane were purchased from Sigma (Milan, Italy).
Calbiochem (La Jolla, CA, USA) supplied ryanodine. At-
ropine was purchased from Merck (Darmstadt, Germany).
Sodium nitroprusside was obtained from Riedel-De Haén
(Seelze-Hannover, Germany). Kits for the radioimmunoas-
say of cGMP and cAMP were purchased from Amersham
(Amersham, UK). All other compounds were of analytical
grade and were used without further purification.

Stock solutions of cyclopiazonic acid, BHA, DTBHA
and ryanodine in 100% dimethyl sulfoxide, and nifedipine
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Fig. 1. Relaxant responses induced by BHA, isoproterenol, sodium
nitroprusside (SNP) and nifedipine, but not by DTBHA, in guinea pig
gastric fundus strips contracted with 10 wM cyclopiazonic acid. Data
points are means and vertical lines represent SE.M. (n=3-9) of the
response to 10 .M cyclopiazonic acid taken as 100%. S.T. = spontaneous
tone.
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and Bay K 8644 in absolute ethanol were stored at —20°C
and shielded from light with aluminium foil.

Water for solutions was first distilled and then passed
through a NANOpure Il deionisation system (Barnstead-
Sybron, Boston, MA, USA), to obtain Type | Reagent
Grade water (resistivity 18 M ). Concentrations refer to
the final concentrations in the bath chambers.

2.6. Satistical analysis

Data are presented as means + S.E.M.; n is the number
of animals. Statistical analysis was performed by using
Student’s t-test for paired samples or a one-way analysis
of variance (ANOVA) followed by Dunneit's test for
multiple comparisons. P values < 0.05 were considered
significant. The pharmacological response to each sub-
stance was described in terms of either pICg, or pECy,.

3. Results
3.1. Effect of cyclopiazonic acid

In normal PSS, cyclopiazonic acid induced a prolonged
concentration-dependent rise in tension with a pECg, of
5.39 + 0.04 (n = 10). The tension developed with 10 WM
cyclopiazonic acid (241.6 + 22.5% of spontaneous tone,
n = 10) and spontaneous tone were abolished after addition
of 3 mM EGTA (L.1+11%, n=3; P<0.01). Strips
incubated with 10 wM cyclopiazonic acid in Ca2*-free
PSS containing 100 .M EGTA not only failed to contract
but lost spontaneous tone (5.8 + 3.3%, n=3; P < 0.01).
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z
g
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Fig. 2. Effect of cyclopiazonic acid on strips incubated with various
agents. DTBHA (30 wM), isoproterenol (1SO) and nifedipine (NIF) (10
wM), sodium nitroprusside (SNP) and BHA (100 wM) were added at
ICy0o concentrations (see Fig. 1) 15 min before the addition of 10 WM
cyclopiazonic acid (CPA). Cross-hatched columns show effects on spon-
taneous tone and open columns effects on the cyclopiazonic acid-promo-
ted contraction. Columns are means and vertical lines represent S.EE.M.
(n=6-10). Statistical analysis was performed by one-way analysis of
variance (ANOVA) followed by Dunnett’s test for multiple comparisons,
#* % P < 0.01 compared to control (C) (n= 21).
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Fig. 3. Relaxant responses induced by nifedipine (A) and BHA (B) in
strips contracted with 10 wM cyclopiazonic acid in the absence (Control)
or in presence of 1 .M Bay K 8644. Data points are means and vertical
lines represent S.E.M. (n=6) of the response to 10 WM cyclopiazonic
acid taken as 100%. S.T.= spontaneous tone. Statistical analysis was
performed using Student’s t-test for paired samples, * P < 0.05.

When C&" was introduced in concentrations up to 2.5
mM a contraction, similar to that obtained in norma PSS,
occurred within 3 min (data not shown). Cyclopiazonic
acid-elicited tension in normal PSS was enhanced by 30
M ryanodine (560.6 + 56.2%, n=3; P < 0.01), but un-
affected by 10 wM nifedipine (184.4+ 24.8%, n=3;
P> 0.05) and by 10 mM tetraethylammonium (242.8 +
28.8%, n=4; P> 0.05). Similar changes occurred when
strips were incubated with 0.1 wM tetrodotoxin and 0.1
wM atropine, either alone or in combination (data not
shown).

3.2. Effect of various compounds on cyclopiazonic acid-in-
duced contraction

BHA (pICg, value of 5.83+ 0.11, n=8), nifedipine
(8.02+0.44, n=9), isoproterenol (7.69+ 0.25, n=3)
and sodium nitroprusside (6.85 + 0.04, n= 3) promoted
concentration-dependent spasmolysis in strips contracted
with 10 wM cyclopiazonic acid. BHA, isoproterenol and
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Fig. 4. Effects of BHA, cyclopiazonic acid (CPA), tetragthylammonium
(TEA), nifedipine and Ba** (addition indicated by arrow) on the sponta-
neous tone of strips. Tracings are representative of experiments repeated
at least four times with similar results. At the end of each experimental
session, hifedipine was added to suppress any residual contraction. S.T. =
spontaneous tone.

sodium nitroprusside (Fig. 1) reversed cyclopiazonic acid-
induced tension to far below spontaneous tone, whereas
the relaxant effect of nifedipine only brought tension close
to the spontaneous tone. In contrast, DTBHA, even at a
concentration of 30 wM failed to affect the cyclopiazonic
acid-promoted contraction. The concentration-relaxation
curve for BHA was unaffected by the addition of 0.1 uM
atropine and/or 0.1 wM tetrodotoxin, and by 30 pM
ryanodine (data not shown).

It was possible to separate the effect on spontaneous
tone from that on cyclopiazonic acid-promoted contraction
when the sequence of the additions was changed, i.e., the
different compounds were added in 1C,,, concentrations
before 10 wM cyclopiazonic acid. As shown in Fig. 2,
BHA and sodium nitroprusside reduced spontaneous tone
and the cyclopiazonic acid-promoted contraction. In con-
trast, nifedipine and isoproterenol only affected sponta-
neous tone, albeit significantly, leaving the cyclopiazonic

acid component of the contraction unmodified. DTBHA
(30 wM) had no effect on either component.

3.3. Effects of Bay K 8644 on spasmolysis produced by
BHA and nifedipine in cyclopiazonic acid-contracted mus-
cle

As shown in Fig. 3, BHA-induced spasmolysis was
unaffected by 1 wM Bay K 8644 (Fig. 3B). The Ca*
channel agonist, in fact, only antagonised nifedipine-in-
duced spasmolysis (Fig. 3A). This antagonism was only
achieved when the nifedipine to Bay K 8644 concentration
ratio was < 1.

3.4. Effects of nifedipine and BHA on muscle contraction
elicited by tetraethylammonium and Ba?*

In afirst series of experiments, 100 uM BHA markedly
reduced the spontaneous tone of the preparation (Fig. 4A,
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Fig. 5. Relaxant effect of BHA (A) and DTBHA (B) on the response to
Ca?* of strips incubated with 10 mM tetraethylammonium. Dimethyl
sulfoxide (CTRL), BHA or DTBHA was present for 15 min before and
throughout recording of the concentration-effect curves. Cumulative con-
centration-effect curves for Ca®* were drawn on experimental data
normalised against the response to 3 mM Ca?* (taken as 100%) of the
initial curve (for further details, see Section 2). Data points are means and
vertica lines represent SE.M. (n=4-7). Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) followed by Dunnett’'s
test for multiple comparisons, * P <0.05 and * * P <0.01 compared
to control.
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B and C). The addition of 10 wM cyclopiazonic acid
elicited a very weak or no contraction (Fig. 4A and B).
The subsequent addition of 10 mM tetraethylammonium or
25 mM Ba’" led to the appearance of tonic and phasic
contractions which were suppressed by addition of 10 uM
nifedipine. Similar results were obtained in the absence of
cyclopiazonic acid (Fig. 4C) and when the strips were
incubated with sodium nitroprusside or isoproterenol in-
stead of BHA (data not shown).

As shown in Fig. 4D, addition of tetraethylammonium
increased spontaneous tone and induced phasic contrac-
tions. The subsequent addition of BHA suppressed the
tetraethylammonium-elicited tonic contraction but not pha-
sic activity. The latter, however, was blocked by nifedip-
ine.

In a second series of experiments, the strips, incubated
in normal PSS containing 10 mM tetraethylammonium,
developed a tension which averaged 287.0 + 65.7% (n = 4)
of the spontaneous tone. BHA antagonised the tetraethyl-
ammonium-induced contraction in a concentration-depen-
dent manner, with a pICg, of 6.33 + 0.16.

In athird series of experiments, the preparations, incu-
bated with Ca?*-free PSS containing 10 mM tetraethyl-
ammonium, were stimulated by cumulative concentrations
of Ca2* (0.03-3 mM). As shown in Fig. 5A, in the
presence of BHA, the concentration-response curve for
Ca?" was concentration dependently shifted to the right
and the maximum response was depressed, indicating
non-competitive inhibition towards Ca?*. DTBHA aso
concentration dependently antagonised the Ca?*-induced
contraction but only up to 0.3 mM Ca2* concentration,
leaving the responses elicited by 1 and 3 mM Ca*
unchanged (Fig. 5B). This pattern suggests competitive
antagonism towards Ca?™.
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Fig. 6. Effect of BHA and sodium nitroprusside (SNP) on tissue cyclic
nucleotide levels. Strips were incubated for 15 min with dimethyl sulfox-
ide (CTRL), 10 wM BHA or 10 wM sodium nitroprusside. The concen-
tration of cyclic nucleotide was measured radioimmunochemically.
Columns are means and vertical lines represent SE.M. (n= 4). Statistical
analysis was performed by one-way analysis of variance (ANOVA)
followed by Dunnett's test for multiple comparisons, * P < 0.05 and
#% P < 0.01 compared to control.

3.5. Effects of BHA and sodium nitroprusside on intra-
cellular cyclic nucleotides concentrations

Under standard conditions of incubation, challenge of
the strips with 10 wM BHA provoked a significant in-
crease in tissue CAMP concentration ([cCAMP],), but not in
cGMP concentration ((cGMPJ,) (Fig. 6). In contrasts, chal-
lenge with 10 wM sodium nitroprusside markedly in-
creased [cGMP], and significantly increased [cAMP],,
though to a lesser extent than with BHA.

4, Discussion

The present results indicate that guinea pig gastric
fundus smooth muscle constantly and reliably responds to
cyclopiazonic acid with sustained concentration-related
contraction, consistent with the observations of Petkov and
Boev (1996). The results of experiments with tetrodotoxin
and/or atropine also suggest that the effect of cyclopia
zonic acid is not neuronal but muscular in nature. Cyclopi-
azonic acid-promoted depletion of intracellular Ca2* stores
may be the signal which activates Ca2* influx from the
extracellular space (Fasolato et a., 1994), mainly via the
so-called Ca®'-release-activated Ca?* channel (I ;gac),
which was first described in mast cells by Hoth and Penner
(1992). Ca?* entry dependent on the emptying of intra-
cellular stores (the so called ‘ capacitative model’; for a
review see Berridge, 1995) occurs in several types of cell,
if not ubiquitously (Fasolato et a., 1994). In the prepara
tion used here, both spontaneous tone, characterised by a
nicardipine-sensitive as well as a nicardipine-resistant
component (Duridanova et a., 1995), and cyclopiazonic
acid-promoted contraction were dependent on extracellular
Ca’"; moreover, cyclopiazonic acid-promoted Ca?* influx
was characterised by a nifedipine-resistant component.

BHA not only inhibited cyclopiazonic acid-promoted
contraction but also both components of spontaneous tone.
At variance, isoproterenol only affected the spontaneous
tone, leaving unchanged the cyclopiazonic acid-promoted
contraction. The latter effect, however, can be explained
by the fact that isoproterenol, owing to its short-lasting
action, cannot counteract the effect of cyclopiazonic acid
which lasts up to 4 h.

The myorelaxant activity of BHA on rat ileum longitu-
dinal smooth muscle was previously explained on the basis
of the blocking of L-type Ca2* channels via its interaction
with the dihydropyridine recognition site on the Ca?*
channel (Sgaragli et a., 1993). The results of the present
study do not sustain this modus operandi, since Bay K
8644 did not overcome BHA-induced relaxation. Further-
more, despite the suppression of spontaneous tone and the
impairment of cyclopiazonic acid-licited tension by BHA,
Ba* and tetraethylammonium still elicited nifedipine-sen-
sitive phasic and tonic contractions on strips incubated
with BHA. The same was found when the muscle was
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incubated with sodium nitroprusside or isoproterenol. In
the absence of cyclopiazonic acid, BHA aso completely
blocked the tetraethylammonium-induced tonic contraction
but not the nifedipine-sensitive phasic component. Indirect
inactivation by BHA of L-type Ca®" channels through
membrane hyperpolarization seems unlikely, because BHA
even relaxes smooth muscle strips contracted with high
K* concentrations (> 50 mM) (not reported here), while
myorelaxation induced by K* channel openers is abol-
ished by depolarisation (for a review see Quast, 1993).
However, at present we cannot rule out the possibility that
BHA decreases the sensitivity to Ca?* of contractile ele-
ments (Somlyo and Somlyo, 1994; Karaki et al., 1997),
especially when considering the increase in [CAMP], pro-
voked by BHA in this preparation (see below).

To determine whether there was a relationship between
the effects of BHA and the degree of filling of intracellular
Ca?* pools, the potent plant alkaloid ryanodine was used.
Ryanodine depletes smooth muscle Ca?* stores (lino et
al., 1988) by binding to the Ca?* release channel in the
open state, thus producing a long-lasting, sub-conductive
open state. The finding that ryanodine failed to counter the
BHA reversa of the cyclopiazonic acid-induced contrac-
tion suggests either that the effect of BHA is independent
of the degree of filling of intracellular Ca&" pools
(cyclopiazonic acid- and/or ryanodine-sensitive) or that
the ryanodine-sensitive store, which controls cat gastric
fundus contractility (Petkov and Boev, 1998), is not a
target for BHA.

Significantly, DTBHA, a structural analogue of BHA
that possesses an additional t-butyl group in the o-position
relative to the OH group, showed a pharmacological pro-
file which differed from that of BHA. When tested in the
contraction model with tetraethylammonium, DTBHA in-
hibited Ca?* influx competitively and concentration de-
pendently. BHA also inhibited Ca2* influx but in a non-
competitive manner. When tested on the cyclopiazonic
acid model system, these structurally similar molecules
had different effects on the sarcoplasmic reticulum. In fact,
DTBHA, a potent inhibitor of the (Ca?*—Mg?*)-ATPase
of skeletal muscle sarcoplasmic reticulum (Sokolove et al.,
1986), had no effect, whereas BHA markedly antagonised
the effect of cyclopiazonic acid in a competitive manner.
In view of these data, the specific effects of BHA and
DTBHA can not be ascribed to a genera property (e.g.,
lipophilicity) common to both compounds. Furthermore,
since the myorelaxation induced by DTBHA is quite dif-
ferent from that induced by nifedipine, it is unlikely that it
depends on the block of voltage-activated Ca?* channels.

Despite the consistent inhibition of muscle contraction
by BHA in the present study, once the dihydropyridine
recognition site and K* channel activation had been ex-
cluded, the focus was shifted to an increase in intracellular
cyclic nucleotides as the mechanism of action of BHA.
BHA, indeed, increased [CAMP], but not [cGMP];, as is
the case with isoproterenol (Jin et al., 1993). For lipophilic

drugs such as BHA, the partition equilibrium is very much
in favour of the plasmalemma lipid bilayer. The intercala
tion of BHA into cell membranes may alter their micro-
viscosity, leading to substantial changes in their organisa-
tion (e.g., lateral phase separations) (Stubbs and Smith,
1984). Adenylyl cyclase is regulated by the nature of its
lipid environment, and a decrease in membrane micro-
viscosity has a potentiating effect on its catalytic function
and on the synthesis of cAMP (Houslay and Gordon,
1983). The mechanism by which cAMP impairs excita
tion—contraction coupling in smooth muscle depends on its
down-regulating effect on [Ca?*] via activation of
CAMP-dependent protein kinases. This effect stimulates
the sarcoplasmic reticulum Ca?*-ATPase (Ragymaekers
and Wuytack, 1993). A direct action of BHA on sarco-
plasmic reticulum Ca?*-ATPase can be excluded on the
basis of the negative results reported by Moore et al.
(1987) for rat liver microsomes and by this laboratory for
rat skeletal muscle sarcoplasmic reticulum vesicles (unpub-
lished observation). Once activated, cAMP-dependent pro-
tein kinases can stimulate the Na* /Ca®* exchanger (Blau-
stein, 1974) as well as Ca?*-activated K+ channels (Kume
et al., 1994), thereby diminishing Ca?* influx across volt-
age-dependent Ca?* channels. In addition, cAM P-depen-
dent protein kinases can reduce directly Ca?* influx across
the plasma membrane (Meisheri and van Breemen, 1982).
The net effect of all these processesis a reduced cytosolic
Ca?* concentration, which causes relaxation of smooth
muscle. Finally, it is known that cyclic nucleotides can
cause relaxation via desensitisation of contractile elements
to Ca?* (Somlyo and Somlyo, 1994; Karaki et al., 1997).
The mechanism by which BHA causes an increase in
[CAMP], may involve stimulation of adenylyl cyclase ac-
tivity or an inhibitory effect on a phosphodiesterase (Stryer,
1995). These alternatives are the subject of further study in
this laboratory.
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