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Radioligand binding studies in crude membrane preparations of vasa deferentia of normal rats, with the
1,4-dihydropyridine (+)-[*H]-PN200-110 (isradipine) showed typical saturation isotherms. The binding
exhibited a K, of 259 + 60 pm and B,,,, of 144 + 20fmolmg~" protein. The low K, and the stereoselec-
tive displacement of (+)-[*H]-PN200-110 binding by (+)- and (—)-PN200-110 and by nifedipine suggests
that these tissues contain dihydropyridine receptors probably coupled to voltage-sensitive, L-type calcium
channels. In membrane preparations from vasa deferentia from rats castrated 30 days previously the
maximum specific binding was 25 + 10fmolmg ™" protein, representing only 11% of total binding; thus,
the calculation of reliable K, values was not feasible. These findings suggest that a testicular hormone,
possibly testosterone, plays an important role in the regulation of dihydropyridine-sensitive, voltage-

dependent calcium channels in the rat vas deferens.
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Introduction Functional studies of isolated tissues have indi-
cated that castration influences calcium translocation in
smooth muscle cells of the rat vas deferens (Jurkiewicz et al.,
1977). In this organ, the presence of voltage-dependent
calcium channels of the L-type (dihydropyrine-sensitive), was
demonstrated by means of electrophysiological techniques
(Nakazawa et al, 1988) and by binding of radiolabelled
nitrendipine (Triggle et al, 1989). The present investigation
was undertaken to determine if the dihydropyridine-sensitive
calcium channels of this organ can be influenced by cas-
tration, as suggested by functional analysis. Therefore, the
binding of the dihydropyridine (+)-[3H]-PN200-110 was
examined in membrane preparations of vasa deferentia of
normal and castrated animals.

Methods Orchiectomy was performed in 3-month-old Wistar
rats, under ether anaesthesia. Animals were killed 30 days
after castration and vasa deferentia excised to obtain mem-
brane preparations. Vasa deferentia of castrates or normal con-
trols were cut into small segments. Homogenization was
carried out in 50 volumes (w/v) ice-cold 50mMm Tris/HC]
buffer, pH 7.5 (measured at 25°C), with an Ultraturrax
homogenizer at 20,500 r.p.m., for 3 x 1 min. This was followed
by 10 strokes of a glass potter homogenizer. After filtration
under vacuum through 4 layers of gauze, the homogenate was
centrifuged at 45,000g for 20min at 0-4°C. The resulting
pellet was washed in buffer, followed by rehomogenization
(3 x 1 min) and centrifugation at 45,000 g for 20 min. The final
pellet was then resuspended in 10 volumes (w/v) buffer for
subsequent use in the binding assay.

Saturation binding studies were made as described by Cas-
tillo et al. (1989). Aliquots of the membrane suspension (final
protein concentration of 200 ug ml~ ') were incubated at 37°C
with 10 to 1500 pm of (+)-[*H]-PN200-110 (isradipine) in a
final volume of 1ml for 90 min, under sodium light. Incu-
bations were terminated by dilution of the samples with 5ml
ice-cold buffer, followed by rapid filtration under reduced
pressure Whatman GF/C glass fibre filters and washing of the
filters with 3 x 5ml buffer. After drying at 80°C for 15-20min,
filters were added to a scintillation cocktail, and the radioac-
tivity measured in a Beckman liquid scintillation counter with
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50% efficiency. Specific binding of (+)-[3H]-PN200-110 was
defined as the difference between the total binding and that
obtained in the presence of 1 um (+)-PN200-110.

For displacement studies, (+4)-[*H]-PN200-110 (150 pm)
was incubated with various concentrations of (+)-PN200-110,
(—)-PN200-110, and nifedipine, under the same conditions as
for saturation experiments. Termination of incubation and
processing of the filters were as described above.

Binding parameters were determined through Scatchard
analysis, by plotting the concentration of bound ligand
(fmolmg~" oprotein) in relation to bound/free ligand
(fmolmg ! protein pmM ).

The dihydropyridine, (+)-[*H]-PN200-110 (84.1Ci
mmol ') was obtained from New England Nuclear; (+)-,
(+)-, and (—)-PN200-110 was from Dr P. Hof (Sandoz, Ltd,
Basel, Switzerland) and nifedipine from Prof. F. Hoffmeister
(Bayer A.G. Wuppertal, Germany).

Results Specific binding of (+)-[*H]-PN200-110 to mem-
brane preparations of normal rats was linear up to 300 ug of
protein ml~! and typically represented more than 60% of
total binding. The radiolabelled ligand was displaced (Figure
1) by (+)-PN200-110 (K; = 0.18 nMm), nifedipine (K; = 22nm)
and (—)-PN200-110 (K; = 12nm). The clear stereospecificity,
the range of K; (nM or sub-nm), and the order of potencies
found suggest that we are dealing with a true dihydropyridine
receptor, likely to be associated with a L-type calcium
channel.

In vas deferens membrane preparations of normal rats, the
values of Ky, for (+)-[3H]-PN200-110 was 259 + 60 pm and
the B,,, 144 +20fmolmg™~' protein. The mean saturation
curve for (4)-[*H]-PN200-110 binding, and the respective
Scatchard plot are shown in Figure 2.

In membrane preparations of castrated animals, the
maximum specific binding of (+)-[>H]-PN200-110 was only
about 10% of the total binding, and the corresponding con-
centration was reduced to 25 + 10fmolmg~?! protein (Figure
2). In these conditions, the values of Ky, and B,,,, could not be
determined.

Discussion The specific binding of (+)-[3H]-PN200-110 in
membrane preparations of castrated rats was strikingly
smaller than in normal preparations. These results suggest
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Figure 1 Displacement by (+)-PN200-110 (@), nifedipine ((J) and
(—)-PN200-110 (O) of (+)-[*H]-PN200-110 binding to vas deferens
membrane preparations from normal rats. Data represent typical
experiment in duplicate.

0.75
150} w0.50
@

0.25

O0 30 60 90 120
B

Specific binding (fmol mg~" protein)

0 I ] N ]
0 250 500 750 1000

{+)-[3H]-PN 200-110 (pm)

Figure 2 Specific binding of (+)-[*H]-PN200-110 membrane prep-
arations of vas deferens of normal (@) and 30-day castrated rats (Il).
Inset shows the respective Scatchard plot, from which the values of
K, and B, were obtained. Vertical lines show one s.e.mean.
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This decrease of receptor density is not a consequence of
protein loss due to organ atrophy, since our results are
expressed in relation to the protein content of the tissue. Nor
is it due to a variation in the balance between smooth muscle
and non-muscular tissue, since it is known through histometry
of cross-sections of the vas that a reduction of about
45%-55% is observed on the thickness of both the epithelium
(from 348 +23um to 154+ 0.5um) and muscle (from
371.5 + 26.7um to 207.1 + 6.6 um) after 1-month castration
(C.S. Porto, personal communication).

A survey of several drugs which might regulate the number
and functioning of calcium channels has recently been present-
ed (Ferrante & Triggle, 1990). The only references to the influ-
ence of sex hormones has been from the work of Ishii et al.
(1986), Batra (1987) and Ruzycky et al. (1987) who reported
that circulating oestrogens and progesterone can alter the
binding characteristics of dihydropyridines in smooth muscle
of female rats. However, to our knowledge, the possibility
derived from the present results that male sex hormones also
influence calcium channel regulation, has not been demon-
strated previously.

It has been shown previously that the contractile effects of
several agonists in isolated vas deferens of normal rats are
drastically reduced if calcium is removed from the nutrient
solution (Jurkiewicz et al., 1975a). These results were
explained through a theoretical model in which calcium is
considered as one of the constituents of the chain of events
leading from drug-receptor interaction to the effect
(Jurkiewicz et al., 1975b). In vasa deferentia of castrates, it was
shown that several agonists exhibit reduced contractile effects,
which are restored to control values if the concentration of
calcium in the nutrient solution is increased above normal
values (Jurkiewicz et al., 1977). This calcium-dependent
change in mechanical response after castration is compatible
with our present findings, since one would expect a decrease of
calcium availability for contraction, in a situation in which the
density of L-type calcium channels is substantially reduced.
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Direct action of BRL 38227 and glibenclamide on intracellular
calcium stores in cultured airway smooth muscle of rabbit
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The effects of BRL 38227 and glibenclamide on intracellular calcium stores were investigated in per-
meabilized cultured airway smooth muscle cells of the rabbit using “°Ca effluxes. BRL 38227 (10 um)
reduced loading of the inositol 1,4,5-trisphosphate (InsP,)-sensitive intracellular store by 26.5% + 1.0; this
effect was antagonized by 1 uM glibenclamide. BRL 38227 itself did not release calcium and had no effect
on guanosine 5-0-(3-thiotriphosphate)-induced calcium release. Glibenclamide (=>5uM) also reduced
calcium loading of the intracellular store, and enhanced calcium release. These results suggest that BRL
38227 has a direct effect on intracellular calcium handling.

Keywords: BRL 38227; Ca%* uptake; Ca’" release; glibenclamide; GTP; inositol 1,4,5-trisphosphate; sarcoplasmic reticulum;

smooth muscle

Introduction Cromakalim has been shown to promote 8°Rb
efflux, hyperpolarization and subsequent relaxation of airway
smooth muscle (Allen et al., 1986). There has been much inter-
est recently in effects of potassium channel openers that are
additional to their hyperpolarizing action and Bray et al.
(1991) have suggested that cromakalim may exert a direct
inhibitory action on intracellular Ca2* stores in intact rabbit
aorta.

We have investigated whether the active enantiomer of cro-
makalim, BRL 38227, has a direct effect on Ca2* uptake and
release from intracellular stores in airway smooth muscle and
whether such an effect can be antagonized by glibenclamide.

Methods Cell culture Smooth muscle cells (passages 5-8)
isolated from rabbit trachea were cultured as described in
detail for human airway smooth muscle by Twort & van
Breemen (1989). Cells were grown to confluency on 35mm
dishes (0.2mg cell protein/dish) in Dulbecco’s Modified
Eagle’s medium supplemented by 10% foetal calf serum.

Ca** uptake and efflux from permeabilized cells Experiments
were performed at room temperature (22°C). Ethylene glycol-
bis(B-aminoethylether)N,N,N,N-tetraaectic acid (EGTA) solu-
tions also contained KCl 130 mm, MgCl, 5mwm, Tris-maleate
buffer 20mm, pH 6.8. The procedure was similar to that pre-
viously described (Twort & van Breemen, 1989).

The cells were permeabilized with 40 um digitonin and
preincubated for 15min in a 0.1 mM EGTA solution contain-
ing BRL 38227 and/or glibenclamide. This was replaced with
a loading solution containing 4°Ca (104Ciml~!) with 1um
free [Ca%*], Na,ATP (3.15mm), and BRL 38227 and/or gli-
benclamide where appropriate. Control dishes were incubated
with identical solutions including the appropriate solvents,
but containing no BRL 38227 or glibenclamide. After 30 min
the loading solution was replaced with an efflux solution con-
taining 0.1 mM EGTA. This was changed every minute and
collected in scintillation vials for estimation of #5Ca efflux.

The effect of BRL 38227 on inositol 1,4,5-trisphosphate
(InsP,) and guanosine 5-0-(3-thio trisphosphate) (GTPyS)-
induced Ca2?* release was examined by adding 10um BRL
38227 during the **Ca loading period. The efflux procedure
was carried out as described but either InsP, was added at

! Author for correspondence.

13 min for 1min or, as GTPyS had a longer response time,
GTPyS was added at 25 min for 5 min.

The effects of BRL 38227 or glibenclamide on Ca?* release
were investigated by loading cells in normal solution and
adding either BRL 38227 or glibenclamide during the efflux
procedure.

Identical dishes of cells from the same cell line and sub-
cultured at the same time were grouped into pairs with one
member of the pair acting as the control and one as the test
dish. The difference between each pair of control and test
dishes used at the same time were compared by Student’s ¢
test for paired values. Results are expressed as the
means + s.e.mean.

Results BRL 38227 decreased both the rate and amount of
Ca?* uptake (Figure 1a). At 30min, Ca?* uptake in the pre-
sence of 10 um BRL 38227 was significantly reduced (control:
2473 4+ 0.161; +BRL 38227: 1.888 + 0.107 nmol Ca?* mg™?
protein; n=4, P <001). This effect was concentration-
dependent, (Figure 1b). Addition of BRL 38227 (10 um) during
the efflux procedure did not release intracellular calcium
(n = 5). Addition of 1um glibenclamide during the uptake
period did not itself affect Ca2* uptake (n = 8, P > 0.5), but
abolished the inhibitory effect of BRL 38227 (Figure 1b).

Preincubation with 10umM BRL 38227 during loading
reduced InsP; (10 um)-induced Ca?* release from 1.91 + 0.37
to 1.41 +0.26nmol Ca’*mg~! protein (n=6, P < 0.05),
equivalent to a reduction of 23.3% =+ 5.3. Addition of BRL
38227 during the efflux phase alone had no effect on
InsP;-induced Ca?* release. Preincubation with 10um BRL
38227 had no effect on Ca2* released by GTPyS (100 um);
(control: 0.439 + 0.01; +BRL 38227: 0441 + 0.05nmol
Ca?* mg~! protein; n = 5).

Glibenclamide (5-50 uM) could itself reduce loading of Ca?*
into the intracellular store (Figure 2), and caused a small slow
release of Ca?* when added during the efflux procedure; (1 um
glibenclamide: 0.005 + 0.003; 10um: 0.044 + 0.014; 50 um:
0.213 + 0.010nmol Camg™! protein; n = 4, Figure 2).

Discussion We have demonstrated that BRL 38227 has a
direct effect on Ca2* uptake into intracellular stores of per-
meabilized airway smooth muscle. This is consistent with the
results obtained by Bray et al. (1991) for intact rabbit aorta,
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Figure 1 Action of BRL 38227 on intracellular Ca%* uptake: (a)

effect of BRL 38227 on the time course of “°Ca uptake by per-
meabilized cells. Control: (O); BRL 38227 (10uM) (@); n=4. (b)
reduction of Ca?* uptake by BRL 38227 and inhibition of this effect
by 1um glibenclamide. Results are expressed as % control Ca2*
uptake; n = 4-8, * P < 0.01.

who found that in the presence of cromakalim both the rate
and extent of store refilling, as estimated by the magnitude of
noradrenaline-induced contraction, were reduced. Xiong et al.
(1991) have also demonstrated that pinacidil can inhibit
release, or deplete Ca?* from intracellular stores in intact
portal vein cells of rabbit. As in our experiments this effect
was antagonized by 1 um glibenclamide.

BRL 38227 had no direct effect on InsP,-induced Ca?*
release, but inhibited loading of the InsP;-, but not GTPyS-,
sensitive Ca2* store. This suggests that InsP, and GTPyS
release Ca2* from different sites, and that the mechanism by
which the GTPyS-sensitive Ca%* store is refilled is different
from that of the InsP;-sensitive store.

At 1uM, glibenclamide antagonized the effects of BRL
38227. At higher concentrations it could reduce uptake sub-
stantially and caused a slow release of Ca?* when added to
full stores. This was unlike BRL 38227 which did not cause
Ca?* release. Enhanced release of Ca2* will reduce uptake so
these two effects of glibenclamide may be related. Xiong et al.
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(1991) have also shown that 30 uM glibenclamide has a similar
action to pinacidil.

The sarcoplasmic reticalum has K* selective channels
which are thought to allow charge balancing against move-
ment of Ca%* ions (Somlyo et al., 1981). In skeletal muscle
(Fink & Stephenson, 1987) the amount of releasable CaZ* is
markedly increased by reducing the K*-conductance of the
sarcoplasmic reticulum. An increase in K* conductance
should therefore decrease the ability of the sarcoplasmic reti-
culum to load Ca%*. Whether BRL 38227 and low concentra-
tions of glibenclamide (1 uM) act at such K* channels, and
whether they are similar to the ATP-sensitive K* channel of
the cell membrane remains to be seen.
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Inhibition of neurogenic plasma exudation in guinea-pig airways
by CP-96,345, a new non-peptide NK, receptor antagonist

Yu-Hong Lei, Peter J. Barnes & 'Duncan F. Rogers

Department of Thoracic Medicine, National Heart & Lung Institute, Dovehouse Street, London SW3 6LY

A new non-peptide tachykinin antagonist, CP-96,345, inhibited airway plasma exudation induced in
guinea-pigs by i.v. substance P in a dose-dependent manner with dose-ratios in the main bronchi of 5 at
1nmolkg™! and 19 at 100nmolkg~'. At 100nmolkg~!, CP-96,345 completely inhibited plasma exuda-
tion induced by either electrical stimulation of the cervical vagus nerves or i.v. capsaicin, indicating inhibi-
tion of the effects of endogenous tachykinins, but did not inhibit the bronchoconstrictor response to
neurokinin A, suggesting selectivity for NK, receptors. CP-96,345 may be useful in examining the role of

endogenous tachykinins in vivo.

Keywords: CP-96,345; tachykinin receptor; NK, receptor; NK,; receptor antagonist; substance P; plasma exudation; sensory

nerves; vagus nerve; capsaicin; asthma

Introduction Tachykinins have several effects on airway func-
tion including bronchoconstriction, mucus secretion, plasma
exudation and vasodilatation (Barnes et al., 1990). Tachy-
kinins may be released from capsaicin-sensitive sensory nerves
in airways by capsaicin itself and by antidromic electrical
stimulation of the vagus nerves (Lundberg & Saria, 1982).

Three classes of tachykinin receptor are currently recog-
nised, denoted as NK,, NK, and NK,, which exhibit prefer-
ential affinity for substance P (SP), neurokinin A (NKA) and
NKB respectively (Guard & Watson, 1991). SP is more potent
than NKA or NKB in inducing plasma exudation in guinea-
pig airways (Rogers et al., 1988), which indicates that neuro-
genic plasma exudation is mediated via NK, receptors. In
contrast, bronchoconstriction is presumed to be mediated by
NK, receptors (Advenier et al., 1987). The role of tachykinins
released from sensory nerves has proved difficult to determine
in the absence of specific and potent antagonists, since sensory
nerves may release several other peptides including calcitonin
gene-related peptide.

CP-96,345 has been demonstrated recently to be a potent
NK, receptor antagonist at central and peripheral SP binding
sites and in in vitro and in vivo functional assays (Mclean et
al., 1991; Snider et al., 1991). In the present study, we assessed
the pharmacological profile of CP-96,345 on airway plasma
exudation induced by exogenous SP, capsaicin, or vagus nerve
stimulation, and on bronchoconstriction induced by capsaicin,
vagus nerve stimulation or NKA.

Methods Male Dunkin-Hartley guinea-pigs (320-380 g) were
anaesthetized with an initial dose of 2gkg™! urethane (diluted
to 25% w/v in 0.9% saline) intraperitoneally and laid supine.
Additional urethane was given as required to maintain anaes-
thesia. The animals were mechanically ventilated at a tidal
volume of 10mlkg~! and a rate of 60 strokes per min via a
cannula inserted into the lumen of the upper cervical trachea.
A side-arm connected to a pressure transducer recorded pul-
monary insufflation pressure (PIP). A catheter was inserted
into the left carotid artery to monitor blood pressure. Both
external jugular veins were exposed for administration of
drugs. In one group of animals, both cervical vagus nerves
were exposed and sectioned for electrical stimulation. Atro-
pine (1mgkg™ !, iv) was given 15min before stimulation.
Evans blue dye (25mgkg™!, dissolved in 0.9% saline) was
used as a marker of plasma exudation and injected 5min
after CP-96,345 ((2S,3S-cis-2-(diyhenylmethyl)- N-[(2-methoxy-
phenyl)-methyl]-1-azabi-cyclo[2.2.2]octan-3-amine) or saline
control. One min later control saline, SP (Sigma, 1pmol-
100 nmol kg™ '), capsaicin (Sigma; 0.3mgkg ™ ': 10mgml~' in
ethanol diluted in saline to 0.3mgml~') or NKA (Aldrich;

! Author for correspondence.

6nmolkg™!) were administered, or the vagus nerves were
electrically stimulated (5V, 10Hz, Sms for 3min). Ten min
after saline, SP, NKA or capsaicin, or 5min after vagus nerve
stimulation, the systemic circulation was perfused with saline
to remove intravascular dye. The trachea and main bronchi
were removed and tissue Evans blue was extracted in 2 ml for-
mamide (40°C for 16h). Evans blue dye concentrations were
measured with a spectrophotometer (Phillips, U8630, at
620nm wavelength), interpolated on a standard curve and
expressed as ng dye mg ™! wet weight tissue.

Results SP induced a dose-dependent increase in the Evans
blue content of the trachea and main bronchi (Figure 1a). The
maximal increase above controls was 429% in the lower
trachea at a dose of 1nmolkg™! and was 360% in the main
bronchi at a dose of 10nmolkg™!. CP-96,345, given Smin
previously, caused a rightward shift in the SP dose-response
curve: at 1 nmolkg ™! the dose-ratios for the trachea and main
bronchi were 8.9 and 4.6; and at 100nmol kg~ ! were 20.4 and
18.6 respectively. CP-96,345 also inhibited the increase in the
tissue dye content induced by SP 1nmolkg™! with IDs,
values of 0.7nmolkg™! and 1.4nmolkg™! in trachea and
main bronchi respectively and with complete inhibition at a
dose of 5 umol kg~ for both airways (Figure 1b). Dye leakage
was inhibited by 86% and 110% in the trachea and main
bronchi when 100nmolkg™! CP-96,345 was given 30min
before 0.1 nmolkg~* SP.

CP-96,345 100nmol kg~ ! inhibited dye leakage induced by
capsaicin or vagus nerve stimulation in both lower trachea
and main bronchi (Figure 2a).

Increases above baseline in PIP induced by NKA or by
capsaicin were not inhibited by 100nmolkg™' CP-96,345.
Vagus nerve stimulation increased PIP and although
CP-96,345 partially inhibited this response, the reduction
was not significant (P = 0.1).

CP-96,345 up to 1 umolkg™! alone had no effect on blood
pressure although higher doses (2-10#molkg™", i.v.) caused
decreases in blood pressure of up to 45% at the highest dose
used.

Discussion In the present in vivo study we found that the
non-peptide SP receptor antagonist, CP-96,345, caused a
rightward shift of the SP dose-response curve for plasma
leakage. The shift was approximately parallel for two doses of
CP-96,345 which indicated probable competitive antagonism
and is consistent with in vitro binding and functional data
(Snider et al., 1991; McLean et al., 1991). Our present finding
that Sumolkg™! CP-96,345 blocked leakage induced by
1nmolkg~! SP is similar to previous in vivo data in the rat
where 8.2 umol kg~ ! CP-96,345 blocked salivation induced by
1nmolkg~! SP (Snider et al., 1991).



262 SPECIAL REPORT

2001

160}

120

80}

40F

C 12 1l1 1I0 9 8 7
—log SP (mol kg~")

b
200

I 1

160} \I I

120¢

Evans blue dye (ng mg~")

80}

[ r T T -7 -
C sP 13 1 9 7 5
—log CP-96,345 (mol kg~ ")

Figure 1 Effects of CP-96,345 on substance P (SP)-induced plasma
exudation in guinea-pig main bronchi. (a) Inhibition of SP-induced
leakage (H) by CP-96,345 1nmolkg™! (O) or 100nmolkg~! (@). (b)
Inhibition of SP (1 umolkg™!)-induced leakage by CP-96,345; (0J)
control values. Mean tissue content of Evans blue dye for 4-6
animals; s.e.mean shown by vertical bars.

Neurogenic plasma exudation induced by capsaicin or
vagus nerve stimulation (Lundberg & Saria, 1982) is mediated
via tachykinins released from capsaicin-sensitive sensory
nerves. Agonist potency studies indicate that an NK, receptor
mediates this response (Rogers et al., 1988). Our present data
using CP-96,345 indicate that this antagonist is active at NK,
receptors. In contrast, NKA, capsaicin and vagus nerve
stimulation-induced bronchoconstriction, which is mediated
predominately via NK, receptors (Advenier et al., 1987), was
not significantly inhibited by the dose of CP-96,345 which
completely blocked the plasma exudation.

Increased microvascular permeability with plasma exuda-
tion leads to tissue oedema and is a feature of bronchial
diseases including asthma (Chung et al., 1990). Release of
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neuropeptides via an axon reflex has been suggested as a
mechanism which may contribute to the inflammation of
asthma (Barnes, 1986). CP-96,345, a potent antagonist in vivo,
may be a useful tool in elucidating the mechanisms of airway
neurogenic inflammation and may have therapeutic potential
in the treatment of bronchial diseases including asthma.

We thank Dr R. Michael Snider of Pfizer Central Research Division,
Groton, Connecticut, U.S.A. for the gift of CP-96,345.

MCLEAN, S., GANONG, A.H,, SEEGER, T.S., BRYCE, K.G., REYNOLDS,
LS, SIOK, CJ., LOWE III, J.A. & HEYM, J. (1991). Active and dis-
tribution of binding sites in brain of a nonpeptide substance P
(NK1) receptor antagonist. Science, 251, 437-439.

ROGERS, D.F., BELVISI, M.G, AURSUDKIJ, B, EVANS, TW. &
BARNES, P.J. (1988). Effects and interactions of sensory neuro-
peptides on airway microvascular leakage in guinea-pigs. Br. J.
Pharmacol., 95, 1109-1116.

SNIDER, R.M., CONSTANTINE, JW, LOWE III, JA, LONGO, K.P,
LEBEL, W.S, WOODY, H.A, DROZDA, S.E, DESAI, M.C,, VINICK,
F.J, SPENCER, R.W. & HESS, H.-J. (1991). A potent nonpeptide
antagonist of the substance P (NK1) receptor. Science, 251, 435—
437.

(Received August 8, 1991
Accepted October 29, 1991)



Br. J. Pharmacol. (1992), 105, 263-270

© Macmillan Press Ltd, 1992

Evidence for the absence of a functional role for muscarinic
M, inhibitory receptors in cat trachea in vivo: contrast with

in vitro results

C.R. Killingsworth, Mingfu Yu & N.E. Robinson

Pulmonary Laboratory, Department of Large Animal Clinical Sciences, Michigan State University, East Lansing, Michigan,
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1 The effect of the selective muscarinic M, receptor antagonist, gallamine and the selective M, receptor
agonist, pilocarpine, on airway constriction induced by vagal stimulation was studied in anaesthetized
cats. In addition, the effect of gallamine on contraction of cat isolated tracheal and bronchi preparations
induced by electrical field stimulation was also investigated.

2 In in vivo experiments, extrathoracic airway constriction was measured with an electromechanical
caliper that was attached to the outer surface of tracheal ring 4. Intrathoracic airway constriction was
determined by measuring the changes in total lung resistance and dynamic compliance during vagal
stimulation.

3 Intravenous gallamine (0.1, 1, and 10mgkg~!) augmented the rise in total lung resistance induced by
vagal stimulation in a dose- and frequency-dependent manner. At stimulation frequencies of 8 and 12 Hz
the fall in dynamic compliance provoked by vagal stimulation was also significantly increased by galla-
mine (10mgkg™!). Gallamine was without effect on airway constriction induced by acetylcholine.

4 Vagal stimulation at 4 Hz produced significant tracheal constriction, but the amount of constriction
did not change following injection of increasing doses of gallamine. Similarly, there was no difference in
tracheal constriction at any frequency of stimulation (0.5-16 Hz) when frequency-response curves before
and after gallamine injection (10 mgkg~!) were compared.

5 Pilocarpine (0.01-10 ugkg ™!, i.v.) diminished changes in total lung resistance and dynamic compliance
induced by vagal stimulation, an effect that was reversed by gallamine (10mgkg™!, i.v.). Vagally-induced
tracheal constriction was not significantly affected by any dose of pilocarpine, nor was it modified by
gallamine (10mg kg~ ') given subsequently.

6 Atropine (0.5 mgkg~!) completely blocked tracheal constriction induced by vagal stimulation, indicat-
ing that the changes in tracheal ring diameter provoked by stimulation were mediated by muscarinic
receptors and that intravenous drugs could reach the cervical trachealis muscle.

7 In vitro tissue bath studies demonstrated a significant leftward shift of the frequency-response curve to
electrical field stimulation in both tracheal strips and bronchial rings following gallamine (10~* M) admin-
istration.

8 Although the functional presence of muscarinic M, autoreceptors was demonstrated in feline isolated
tracheal and bronchial preparations, a corresponding functional role was not detected in cat trachea in
vivo. This was despite repeated demonstration of muscarinic M, receptor-mediated limitation of airway

constriction of intrathoracic airways in vivo.

Keywords: Muscarinic receptors; neuromodulator receptors; parasympathetic nervous system; airway resistance.

Introduction

Inhibitory muscarinic (M,) autoreceptors in airways were first
demonstrated with in vivo experiments using the selective M,
muscarinic antagonist, gallamine (Fryer & Maclagan, 1984).
When the autoreceptors were blocked with gallamine, the
effect of vagally-induced bronchoconstriction was potentiated
in guinea-pig airways. Gallamine had little effect on the bron-
choconstrictor response to injected acetylcholine (ACh), indi-
cating that gallamine was not a potent antagonist for the
postjunctional M; muscarinic receptors in airway smooth
muscle. A connection between an increased magnitude of
vagally-induced bronchonconstriction during viral respiratory
infections and alteration of M, autoreceptors in the lungs of
guinea-pigs has been reported (Fryer et al., 1990; Fryer &
Jacoby, 1991). The investigators hypothesized that damage to
M, receptors could result in the loss of negative feedback
inhibition of ACh release at the airway smooth muscle neuro-
muscular junction.

Cats experimentally infected with herpesvirus-I demonstrate
tracheal hyperreactivity to vagal stimulation, which is com-
pletely blocked by intravenous atropine (Killingsworth et al.,
1990). An increased tracheal response to ACh injection is not
detected. Intrathoracic airway hyperreactivity is not present

because herpesvirus-I infects the trachea and proximal air
passages but seldom infects the lungs (Gaskell & Povey, 1979;
Killingsworth et al., 1990). These findings suggest that
herpesvirus-induced tracheal hyperreactivity is mediated by a
presynaptic mechanism, which could be inhibitory M, recep-
tor dysfunction.

Other investigators have reported that following gallamine,
vagal stimulation results in a significant increase of total lung
resistance and a significant decrease of dynamic compliance.
They concluded that inhibitory muscarinic receptors were
present in cats in parasympathetic nerves of the trachea,
bronchi, and respiratory bronchioles (Blaber et al., 1985).
However, previous studies were not designed to investigate
specifically the role of M, inhibitory receptors in limiting
airway narrowing in the extrathoracic trachea. The studies
described in the present paper were designed to examine
whether M, receptors can inhibit both extra- and intrathora-
cic airway constriction. Changes in airway calibre induced by
exogenous ACh and bilateral vagal stimulation at 4 Hz were
measured in healthy cats that were not infected with herpes-
virus. Cervical tracheal constriction and intrathoracic airway
responses were quantitated before and after graded intra-
venous doses of gallamine. A separate group of in vivo experi-
ments was performed to determine the effect of the muscarinic
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receptor agonist, pilocarpine, on airway responses measured
during vagal stimulation. Cervical tracheal constriction and
the changes in total lung resistance and dynamic compliance
were measured before and after increasing doses of intra-
venous pilocarpine. The M, receptor antagonist, gallamine,
was injected at the completion of the pilocarpine dose-
response study. A further group of in vivo experiments was
designed to explore the effect of the M, receptor antagonist,
gallamine, on frequency-dependent activation of M, receptors.
Airway responses were measured during vagal stimulation at
increasing frequencies (0.5-16 Hz) before and after gallamine
injection. Atropine was injected intravenously (i.v.) at the end
of the experiments to demonstrate the role of muscarinic
receptors in the measured tracheal contraction and to show
that i.v. drugs reach the cervical trachealis muscle. Finally, a
series of muscle bath experiments was conducted to determine
the effect of increasing concentrations of gallamine on electri-
cal field stimulation-induced and ACh-induced contraction of
tracheal strips and bronchial rings in vitro.

Methods

Cats were managed in accordance with the National Institutes
of Health standards defined by the United States Department
of Agriculture Animal Welfare Acts. Experiments were
approved by the All-University Committee on Animal Use
and Care at Michigan State University, East Lansing, MI,
US.A.

Surgical preparation for in vivo experiments

Adult, mixed breed cats of either sex were anaesthetized with
thiamylal (15-20mgkg™~!, i.v) administered to maintain a
corneal reflex but to prevent withdrawal response following
paw pinch. A midline ventral cervical incision exposed the
trachea and an endotracheal tube was placed by tracheostomy
at the thoracic inlet so that the cranial cervical tracheal
segment was undisturbed. The endotracheal tube was con-
nected to a fixed volume ventilator (Harvard Model 665 Small
Animal Ventilator) and respiratory frequency was adjusted to
maintain Paco, between 28-32mmHg and Pao, between 85
and 100mmHg. Sodium bicarbonate was infused i.v. to main-
tain arterial pH between 7.360 and 7.440. Cats were placed on
a thermostatically controlled heating pad to maintain body
temperature at 38°C. Lactated Ringer solution was adminis-
tered by continuous infusion (10mlkg~'h~?, i.v.). A catheter
in the left femoral artery allowed for continuous measurement
of blood pressure and for collection of arterial blood samples.

Following intubation, anaesthesia was maintained with ure-
thane (500mgkg~?, i.v.) and a-chloralose (100mgkg~?, i.v.).
These doses produce surgical anaesthesia lasting 8 to 10h
(Green, 1982). The experiments described lasted from 3 to 4h
and depth of anaesthesia was monitored by observing for fluc-
tuations in blood pressure. In the initial series of in vivo
experiments in which the single (4 Hz) stimulation frequency
was used, the cats were paralyzed with pancuronium bromide
(0.6mgkg™1, i.v.). In later experiments (effect of pilocarpine,
frequency-response curves) pancuronium was not adminis-
tered so as to exclude any possible antagonistic effects of this
agent on muscarinic receptors. In comparative studies (data
not shown), conducted with and without pancuronium, no
statistically significant differences were found in the effect of
vagal stimulation on tracheal ring 4 diameter, total lung
resistance, or dynamic compliance.

The vagus nerves were isolated from the sympathetic trunk
in the mid to distal cervical region. The sympathetic trunk
was identified by demonstration of mydriasis during nerve
stimulation and transected bilaterally. The vagus nerves were
transected at the angle of the mandible, immersed in a pool of
mineral oil warmed to 38°C, and placed over platinum elec-
trodes connected to a dual output square pulse stimulator
(Grass Instruments, Model S88 Multifunction Solid-State

Square Wave Stimulator). The right common carotid artery
was occluded proximal to the cranial thyroid artery and distal
to tracheal ring 4. The tip of an indwelling catheter was posi-
tioned at the origin of the cranial thyroid artery for local
intra-arterial infusion of ACh. Preliminary experiments in
which Evan’s blue dye was injected through the carotid cathe-
ter demonstrated even staining of the entire cervical trachea.
The left common carotid artery was undisturbed and arterial
blood could be aspirated through the catheter in the right
carotid artery, indicating an intact blood supply to the
segment studied.

Changes in extrathoracic airway calibre were determined by
measuring the decrease in the external diameter of cervical
tracheal ring 4. Tracheal responses were recorded with a poly-
graph (Model 7E, Grass Instruments). The outer diameter of
tracheal ring 4 was measured initially with a micrometer. A
customized electromechanical tracheal caliper was attached to
tracheal ring 4 at its widest diameter with single 4-0 silk
sutures. A description of the construction and calibration of
this measurement device has been published previously
(Killingsworth et al., 1990).

Changes in intrathoracic airway calibre were determined by
measurement of total lung resistance and dynamic compli-
ance. Air flow was measured with a Fleisch 00 pneumotacho-
graph attached to the endotracheal tube that had been placed
through a tracheostomy at the thoracic inlet to bypass the
extrathoracic cervical trachea. The Fleisch pneumotachograph
was connected to a differential pressure transducer (Model
DP45-22, Validyne Engineering Corp.). Tidal volume was
obtained by electronic integration of the flow signal. A 6cm
incision was made in the right lateral thoracic wall so that
pleural pressure was equal to ambient pressure. Trans-
pulmonary pressure was equal to the pressure at the distal end
of the endotracheal tube and was measured with a differential
pressure transducer (Model MP 45-34, Validyne Engineering
Corp.). Respiratory variables were displayed on a VR-12
Simultrace Polygraph (Electronics for Medicine, Honeywell
Inc.). Dynamic compliance (C,,,) was calculated as the ratio of
the changes in tidal volume and transpulmonary pressure
between points of zero flow. Total lung resistance (R,) was
calculated by the isovolume technique (Amdur & Mead,
1958).

In vivo gallamine and pilocarpine dose-response
experiments

Airway smooth muscle contraction was produced in ten cats
by bilateral stimulation of the distal ends of the cut vagus
nerves and by intra-arterial (ia.) injection of 10™*m ACh
through the carotid catheter. This was the maximal bolus of
ACh that could be injected consistently without causing
severe hypotension and death in some cats (Killingsworth et
al., 1990). Each cat received local i.a. infusions of the vehicle
(lactated Ringer solution) as a control injection prior to receiv-
ing ACh. The vagus nerves were stimulated with supra-
maximal voltage (24 V, 0.5 ms duration) at 4 Hz for 30s con-
tinuous stimulation.

Following vagotomy, baseline measurements were made of
tracheal ring 4 diameter, R,, and C,,. Secondly, with a
10 min stabilization period between each stimulation, airway
responses to vagal stimulation, and vehicle and ACh injec-
tions were recorded before beginning the gallamine dose-
response study. Ten minutes after each dose of gallamine (0.1,
1.0, 10.0mgkg™1, i.v.), bilateral vagal nerve stimulation was
repeated and the changes in R,, C,,,, and the diameter of
tracheal ring 4 were recorded. To determine the effect of galla-
mine on ACh-induced airway constriction, the second vehicle
and ACh injections were given following the last dose of galla-
mine and nerve stimulation. A separate group of cats under-
went the same treatments but received vehicle injections (0.9%
sodium chloride) without gallamine in order to determine the
effect of repeated vagal stimulation, and vehicle and ACh
injections (time controls, n = 5).



Pilocarpine studies (n = 5) were conducted in a similar
fashion to the gallamine dose-response studies. These experi-
ments were designed to examine the effect of the selective M,
receptor agonist pilocarpine on airway responses measured
during vagal stimulation. In addition to bilateral transection
of the sympathetic trunk, cats were pretreated 30 min before
beginning the experiments with guanethidine (5mgkg™1, i.v.)
to deplete neuronal catecholamines and prevent any effects of
sympathetic nerve stimulation. At the end of these experi-
ments, depletion of noradrenaline was determined by absence
of a pressor response following injection of tyramine
(10mgkg™!, iv.). The vagus nerves were stimulated as
described above, and variables were measured during 30s
continuous stimulation. Changes in tracheal ring 4, R, and
C,,n were recorded before and after administering increasing
doses of pilocarpine (0.01, 0.1, 0.3, 1.0, and 100 ugkg™!, i.v.).
Gallamine (10mgkg™!, i.v.) was injected at the end of the
experiment and airway responses to vagal stimulation were
recorded.

In vivo frequency-response experiments with gallamine

The second group of experiments examined the role of M,
receptors in limiting airway constriction during nerve stimu-
lation at stimulation frequencies greater than 4 Hz by use of
the M, muscarinic antagonist, gallamine. Cats were surgically
sympathectomized and pretreated with guanethidine 30 min
before starting the protocol.

Following vagotomy, baseline measurements were made of
tracheal ring 4 diameter, Ry, and C,,,. Prior to gallamine
administration, the changes in these three variables were mea-
sured during vagal stimulation at increasing frequencies (24 V,
0.5ms, 0.5-16 Hz) and following i.a. injections of vehicle and
107*M ACh. A 10min stabilization period was allowed
between each stimulation. Gallamine (10.0mgkg™?, i.v.) was
injected and 10min later, the frequency-response curve and
ACh injection were repeated in random order (n = 10). Five
additional cats did not receive gallamine and served as time
controls. Atropine (0.5 mgkg™1!, i.v.) was injected at the end of
the experiment and airway responses to vagal stimulation and
ACh were measured a third time. All cats in the in vivo experi-
ments were killed with an overdose of i.v. sodium pentobarbi-
tone.

In vitro experiments

Adult mixed breed cats were killed with an overdose of
sodium pentobarbitone (50mgkg~?!, iv.). The trachea and
lungs were removed immediately from the thoracic activity
and placed into Krebs-Henseleit solution (composition in mM:
KCl 4.7, KH,PO, 1.2, MgSO,7 H,O 1.19, NaCl 1184, dex-
trose 11.7, NaHCO, 25.0, CaCl,2 H,O 2.6). Eight rectangular
strips from the cervical and intrathoracic trachea
(approximately 5.0mm long and 3.0mm wide) or eight bron-
chial rings (3.0-3.5mm long and 1.0-1.5mm outside diameter)
were prepared from each cat (Stephens & Kroeger, 1970). Wet
tissue weights were obtained at the end of each experiment
after the strips were blotted dry on gauze pads.

Tracheal strips or bronchial rings were placed between
platinum ring electrodes in 15ml jacketed glass muscle baths
filled with Krebs-Henseleit buffer that was maintained at
38°C. The bathing solution was aerated with a gas mixture of
95% 0,-5% CO,. Isometric force generation was recorded
continuously by tying each tracheal strip or bronchial ring to
a Grass FT.03 transducer that was connected to a polygraph
(Model 7E, Grass Instruments).

Electrical field stimulation (EFS) was provided by a stimu-
lator (Grass Instruments, Model S88 Multifunction Solid-
State Square Wave Stimulator) and a stimulus power booster
(Med Lab Stimu-splitter IT). The optimal preloads for strips of
trachealis and bronchial rings were determined in preliminary
experiments. The tension at optimal length was 0.5g in the
tracheal strips and 0.3 g in bronchial rings. In the experiments
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described in this paper, tissues were equilibrated for 80-90 min
at the optimal length and were maintained at this length
throughout the protocol. During equilibration, the tissues
were stimulated submaximally (15V, 0.5ms duration, 16 Hz,
15s continuous stimulation) at regular intervals to stabilize
tension development to EFS. Krebs-Henseleit solution (38°C)
was changed every 15 min.

Before addition of gallamine, the contractile response to
10~ *M ACh was determined. This response was defined as a
maximal response, and all subsequent forces developed to
EFS or ACh were expressed as a percentage of this response.
The tissues were rinsed until the tension returned to baseline.
After pretreating the tissues with 10~°M guanethidine for
20min, control frequency-response curves were obtained at
frequencies of stimulation from 1 to 64 Hz in trachea and from
0.5 to 32 Hz in bronchi. A 5 min interval elapsed between each
stimulation frequency. A second frequency-response curve to
EFS was performed after a 20 min incubation period with gal-
lamine (107 to 10”*Mm in half-log increments). Each prep-
aration was exposed to only one concentration of gallamine.
One tracheal strip or bronchial ring from every cat was not
exposed to gallamine and served as a time control.

The effect of gallamine on ACh-induced smooth muscle
contraction was studied in separate studies (n =3 cats).
Cumulative ACh dose-response curves (1078 to 10”3 M in log
increments) were completed. The tissues were washed until
tension returned to baseline. A second concentration-response
curve to ACh was performed following incubation for 20 min
with 10~ *M gallamine. Two ACh dose-response curves were
completed in an additional three tracheal strips and three
bronchial rings that were not exposed to gallamine and served
as time controls.

In separate experiments, the effects of atropine (10~ "M,
n=3 cats), tetrodotoxin (10"®M, n=3 cats), or hexa-
methonium (107 °M, n = 1 cat) on EFS-induced tension devel-
opment were determined in tissues incubated with gallamine
(107 5M). Tension development during EFS was measured
before and after gallamine administration. A third frequency-
response curve was obtained following incubation of the
tissues with one of the three drugs listed above.

Drugs

Drugs used in these studies included urethane, a-chloralose,
gallamine triethiodide, pilocarpine nitrate, hexamethonium
bromide, tyramine hydrochloride, tetrodotoxin, atropine sul-
phate for in vitro studies, and acetylcholine chloride (Sigma
Chemical Company, St. Louis, MO, U.S.A.), atropine sulphate
(in vivo studies; Anpro Pharmaceutical, Arcadia, CA, U.S.A.),
sodium bicarbonate (Abbott Laboratories, North Chicago, IL,
U.S.A)), thiamylal sodium (Boehringer Ingelheim, St. Joseph,
MO, U.S.A), sodium pentobarbitone (The Butler Company,
Columbus, OH, U.S.A.), and pancuronium bromide (Organon
Inc., West Orange, NJ, U.S.A)). Guanethidine monosulphate
was supplied by CIBA Pharmaceutical Company, Summit,
NJ, US.A. All drugs for the in vitro studies were prepared
fresh daily and dissolved in Krebs-Henseleit solution. Drugs
used in the in vivo studies were also prepared fresh daily and
were dissolved in 0.9% saline or lactated Ringer solution
(ACh).

Statistics

All values are given as mean + s.e.mean. Single factor repeat-
ed measures analysis of variance with Tukey’s test of multiple
comparisons was used to determine the effect of drug doses or
increasing frequency of stimulation within a group of cats.
Split-plot analysis of variance (ANOVA) compared the
frequency-response curves before and after gallamine injec-
tion. Student’s ¢t test for independent samples was used to test
the change in tracheal ring 4 diameter, R, or C,,, at a single
frequency of stimulation before and after gallamine, or to
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compare changes in response between the first and second
ACh injections (Steel & Torrie, 1980).

In vitro, the responses of time-control preparations to EFS
tended to decrease between the first and second stimulus-
response curves. Therefore, in vitro data were corrected for the
loss of tissue sensitivity that occurred with time (Kenakin,
1987). Tension development before and after gallamine admin-
istration at a single frequency of stimulation was compared by
a paired Student’s ¢ test. In all experiments, n represents the
number of cats studied. Differences were considered significant
when P < 0.05.

Results

The baseline outer diameter of tracheal ring 4 after vagotomy
was 1.0 + 0.04 cm. Baseline R; was 174 + 1.94cmH,0 17 !s
and C,,,, was 10.0 + 0.93mlcmH,0 . Because R, and C,,,
measurements tended to vary between stimulations, the
increase in Ry, and the decrease in C,, during stimulation are
given as the change from prestimulation measurements (AR ;
AC,,,, respectively). Injection of vehicle prior to ACh produc-
ed no change in any of the airway calibre measurements.
Vagal stimulation increased R, and decreased C,,, and the
diameter of tracheal ring 4 in every cat. The magnitude of the
change in R, C,,,, and tracheal ring 4 constriction in both
series of in vivo experiments was unaltered by repeated vagal
stimulations or ACh injections in time-control cats that
received vehicle rather than gallamine.

In vivo gallamine and pilocarpine dose-response experi-
ments

Vagal stimulation at 4 Hz produced significant tracheal con-
striction, but the amount of constriction did not change fol-
lowing injection of increasing doses of gallamine. In contrast,
total lung resistance during vagal stimulation increased with
each dose of gallamine. The fall in C,,, produced by vagal
stimulation was not modified by gallamine (Figure 1).

Gallamine had no significant effect on airway constriction
produced by ACh. The decrease in tracheal calibre following
ACh  injection was 350.7 + 54.5um  before and
266.5 + 56.9 um after the highest dose of gallamine. The AR,
was unchanged before and after gallamine (0.41
+0.18cmH,017!s and 039 + 0.20cmH,0 17 's, respec-
tively). Similarly, the AC,, after ACh injection was
unchanged by gallamine (0.25 + 0.06mlcmH,0~! and 0.21
+ 0.08 mlcmH,0™1).

The muscarinic agonist, pilocarpine, tended to have the
opposite effect to gallamine in the intrathoracic airways
(Figure 2). The AR, was diminished during vagal nerve stimu-
lation by pilocarpine doses ranging from 0.01 to 10.0 ugkg ™!
compared to AR, prior to pilocarpine administration. Galla-
mine (10mgkg~!, i.v.) reversed this effect of pilocarpine. The
AC,,, produced by vagal nerve stimulation was decreased by
pilocarpine doses of 0.1, 0.3, and 1.0 ugkg™!. Gallamine sig-
nificantly increased the AC,,, recorded during vagal stimu-
lation (Figure 2). Because AC,,, is the value for C,,, during
stimulation minus the pre-stimulation C,,, measurement, a
decrease in AC,,, represents inhibition of vagally-induced
airway constriction. A rise in AC,,, signifies an increase in
airway constriction. Pilocarpine lacked a bronchoconstrictor
effect at the drug-range administered because there was no
significant change in prestimulation Ry, or C;,, measurements
following each dose of pilocarpine. Vagally-induced tracheal
constriction was not significantly affected by any dose of pilo-
carpine, nor was tracheal constriction enhanced by gallamine
(10mgkg™?, i.v.) given after pilocarpine (Figure 2).

In vivo frequency-response experiments with gallamine

Vagal stimulation caused a progressive reduction in the diam-
eter of tracheal ring 4 as the frequency of stimulation was
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Figure 1 Effect of increasing doses of gallamine on tracheal ring 4
constriction, total lung resistance (R,), and dynamic compliance (C,,,)
in 10 anaesthetized cats during bilateral vagal nerve stimulation (24 V,
0.5ms, 4Hz, 30s continuous stimulus). Tracheal constriction is rep-
resented by an upward deflection in (a). The external diameter of tra-
cheal ring 4 prior to stimulation was 1.0 + 0.04 cm. Vagal stimulation
constricted tracheal ring 4, but constriction was not augmented at any
dose of gallamine compared to the pre-gallamine measurement
(0.0mgkg™'). Because R, and C,, measurements tended to vary
between stimulations, the increases in R, and decreases in C,,
are given as the change from pre-stimulation measurements (AR,
and AC,,, respectively; prior to stimulation, R =174
+194cmH,017's and C,, =100+ 093mlcmH,0""; respec-
tively). At a gallamine dose of 10mgkg ™', AR, was significantly greater
than before gallamine injection (b; * P < 0.005, ANOVA with Tukey’s
test of multiple comparisons). At 4Hz, the change in C;,, was not
augmented by gallamine at any dose (c).

increased. However, there was no significant difference in tra-
cheal constriction at any frequency of stimulation when
frequency-response curves before and after gallamine injection
were compared (Figure 3). Similarly, gallamine (10mgkg™?!,
i.v.) did not significantly alter tracheal constriction produced
by ACh injection (333.9 + 70.3 um before and 191.6 + 40.6 um
after gallamine treatment). Intravenous atropine (0.5 mgkg™!)
completely eliminated tracheal constriction induced by ACh
and vagal stimulation (results not shown).

Vagal stimulation significantly increased R, at 12 and 16 Hz
before, and at 8, 12, and 16 Hz after gallamine injection
(Figure 3). Comparison of the two frequency-response curves
indicated significant augmentation of the AR, responses at 4,
8, and 16 Hz following gallamine injection. Gallamine admin-
istration did not significantly increase the AR, measurement
following ACh injection (1.26 + 0.63cmH,01~!s before and
1.71 + 1.37cmH,01~ ! s after gallamine injection).

Before gallamine, vagal stimulation caused a significant
change in AC,,, at 8, 12, and 16 Hz (Figure 3). Following gal-
lamine, the change in C,,,, was enhanced and significantly dif-
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Figure 2 Effect of increasing doses of pilocarpine on tracheal ring 4
constriction, total lung resistance (R,), and dynamic compliance (C,,,)
in 5 anaesthetized cats during bilateral vagal nerve stimulation.
Vagally-induced tracheal constriction was not significantly affected by
any dose of pilocarpine (P =009), nor was it enhanced by
10mgkg™", i.v. gallamine. The AR, during vagal nerve stimulation
was diminished by pilocarpine doses ranging from 0.01 to
100ugkg™! compared to AR, prior to pilocarpine administration.
Gallamine (10mgkg ™!, i.v.) reversed the pilocarpine effect. The AC,,,
was decreased by pilocarpine doses of 0.1, 0.3, and 1.0ugkg™?,
resulting in a significant treatment effect (P = 0.01). Gallamine signifi-
cantly increased the AC,, recorded during vagal stimulation com-
pared to AC,,, measured following injections ranging from 0.1 to
1.0ugkg™" pilocarpine (P < 0.05). Because AC,,,, and AR, represent
the change in C,, and R, during stimulation minus the pre-
stimulation measurement, decreases in AC,,,, and AR, represent inhi-
bition of vagally-induced airway constriction. Nerve stimulation was
performed and data calculated as described in Figure 1. Data were
analyzed statistically by ANOVA with Tukey’s test of multiple com-
parisons. Each point is the mean of § animals with s.e.mean shown by
vertical bars.

ferent from pre-gallamine measurements at 4, 8, and 12Hz.
The AC,,, measurements after ACh injection were unchanged
before (0.25 + 0.04 mlcmH,0 ™) and after  (0.29
+ 0.21 mlcmH,0 ~!) gallamine injection.

In vitro experiments

The mean wet weights of 40 tracheal strips and 40 bronchial
rings were 11.8 + 0.55mg and 10.7 + 0.33 mg, respectively. In
response to 1073M ACh, active tension development of tra-
cheal strips and bronchial rings was 1.28 +0.17g and
1.0 + 0.05g, respectively. Gallamine shifted the frequency-
response curves to EFS leftward in a dose-dependent manner
in both trachea and bronchi (Figures 4 and 5).
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Figure 3 Tracheal ring 4 constriction, total lung resistance (R, ), and
dynamic compliance (C,,,) during bilateral vagal nerve stimulation
(24V, 0.5ms, 0.5-16 Hz) before (W) and after (A) gallamine adminis-
tration in 10 anaesthetized cats. The amount of tracheal constriction
increased with increasing frequencies of stimulation, but gallamine
(10mgkg™!, i.v.) did not augment the constriction (a). Vagal stimu-
lation increased resistance at 12 and 16 Hz before gallamine injection
and at 8, 12, and 16Hz after injection of 10mgkg™! gallamine (b;
* P < 0.05). Comparison of the two frequency-response curves indi-
cated augmentation of AR, at 4, 8, and 16Hz (1 P < 0.05). Vagal
stimulation changed AC,,, at 8, 12, and 16 Hz prior to gallamine and
also at 4, 8, 12, and 16 Hz following gallamine (c; * P < 0.05). The
AC,,, was enhanced by gallamine at 4, 8, and 12 Hz (f P < 0.05). Data
were analyzed statistically by ANOVA with Tukey’s test of multiple
comparisons or Student’s ¢ test to determine differences between two
curves at a single frequency of stimulation before and after gallamine.
Each point is the mean of 10 animals with s.e.mean shown by vertical
bars. See Figure 1 for description of measurements.

Gallamine (10~*M) did not significantly enhance tension
development at any ACh concentration in either trachea or in
bronchi (Figures 6a and b). Atropine (10~7M) and tet-
rodotoxin (10-%m) inhibited tracheal tension development
during EFS completely (data not shown). Hexamethonium
(10~ % M) had no effect on tracheal response to EFS after galla-
mine treatment (data not shown). The effects of atropine, tet-
rodotoxin, and hexamethonium on bronchial ring responses
were not determined.

Discussion

Most nerve endings contain autoreceptors that inhibit further
release of neurotransmitter and act as a negative presynaptic
feedback mechanism to reduce neurotransmission (Starke et
al., 1989). The primary role of inhibitory receptors may be in
self-regulation of neuronal activity by limiting the neurone’s
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Figure 4 Frequency-response curves to electrical field stimulation in
tracheal strips in the absence (ll) and presence (A) of increasing con-
centrations of gallamine. Each preparation was exposed to only one
concentration of gallamine. Active tension data are expressed as a
percentage of the contractile response of each strip to 10~3Mm acetyl-
choline (ACh). Gallamine shifted the frequency-response curves left-
ward in a dose-dependent manner (a: 10~ °M; b: 1073M; c: 10™*M).
Tension development in the trachea was augmented significantly with
10~*M gallamine at stimulation frequencies of 4Hz and greater (c;
* P < 0.05, Student’s ¢ test). Each point is the mean of 5 animals with
s.e.mean shown by vertical bars.

chemical signal. Autoreceptors associated with cholinergic
nerves supplying airway smooth muscle have been reported in
a number of mammalian species (Fryer & Maclagan, 1984;
Blaber et al., 1985, Ito & Yohitomi, 1988; Minette & Barnes,
1988). Previous in vivo studies in the cat have used the M,
receptor agonist, pilocarpine and M, receptor antagonist, gal-
lamine, to demonstrate the existence of neuronal muscarinic
receptors that inhibit parasympathetic transmission (Blaber et
al., 1985). These authors reported changes in R, and C,,, as
indicators of central and peripheral airway constriction,
respectively. However, studies to examine the role of M,
receptors in limiting cervical tracheal constriction have not
been described.

The gallamine dose-response studies confirmed previous
investigations in which M, receptors have been demonstrated
to modulate intrathoracic airway constriction (Fryer &
Maclagan, 1984; Blaber et al., 1985; Fryer & Jacoby, 1990). In
the current studies, the AR, induced by vagal stimulation was
augmented by gallamine in a dose-dependent manner. The
muscarinic agonist, pilocarpine, tended to have the opposite
effect to gallamine in the intrathoracic airways. The M, recep-
tor agonist, pilocarpine, inhibited bronchoconstriction as
measured by AR, and AC,,, whereas the M, receptor
antagonist, gallamine, reversed the pilocarpine effect. A similar
role of M, receptors in limiting constriction in the cranial cer-
vical trachea was not demonstrated, because the constriction

100

Active tension (% response to 103 m ACh)

|
0 8 16 24 32
Frequency (Hz)

Figure 5 Frequency-response curves to electrical field stimulation in
bronchial rings in the absence (Hl) and presence (A) of increasing con-
centrations of gallamine. Each preparation was exposed to only one
concentration of gallamine. Active tension data are expressed as per-
centage of contractile response of each ring to 10~ 3M acetylcholine
(ACh). Gallamine shifted the frequency-response curves leftward in a
dose-dependent manner (a: 10~ °M; b: 10™5M; c: 10™*M). Tension
development in the bronchi was augmented significantly with 10™4Mm
gallamine at stimulation frequencies of 4Hz and greater (c;
* P < 0.05, Student’s ¢ test). Each point is the mean of 5 animals with
s.e.mean shown by vertical bars.

was neither inhibited by pilocarpine nor augmented by galla-
mine.

Activation of M, receptors is frequency-dependent (Blaber
et al., 1985; Wessler, 1989). The effect of M, agonists is more
obvious during nerve stimulation at lower frequencies, while
the influence of antagonists at these receptors is more appar-
ent when the nerves are stimulated at higher frequencies
(Fryer & Maclagan, 1984; Fryer & Jacoby, 1991). A frequency
of 4Hz may have been too low to demonstrate best an effect
of gallamine on airway responses. Although this is unlikely,
because a gallamine effect was demonstrated in intrathoracic
airways at a stimulus frequency of 4 Hz, the second set of in
vivo experiments was designed to search further for M, recep-
tors in cat cervical trachea at stimulation frequencies greater
than 4Hz.

Vagal stimulation (24 V, 0.5 ms duration) caused extra- and
intrathoracic airway constriction that increased with greater
frequencies of stimulation (0.5-16Hz). Following gallamine
administration, the AR, and AC,, were enhanced signifi-
cantly. A plateau in intrathoracic airway constriction occurred
at the highest frequencies. Although vagal stimulation signifi-
cantly decreased tracheal diameter with increasing stimulation
frequencies, gallamine injection had no effect on the amount
of tracheal constriction. Intravenous atropine blocked trache-
al constriction completely, indicating that the constriction was
mediated through muscarinic receptors and that drugs
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Figure 6 Concentration response-curves to ACh in trachea and
bronchi. Active tension data are expressed as a percent contractile
response of each tissue to 10~3M ACh. There was no difference in the
two curves when active tension before (Hl) and after (A) gallamine
administration (10”*M) was compared in either tracheal strips or
bronchial rings. Each point is the mean of 3 animals with s.e.mean
shown by vertical bars.

injected i.v. into the systemic circulation could reach the cervi-
cal trachea. However, these data do not demonstrate a physio-
logical role for M, inhibitory receptors in limiting tracheal
constriction in cat trachea in vivo.

The electromechanical tracheal caliper attached to the outer
surface of tracheal ring 4 provides a very sensitive method to
quantify isotonic forces developed by contracting smooth
muscle in situ and is unaffected by airway wall oedema and
mucus accumulation. This technique allows the smooth
muscle to be studied with minimal surgical intervention
without transecting tracheal rings and at physiological length
without stretching to obtain maximal contraction. Use of the
tracheal caliper also avoids passing a tracheal cannula
through the study segment, thereby averting epithelial dis-
ruption that could alter tracheal responses. If gallamine had
augmented constriction to the same degree in both the trachea
and bronchi, calculations show that the enhanced contraction
should have been measured easily by the tracheal caliper.
Assuming the length of the airways does not change during
vagal stimulation or gallamine administration, resistance is
inversely proportional to radius to the fourth power. The aug-
mentation in tracheal contraction following the highest dose
of gallamine predicted by the change in R, should be greater
than 1000 um. A change of this magnitude is well within the
measurement capabilities of the tracheal caliper.

Failure to demonstrate a physiological role for M, recep-
tors in the trachea could be due to an absence of presynaptic
M, receptors on parasympathetic nerves in this region of the
airways. The in vitro data do not support this idea. The
responses of both the isolated tracheal and bronchial tissues
to EFS were similarly augmented by gallamine in a dose-
dependent manner. Hexamethonium had no effect on tension
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development, but both atropine and tetrodotoxin completely
inhibited the increased response to EFS following gallamine.
Gallamine did not affect the ACh dose-response curve in vitro
or alter the in vivo measurements of R, or C,,, provoked by
ACh. These observations suggest that the augmented contrac-
tion induced by gallamine was due to blockade of M, recep-
tors on postganglionic neurones.

In order to obtain 8 tracheal strips from each cat for the in
vitro studies, the strips were obtained from the cervical and
thoracic trachea. The fact that tracheal strips originated from
both the intra- and extra-thoracic airways for in vitro studies
may account for the discrepancy with the in vivo studies. Dif-
ferences in neural input to the cervical trachea compared to
intrathoracic airways have been reported in other in vivo cat
studies, as well as discrepancies between in vivo and in vitro
data. The presence of nonadrenergic nonchloinergic (NANC)
inhibitory neural pathways in the intrathoracic airways of cats
has been demonstrated in vivo using tantalum bronchog-
raphy (Matsumoto et al., 1985) and measurements of lung
resistance and dynamic compliance (Diamond & O’Donnell,
1980; Don et al, 1988). However, the NANC inhibitory
system has not been demonstrated in vivo in cat cervical
trachea (Don et al., 1988). In contrast, the presence of NANC
inhibitory pathways has been demonstrated in vitro in both
the cervical (Ito & Takeda, 1982) and thoracic trachea of the
cat (Altiere et al., 1984). These differences in NANC neural
pathways of extra- and intra-thoracic cat airways and between
the in vivo and in vitro data are comparable to the differences
in M, inhibitory receptor distribution and function detected
in our studies. Similar to our conclusion regarding a lack of
M, receptor function in the cervical trachea, Don et al. (1988)
stated that the most plausible conclusion was that in vivo in
the cat, NANC pathways are not activated in the cervical
trachea.

The presence of M, inhibitory receptors has also been
demonstrated in canine and guinea-pig trachea in vitro
(Minette & Barnes, 1988; Brichant et al., 1990), but the signifi-
cance of M, autoreceptors in tracheal caliber regulation in
vivo remains unanswered. Results of in vitro studies do not
always correlate well with in vivo studies due to the use of very
different experimental techniques (Vincenc et al., 1983;
Armour et al., 1984; Woolcock & Permutt, 1986). If airway
smooth muscle shortened in vivo to the extent that it does in
vitro, maximal bronchoconstriction would result in complete
closure of virtually all airways (Macklem, 1971). Investigators
have hypothesized that there must be inhibitory mechanisms,
perhaps mechanical in nature, that operate to limit maximal
airway smooth muscle shortening in vivo (Macklem, 1985;
Bates & Martin, 1990).

In conclusion, although we have demonstrated a functional
role of muscarinic M, receptors in vitro, we were unable to
establish an autoinhibitory role for these receptors in cat
trachea in vivo. This was despite repeated demonstration of
M, receptor-mediated limitation of airway constriction of
intrathoracic airways. It is likely that cartilaginous rings limit
tracheal constriction, but cartilaginous rings do not exist
throughout the intrathoracic airways. Hence, whereas M,
inhibitory receptors could play an important role in limiting
intrathoracic airway constriction where cartilaginous rings do
not exist, in vivo they may not have a functional influence in
the trachea.
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Characterization of receptors involved in the direct and indirect
actions of prostaglandins E and I on the guinea-pig ileum

Ruth A. Lawrence, !R.L. Jones & N.H. Wilson

Department of Pharmacology, University of Edinburgh, 1 George Square, Edinburgh EH8 9JZ

1 A study of the effects of prostaglandin E, (PGE,) and eleven synthetic analogues on the guinea-pig
isolated ileum preparation has revealed three distinct contractile actions, each associated with a different
prostaglandin E (EP-) receptor subtype. In addition, PGI, (prostacyclin) and its stable analogues can
activate prostaglandin I (IP-) receptors to elicit both contraction and relaxation of the ileum.

2 Two of the PGE actions involve direct stimulation of the smooth muscle, being unaffected by 1 um
morphine treatment. One action is blocked by AH 6809 at micromolar concentrations and ICI 80205 and
16,16-dimethyl PGE, are particularly potent agonists. Activation of EP,-receptors appears to be involved.
The second action is unaffected by AH 6809; sulprostone and MB 28767 are potent agonists. Comparison
with agonist potency rankings on the guinea-pig vas deferens indicates that EP;-receptors may be
involved.

3 The third PGE effect and the stimulant PGI effect are blocked by morphine, indicating enteric neu-
rones and/or sensory nerve terminals as sites of action. EP,-receptors may be involved in the PGE action,
in view of the marked effect of morphine on the contractile actions of misoprostol, 11-deoxy
PGE),-1-alcohol, 11-deoxy PGE, and butaprost, all of which show some selectivity for EP,-receptors. The
PGI action is most easily studied with cicaprost (EC,s = 1.3 nm), since iloprost, carbacyclin and to a lesser
extent PGI, also have agonist activity at EP,-receptors.

4 The contractile action of 17-phenyl-w-trinor PGE, on the ileum is unaffected by morphine. Since this
analogue shows only weak agonist activity on the rabbit jugular vein (EP, preparation) and guinea-pig
vas deferens (EP,), it may be a more useful standard agonist than PGE, in EP,-receptor studies.

5 In the presence of morphine and AH 6809, cicaprost inhibits histamine-induced contractions (IC,5 =
22nm). PGI, and iloprost show mixed inhibitory/potentiating actions, whereas carbacyclin only poten-
tiates histamine contractions. This IP-receptor-mediated inhibition may account for the bell-shaped log
concentration-response curve of cicaprost (no inhibitors present) and the very marked block of iloprost-
induced coniractions by AH 6809.

6 We have found no evidence for either IP-receptors mediating direct contraction or EP-receptors medi-
ating inhibition of the ileum longitudinal smooth muscle, as has been suggested in the literature.

7 In view of the complexity of prostanoid action on the guinea-pig ileum we feel that the preparation

must be used with caution to ascertain the EP, agonist or antagonist potencies of novel compounds.
Keywords: Prostaglandins E; prostacyclin analogues; prostaglandin antagonists; morphine; smooth muscle

Introduction

Contractions of the longitudinal muscle of the guinea-pig iso-
lated ileum to prostaglandin E, (PGE,) and PGE, are unaf-
fected by hexamethonium but are partially inhibited by
tetrodotoxin (TTX) and atropine (Horton, 1965; Bennett et
al., 1968). It has been suggested that two excitatory actions are
involved, one on smooth muscle cells, the other on intrinsic
cholinergic nerves (Bennett et al., 1968). Further evidence for a
neuronal component of PGE action stems from the finding
that morphine inhibits the contractile action of PGE; by 60%
and PGE, by 41% (Sanner, 1971).

In later studies directed towards characterizing prostaglan-
din E (EP-) receptors, Kennedy et al. (1982) showed that
PGE, was the most potent of the natural prostanoids on the
guinea-pig ileum, in the presence of atropine, indomethacin
and phenoxybenzamine. They also found that the dibenzoxa-
zepine SC 19220 caused parallel rightward shifts in the log
concentration-response curves of PGE,, PGE, and PGF,,
(pA, = 54, 5.6 and 5.3 respectively). On the basis of these
results they defined the guinea-pig ileum as an EP,-selective
preparation. More recently, the xanthone carboxylic acid AH
6809 has been shown to have a similar profile of activity to SC
19220 in the guinea-pig ileum (Coleman et al., 1985). Its higher
potency (pA, = 6.8, PGE, as agonist) and good water solu-
bility are distinct advantages over SC 19920.

! Author for correspondence at present address: Department of Phar-
macology, Faculty of Medicine, The Chinese University of Hong
Kong, Shatin, N.T., Hong Kong.

The neuronal EP-receptor in the ileum has never been fully
characterized. Recent work by Poll et al. (1988a, b), in which
potentiation of electrical field stimulation responses was mea-
sured, suggests that this receptor is unlikely to be the EP,
subtype.

Finally, Gardiner (1986) has reported that the PGE ana-
logue, butaprost, at high concentrations (3-10 uM) produces an
unsurmountable inhibition of histamine-induced contractions
of the guinea-pig ileum. Gardiner (1986) has proposed that
butaprost is a selective EP,-receptor agonist (EP,-receptors
are associated with the smooth muscle relaxant actions of
prostaglandins E) and consequently that EP, receptors
mediate smooth muscle relaxation in the ileum.

In this study we have examined the actions of PGE, and 11
of its analogues (Figure 1) on the guinea-pig isolated ileum
with a view to determining the number and nature of the EP-
receptors present. At the start of the study, ICI 80205 and
16,16-dimethyl PGE, were known to be highly potent
EP,-receptor agonists, with some selectivity for EP,- as
opposed to EP,-receptors (Dong et al., 1986). Sulprostone was
known to be a highly potent EP;-receptor agonist (inhibition
of the twitch response of guinea-pig vas deferens to electrical
field stimulation), with moderate EP, agonist potency, but
negligible EP, agonist activity (Coleman et al., 1987). Mis-
oprostol was claimed to be an EP,-selective agonist (Eglen &
Whiting, 1988), but concurrent work indicated potent EP,
agonist activity (relaxation of cat trachea) (Coleman et al.,
1988).

In general, PGI, relaxes smooth muscle preparations (sec
Gryglewski, 1987). However, Gaion & Trento (1983) have
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Figure 1 Structures of prostaglandin E (PGE) analogues used in this study.

shown that PGI, contracts the longitudinal muscle of the
guinea-pig ileum and at a concentration of 20nM (~EC;,)
these contractions are abolished by TTX, and markedly inhib-
ited by atropine and hemicholinium-3. In addition, PGI,
potentiates electrically-induced contractions whilst having no
effect on responses to exogenous acetylcholine (ACh). On the
basis of these results it was proposed that PGI,-induced con-
tractions are mediated by ACh released from cholinergic neu-
rones as a consequence of increased excitability of the cell
bodies. Further evidence for this mechanism of action derives
from the observation (Gaion & Trento, 1984) that the contrac-
tile action of PGI, is inhibited by noradrenaline, morphine
and the purinergic receptor agonist N®-phenylisopropyl aden-
osine (PIA). Gaion & Gambaratto (1987) later showed that
TTX or atropine only partially inhibit contractions to higher
concentrations of PGI, (1uM). The authors suggested that
part of the contractile action of PGI, at high concentrations is
due to stimulation of prostaglandin I (IP-) receptors present
on the smooth muscle cells.

There have been no reports of the actions of stable ana-
logues of PGI, on the neuronal IP-receptor in the guinea-pig
ileum. We wished to investigate the action of cicaprost (Figure
2) since we have shown it to be a highly specific agonist for

IP-receptors (Dong et al., 1986), in contrast to iloprost which
has unexpectedly high EP,;-agonist potency (Dong & Jones,
1982; Dong et al., 1986; Sheldrick et al., 1988). We have also
examined carbacyclin and 10,10-difluoro-13,14-didehydro
PGI, ; the latter has greater aqueous stability than PGI, due
to the electron-withdrawing effect of the fluoro substituents on
the enol ether unit (Fried et al., 1980).

Methods

Isolated preparations

Male guinea-pigs (300-500g) were killed by a blow to the
head followed by exsanguination. Preparations were mounted
in 10ml organ baths for recording of tension with Grass FT03
isometric transducers connected to a Grass Polygraph record-
er. The bathing solution was aerated with 95% O, and 5%
CO,, maintained at 37°C and changed by upward displace-
ment and overflow.

Guinea-pig ileum The terminal portion of the ileum was
excised after discarding the 8-10cm portion nearest the ileo-
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caecal junction. Segments about 2cm long were bathed in
Tyrode (composition, mm: NaCl 136, KCl 2.7, CaCl, 14,
MgCl, 0.49, NaH,PO, 0.32, NaHCO; 12 and glucose 5). The
tissues were allowed to equilibrate for about 1h prior to
testing with a priming dose of PGE, (14 nm).

Agonist doses were added non-cumulatively in a 1, 3, 10, 30
or 1, 5, 10, 50 sequence. Sufficient time was allowed for the
response to each dose to reach a maximum and a minimum of
15 min was allowed between additions. Responses were calcu-
lated as a percentage of the ACh maximum obtained in each
preparation at the end of the experiment.

Concentration-response relationships for a particular pros-
tanoid were established simultaneously in two preparations
from the same animal, one being continuously exposed to the
inhibitor, starting 20 min prior to the first agonist dose. Log
concentration-response curves were constructed with results
from five different animals. Mean pD,; values (—log EC,;) in
the presence and absence of the inhibitor were calculated and
compared by an unpaired Student’s ¢ test. A mean dose-ratio
at the EC,; level was calculated from the five individual
experiments.

For the estimation of inhibitory potency, preparations were
bathed in Tyrode solution containing 1 uM morphine and 2 um
AH 6809. The tissue maximum was established initially with
1.5uM histamine and subsequently, each preparation was
exposed repeatedly at 2min intervals to a dose of histamine
producing a contraction 40-50% of the maximum. Inhibitors
were added immediately after wash-out of histamine. Log
concentration-inhibition curves were obtained and pICs,
values calculated.

Guinea-pig trachea Tracheal rings were set up as described
previously by us (Tymkewycz et al., 1991). The Krebs solution
(composition, mm : NaCl 118, KCl 54, MgSO, 1.0, CaCl, 2.5,
NaHPO, 1.1, NaHCO, 25 and glucose 10) contained indo-
methacin (1uM) and atropine (20nMm); EP 092 (1uM) was
added 15min before each cumulative agonist sequence. 17-
Phenyl-w-trinor PGE, was used as the standard agonist.

Schild analysis of the antagonism of 17-phenyl-w-trinor PGE,
by AH 6809 (15min pre-incubation) was carried out as
described previously (Tymkewycz et al., 1991).

Guinea-pig vas deferens Lengths (20 mm) of vas deferens were
suspended in Krebs solution (no additions) between stainless
steel electrodes for supra-maximal electrical field stimulation
(60V, 1ms, 10Hz for 1s every 32s). Prostanoid doses were
added cumulatively and PGE, was used as the standard
agonist. Log concentration-inhibition curves were con-
structed.

Compounds

11-Deoxy PGE,-1-alcohol (starting material nat PGA,) and
EP 092 were prepared in our laboratory. The following com-
pounds were gifts which we gratefully acknowledge: 10,10-
difluoro-13,14-didehydro PGI, sodium salt from Prof. J.
Fried, University of Chicago, U.S.A.; sulprostone, PGI,
sodium salt, iloprost, carbacyclin and cicaprost from Prof. H.
Vorbruggen, Schering AG, Berlin; ICI 80205 (racemic) from
Dr K. Gibson, ICI Pharmaceuticals, U.K.; MB 28767 and
oxoprostol (both racemic) from Dr M. Caton, Rhone-Poulenc,
U.K.; misoprostol and enisoprost from Dr P. Collins, G.D.
Searle, U.S.A.; butaprost from Dr P. Gardiner, Bayer, UK.;
AH 6809 from Dr R.A. Coleman, Glaxo, UK. PGE,, PGF,_,
16,16-dimethyl PGE,, 17-phenyl-w-trinor PGE,, 11-deoxy
PGE, and U-46619 were purchased from Cayman Chemicals,
US.A.

Ethanolic stock solutions of the prostanoids (1072
3 x 1072m) were stored at —20°C and diluted with 0.9%
NacCl solution for use. In the case of PGI, and 10,10-difluoro-
13,14-didehydro PGI,, the sodium salt was dissolved in
50mM Tris-HCI buffer pH9.0. Dilutions of the PGI, stock
were kept on ice and used for one dose sequence only,
whereas with the more stable 10,10-difluoro analogue dilu-
tions were frozen to —20°C after use and re-used for several
experiments.
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Results

Contractile actions of prostaglandin E analogues on the
guinea-pig ileum

No inhibitors present Several different types of contractile
response were elicited by the PGE analogues tested. ICI
80205, 16,16-dimethyl PGE,, PGE, and 17-phenyl-e-trinor
PGE, produced rapidly developing increases in tension with
minimal increase in rhythmic activity. On washout of the
organ bath the return to resting tension was rapid. In con-
trast, MB 28767, oxoprostol, misoprostol, enisoprost, 11-
deoxy PGE,-1-alcohol, 11-deoxy PGE, and butaprost produc-
ed more slowly developing responses which typically showed
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a large degree of spiking. These responses were slower to wane
on washout.

Log concentration-response curves for all the analogues are
shown in Figure 3. Those for MB 28767, oxoprostol, eniso-
prost, 11-deoxy PGE,-1-alcohol, 11-deoxy PGE,; and buta-
prost were shallower than those of the other analogues and in
the case of MB 28767, enisoprost and 11-deoxy
PGE,-1-alcohol maximum responses were lower. Control
pD, s values (—log of molar concentration required to elicit a
contraction 25% of the ACh maximum) are given in Table 1,
in order that the effects of the inhibitors on all analogues can
be compared.

Effect of morphine Using parallel preparations from the same

guinea-pigs, log concentration-response curves for the PGE
analogues in the presence of 1uM morphine were obtained
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Figure 3 Log concentration-response curves for contraction of the guinea-pig ileum by prostaglandin E (PGE) analogues, with no
inhibitors (O), 1 uMm morphine (@) and 1 uM morphine and 2uM AH 6809 () present. (a) ICI 80205, (b) 16,16-dimethyl PGE,, (c)
PGE,, (d) 17-phenyl-w-trinor PGE,, (e) sulprostone, (f) MB 28767, (g) oxoprostol, (h) misoprostol, (i) enisoprost, (j) 11-deoxy
PGE,-1-alcohol, (k) 11-deoxy PGE, (1) butaprost. Each point is the mean of 4-6 experiments, with s.c.mean shown by vertical bars.

Note the different concentration scale for ICI 80205.
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';‘at!»le 1 Agonist potencies of prostaglandin E (PGE) and prostaglandin I (PGI) analogues on the guinea-pig ileum, trachea and vas
eferens
Ileum
pD, s for Dose-ratio Trachea Vas deferens

contraction Morphine (1 uM) Morphine 1 um/ pD, for pICg, for
Prostanoid (no inhibitors) vs no inhibitors AH 6808 (2 uM) vs Morphine (1 um) contraction inhibition
PGE analogues
ICI 80205 9.54 +0.27 1.96 + 0.19 12.6 + 1*** 10.08 + 0.10 9.02 £+ 0.10
16,16-Dimethyl PGE, 9.38 + 0.11 1.62 + 0.24 242 4 5%** 9.82 + 0.03 9.62 + 0.08
PGE, 8.96 + 0.17 3.58 + 0.38* 31.2 4 TH** 8.0)) 8.76 + 0.03
17-Phenyl-w-trinor PGE, 8.10 + 0.10 0.94 + 0.04 11.5  2%** 8.66 + 0.15 7.96 + 0.06
Sulprostone 7.92 4+ 0.07 1.15 4+ 0.03 35+2 8.16 + 0.08 9.69 + 0.03
MB 28767 8.50 + 0.11 52 + 1.4* 1.8+ 0.5 <6.0 897 + 0.10
Oxoprostol 7.03 £ 0.16 40+ 12 39+ 1* 5.85+ 0.16 835+ 0.11
Misoprostol 8.10 + 0.09 42 + 8*** 10 + 4* l 9.12 + 0.07
Enisoprost 7.37 £ 0.13 37+10 41+ 1.1 l 9.22 +0.13
11-Deoxy PGE,-1-alcohol 7.11 + 0.14 >50 —_ l 7.78 £ 0.13
11-Deoxy PGE, 6.87 + 0.22 >20 — l —
Butaprost 6.67 + 0.28 >10 — ! <6.0
PGI analogues
Iloprost 8.62 + 0.12 35+ 1.2* 245 + 57*** 8.09 + 0.13 6.79 + 0.09
Carbacyclin 7.72 £ 0.08 1.6 £ 0.5 249 4 8*** 7.53 £ 0.04 6.96 + 0.12
PGI, 8.12 + 0.08 18.9 + 0.5%** — 6.45 + 0.09 —
Cicaprost 8.89 + 0.11 >100 — <6.0 <6.0
10,10-Difluoro-13,14- 8.05 +0.18 >100 — — —

didehydro PGI,

Values are means + s.e.mean (n = 4-6).

**x p < 0.001; *P < 0.05: significant rightward shift of the log concentration-response curve at the 25% maximum response level.

| Indicates that relaxant activity was observed.

(Figure 3). It had been established in preliminary experiments
that 1 uM morphine was sufficient to abolish the neuronal
component of prostaglandin action on the ileum. The control
and morphine curves for both 17-phenyl-w-trinor PGE, and
sulprostone were virtually superimposible. The corresponding
curves for ICI 80205, 16,16-dimethyl PGE,, oxoprostol,
PGE, and MB 28767 were shifted to the right to a small
extent, but only with the latter two agonists were the pD,;
values statistically significant. More marked shifts were seen
for misoprostol, 11-deoxy PGE,-1-alcohol, 11-deoxy PGE,
and butaprost. Indeed butaprost showed no contractile activ-
ity in the presence of morphine.

Effect of morphine/AH 6809 Our original intention was to
determine the effects of both AH 6809 and morphine/AH 6809
on the contractile actions of the PGE analogues. However we
found that continuous exposure of the ileum preparations to
AH 6809 alone often resulted in increased spontaneous activ-
ity; this was not seen when morphine was also present. There-
fore in a separate series of experiments, log
concentration-response curves in the presence of 1um
morphine/2 um AH 6809 were obtained (Figure 3) and com-
pared with contemporaneous 1 uM morphine curves (Table 1).
For all analogues, morphine pD, values in the two series of
experiments were not significantly different (P > 0.05). AH
6809 caused a parallel rightward shift in the log
concentration-response curve of PGE, (dose-ratio = 31.2),
consistent with a pA, of 7.08 + 0.14 (95% confidence limits,
n = 5). Similar shifts were found for 16,16-dimethyl PGE,,
ICI 80205, and 17-phenyl-w-trinor PGE,, while a smaller but
significant shift was seen for oxoprostol. Misoprostol showed
no contractile action in the presence of morphine/AH 6809.
Over the 10-30% response level the curve for sulprostone was
little affected by AH 6809 but at concentrations giving
responses of 40-70% of maximum the shift was similar to that
produced in the PGE, curve. The log concentration-response
curve for MB 28767 was unaffected by AH 6809. In two
experiments, 10uM AH 6809 caused a greater shift in the log
concentration-response curve for PGE, (mean dose
ratio = 52, pA, = 6.71). However, the curve for MB 28767
was not shifted.

Contractile actions of prostacyclin analogues on the
guinea-pig ileum

No inhibitors present All the PGI analogues tested con-
tracted the ileum, the rank order of potency at the 25%
response  level being: cicaprost > iloprost > PGI, =
10,10-difluoro-13,14-didehydro PGI, > carbacyclin (Figure 4
and Table 1). The log concentration-response curve for cicap-
rost was bell-shaped and the maximum response was lower
than those of PGI, and iloprost (Figure 4). 10,10-Difluoro-13,
14-didehydro PGI, showed a shallow log concentration-
response curve, with threshold response at 2.5nM and 60%
maximal response at 800 nM (Figure 4).

Effects of morphine The contractile actions of cicaprost and
10,10-difluoro-13,14-didehydro PGI, were abolished by mor-
phine treatment (Figure 4). Indeed the higher concentrations
of these two analogues produced an inhibitory response in
those preparations which exhibited resting spontaneous activ-
ity. The log concentration-response curves for PGI, and ilop-
rost were subject to a significant rightward shift in the
presence of 1uM morphine. However the carbacyclin curve
was virtually unaffected at the 25% response level and moved
slightly to the right at the 60% level.

Effects of morphine/AH 6809 In the presence of morphine,
AH 6809 (2 uM) produced a roughly parallel shift to the right
of the log concentration-response curve to carbacyclin, the
dose ratio of 25 (Table 1) being similar to that for PGE,.
However, the inhibitory effect of AH 6809 on iloprost contrac-
tions was much greater (Figure 4).

Relaxant actions on the guinea-pig ileum

In the presence of 1umM morphine and 2uM AH 6809, buta-
prost (15-1500nM) slightly potentiated (0~10%) submaximal
contractile response to histamine in two preparations. In a
further two preparations the histamine response was unaf-
fected. More marked potentiation was seen with PGE, (14-
1000 nM), often associated with small contractile responses to
PGE, itself.

Cicaprost consistently inhibited histamine-induced contrac-
tions of the ileum; IC,5 = 22 + 3nM (mean + s.e.mean, n = 5)
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Figure 4 Log concentration-response curves for contraction of the
guinea-pig ileum by prostaglandin I (PGI) analogues, with no inhibi-
tors (O), 1 uM morphine (@) and 1M morphine and 2 M AH 6809
(O) present. (a) Iloprost, (b) carbacyclin, (c) PGI,, (d) cicaprost, (€)
10,10-difluoro-13,14-didehydro PGI,. Each point is the mean of 4-6
experiments, with s.e.mean shown by vertical bars.

(Figure 5). PGI, and iloprost (100-1000 nMm) also inhibited his-
tamine responses, but they also produced an initial contrac-
tion of the tissue prior to inhibition and the inhibitory effect
did not reach a maximum until two or three histamine doses
had been added. In some tissues (2/6 for iloprost and 2/5 for
PGI,) no inhibition was observed. In contrast, carbacyclin
(10-1000nM) did not inhibit histamine contractions but
instead potentiated these responses.

Actions of other prostanoids on the guinea-pig ileum

The thromboxane A,-mimetic, U-46619, did not contract the
ileum at concentrations up to 3uM. PGF,, contracted the
preparation (EC,s; ~200nM); however, this prostanoid
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Figure 5 Log concentration-response curve for cicaprost (O) as an
inhibitor of histamine-induced contraction of the guinea-pig ileum
(1 um morphine and 2 um AH 6809 present). Each point is the mean of
5 experiments, with the s.e.mean shown by vertical bars.

retained little activity in the presence of 2 um AH 6809. The
PGF,,-mimetic, ICI 81008, was inactive as a contractile agent
at concentrations up to 2 uM.

Agonist potencies on EP-receptor systems in the
guinea-pig trachea and vas deferens

pDs, values for contraction of guinea-pig tracheal rings are
shown in Table 1; the TP-receptor antagonist EP 092 (1 um)
was present to block potential TP-agonist actions. Several of
the PGE analogues (including PGE,) relax the tracheal
muscle and consequently estimates of their contractile potency
cannot be obtained. The regression of guinea-pig ileum pD,s
values (morphine present) on guinea-pig trachea pDj, values
for ICI 80205, 16,16-dimethyl PGE,, 17-phenyl-w-trinor
PGE,, sulprostone, iloprost, carbacyclin and PGI, shows a
highly significant dependence: slope = 1.46, r = 0.989,
P < 0.001.

On the guinea-pig trachea, AH 6809 (0.2-5 uM) shifted the
log concentration-response curve to 17-phenyl-w-trinor PGE,
to the right in a parallel manner. The slope of the Schild plot
(1.13) was not significantly different from unity and a pA, of
7.35 + 0.15 (95% confidence limits) was obtained. AH 6809
also shifted the log concentration-response curves to sulpros-
tone, iloprost and carbacyclin to the right in a parallel manner
and its blocking potency was similar.

pICs, values for inhibition of the twitch response to electri-
cal field stimulation of the guinea-pig vas deferens are also
shown in Table 1. All the analogues with pIC,, values greater
than 7.0 were able to inhibit completely the twitch response.
Comparison of guinea-pig ileum pD,; values (morphine
present) with guinea-pig vas deferens pIC;, values for the
above analogues, but substituting PGE, for PGI,, does not
result in a statistically significant correlation: r = 0.57,
P > 0.05.

Discussion

The agonist specificities of the PGE and PGI analogues for
the three EP-receptor subtypes and the IP-receptor are given
in Table 2. The rankings are compiled from the present and
previously published studies (see Table 2 legend). To simplify
the analysis of our results we have assumed that PGE, and its
analogues interact only with EP-receptors in the ileum. On
human platelets, which are very sensitive to the inhibitory
action of IP-receptor agonists (see Armstrong et al., 1989),
only PGE, and 11-deoxy PGE, show evidence of inhibitory
activity; they are about 300 and 1000 times less potent than
iloprost respectively (Jones unpublished observations). Fur-
thermore, there is no evidence from these or other studies for
DP-, FP-, or TP-receptors in the ileum (Welburn & Jones,
1978; Kennedy et al., 1982).

Our antagonism experiments with AH 6809 confirm the
existence of an EP,-receptor mediating contraction of the
ileum longitudinal smooth muscle. AH 6809 at 2um signifi-
cantly shifted the log concentration-response curves of ICI
80205, 16,16-dimethyl PGE,, PGE, and 17-phenyl-w-trinor
PGE, to the right in a roughly parallel manner: the pA,
values agree with previously published data on the guinea-pig
ileum (pA, = 6.8, PGE, as agonist, Coleman et al., 1985) and
the present measurements on the guinea-pig trachea (pA, =
7.35, 17-phenyl-w-trinor PGE, as agonist). Of the PGI ana-
logues investigated, iloprost and carbacyclin showed potent
contractile actions which were blocked by AH 6809. A similar
profile was seen on the guinea-pig trachea. This extends our
original finding that the contractile actions of iloprost and
A%°*.6a-carba PGI, (an isomer of carbacyclin) on the guinea-
pig trachea and bullock iris sphincter were blocked by SC
19920 and its analogue SC 25191 (Dong et al., 1986). The very
pronounced block by AH 6809 of the contractile action of
iloprost on the ileum is probably due to a combination of
EP,-receptor antagonism and the IP-receptor-mediated inhib-
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Table 2 Specificity of prostaglandin E (PGE) and prostaglandin I (PGI) analogues as agonists at EP- and IP-receptors

Prostanoid EP,
PGE analogues

ICI 80205 +4+++
16,16-Dimethyl PGE, ++++
PGE, + 4+
17-Phenyl-w-trinor PGE, +++
Sulprostone ++
MB 28767 (+)
Oxoprostol (+)
Misoprostol +
Enisoprost +
11-Deoxy PGE,-1-alcohol (+)
11-Deoxy PGE, +
Butaprost (+)
PGI analogues

Iloprost +++
Carbacyclin ++
PGI, +
Cicaprost (+)

EP, EP, P
+ +++
+H(+)  ++++
+++ +++
+ ++
0 ++++
(+) +++
0 ++
++(+) +++
+(+) +++
++ ++
++(+) ++
++* 0
(+) + ++++
+ ++
+ + ++ +(+)
(+) 0 44+

One + corresponds to a potency difference of approximately one order of magnitude. EP, ranking from measurements on guinea-pig
fundus (Coleman et al., 1988) and guinea-pig trachea and ileum (this study); EP, ranking from cat trachea (Coleman et al., 1988),
guinea-pig trachea (Dong et al., 1986) and rabbit jugular vein (Lawrence et al., 1989); EP, rankings from guinea-pig vas deferens (this

study); IP rankings from human platelets (Armstrong et al., 1989).
* Potency of butaprost is low on rabbit jugular vein.

itory action of iloprost (see later) becoming more effective as
its concentration is increased.

There is a very good correlation between contractile
potencies on the guinea-pig ileum (morphine present) and
guinea-pig trachea (analogues with relaxant activity excluded),
consistent with EP,-receptor activation in both preparations.
Furthermore, there is no significant correlation between
agonist potencies on guinea-pig ileum (morphine present) and
guinea-pig vas deferens, the latter being the standard EP,
preparation. Both ICI 80205 and 17-phenyl-w-trinor PGE,
show some selectivity for EP,- as opposed to EP;- (this study)
and EP,-receptors (Dong et al., 1986; Lawrence et al., 1989).
However, 17-phenyl-w-trinor PGE, would have a potential
advantage over ICI 80205 in studies to characterize
EP,-receptors owing to its very low TP agonist potency. 17-
Phenyl-w-trinor PGE, may be a useful lead compound in the
development of more selective EP, -receptor agonists.

In our earlier studies the potent prostacyclinmimetic,
cicaprost, showed only very weak EP,-receptor agonist activ-
ity (Dong et al., 1986). This also appears to be the case in the
ileum. However, it is possible (cf. iloprost) that an inhibitory
action operating through an IP-receptor is masking a weak
EP, contractile component. The 10,10-difluoro13,14-
didehydro analogue of PGI,, again a potent prostacyclin
mimetic, also appeared to have low EP, agonist activity. The
presence of the 13,14-acetylenic bond in cicaprost and the
difluoro analogue extends the rigidity of the C4-C13 structure
to C15 and this could prevent a favourable interaction of the
15a-hydroxyl with the agonist binding site of the
EP,-receptor.

The finding of a morphine/AH 6809-resistant contractile
effect for sulprostone, MB 28767, oxoprostol and enisoprost
suggests the existence of a second EP-receptor on the smooth
muscle cells. Whether the more potent EP,-receptor agonists
also exhibit this type of activity is impossible to determine
without a considerably greater block of EP,-receptors than
that achieved with 2um AH 6809; higher concentrations of
AH 6809 produce low antagonist specificity in other systems
(Keery & Lumley, 1988). It is unlikely that this second direct
contractile component is mediated via an EP,-receptor since
both sulprostone (Coleman et al, 1987) and MB 28767
(Lawrence et al., 1989) have very weak activity in this respect.
They are however highly potent EP;-agonists as judged by
their ability to inhibit the twitch response of the guinea-pig
vas deferens to electrical field stimulation (inhibition of trans-

mitter release) (Coleman et al., 1987). Thus the ileum receptor
may be an EP; subtype. Against this proposal are the low
potencies of enisoprost and 11-deoxy PGE,-1-alcohol and the
complete inactivity of misoprostol. At this stage it is tempting
to suggest yet a further EP-receptor subtype. However, it must
be remembered that the sensitivity of the vas deferens to sul-
prostone is about two orders of magnitude greater than that
of the AH 6909-resistant contractile system of the ileum. Dif-
ferences in receptor density and/or efficiency of receptor-
effector coupling between the two systems could dramatically
alter relative agonist potencies.

In relation to the morphine-sensitive contractile actions of
prostanoids on the ileum, it would seem sensible to postulate
the presence of both EP- and IP-receptors on enteric neurones
and/or sensory nerve terminals. From the previous argument,
the lack of effect of morphine on the contractile actions of
17-phenyl-w-trinor PGE, and sulprostone would suggest that
the EP-receptor is neither the EP, nor EP, subtype. A large
component of the actions of misoprostol, 11-deoxy
PGE,-1-alcohol, 11-deoxy PGE, and butaprost is due to acti-
vation of the neuronal receptor. Since these analogues show
some selectivity for EP,-receptors which mediate relaxation of
vascular and respiratory smooth muscle (Table 2), it seems
likely that the neuronal receptor may be of the EP, subtype.
The pD,5 values for these analogues in the absence of inhibi-
tors give rough estimates of potency at the neuronal EP-
receptor (Table 1). The ranking is misoprostol >11-deoxy
PGE,-1-alcohol > 11-deoxy PGE, > butaprost: PGE, is
likely to be at least as potent as misoprostol. However, the
activity of MB 28767 is difficult to reconcile with the presence
of an EP,-receptor subtype and further studies are required.
The actions of butaprost and 11-deoxy PGE,-1-alcohol are
entirely or almost entirely due to activation of the neuronal
EP-receptor and it is of interest that the maximum contrac-
tion induced by these analogues is only about 40% of the
maximum contraction produced by PGE,, which probably
activates all three = EP-receptor-mediated  systems.
EP,-selective analogues elicit contractions of the ileum which
are more rapid in onset and less prone to spiking than those
elicited by analogues with pronounced EP,/EP, activity. The
difference is similar to that usually seen with ACh and nico-
tine on the ileum and probably reflects direct (EP,) as
opposed to neuronal (EP,) activation of the ileum smooth
muscle; why slow, spiky contractions should also be typical of
EP;-receptor activation is not clear however.
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The neuronal excitatory (morphine-sensitive) action of
PGI, and its analogues on the guinea-pig ileum is unusual
since IP-receptor activation is typically associated with inhibi-
tion of smooth muscle tone, including rhythmic activity of
intestinal smooth muscle (see Skuballa et al., 1987). With the
exception of carbacyclin, most of the 25% maximum contrac-
tile response appears to be due to activation of neuronal IP-
receptors and hence the pD,; values in the absence of
inhibitors give estimates of agonist potency: cicaprost >
iloprost > PGI, = 10,10-difluoro-13,14-didehydro PGI, . Car-
bacyclin would appear to have the lowest potency. This
ranking is similar to those found for other PGI-sensitive
systems in smooth muscle and platelets (Armstrong et al.,
1989).

In the presence of morphine and AH 6809, PGI,, cicaprost
and iloprost, but not carbacyclin, inhibited contractile
responses to histamine. However, only cicaprost was devoid of
accompanying contractile activity. This stimulant action may
be due to surmountability of the EP,-receptor block and/or
an agonist action at the AH 6809-resistant EP-receptor. The
ileum is more sensitive to the neuronal contractile action of
cicaprost (pD,s = 8.89) than the direct inhibitory action
(pIC,5 = 7.66) and this probably accounts for the bell-shaped
nature of the cicaprost log concentration-response curve.

Gardiner (1986) found that the log concentration-response
curve for butaprost on the guinea-pig ileum was bell-shaped,
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Endothelium-dependent and -independent effects of exogenous
ATP, adenosine, GTP and guanosine on vascular tone and
cyclic nucleotide accumulation of rat mesenteric artery
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1 The effects of exogenous guanosine 5'-triphosphate (GTP) and guanosine on vascular tone and cyclic
nucleotide accumulation of noradrenaline-precontracted endothelium-intact and endothelium-denuded
rat mesenteric artery rings were compared with the effects of the known purinoceptor agonists adenosine
§'-triphosphate (ATP) and adenosine.

2 GTP (10 uM—1 mm) dose-dependently relaxed endothelium-intact mesenteric artery rings by producing
a rapid initial response followed by sustained relaxation resembling the relaxant response to acetylcholine.
GTP also slightly relaxed endothelium-denuded artery rings. The acetylcholine- and GTP-induced relax-
ations of endothelium-intact rings were attenuated by NS-nitro L-arginine methyl ester (L-NAME, 330 um)
which attenuation was reversed with L-arginine (1 mm).

3 Guanosine (10 uM—1mM) relaxed both endothelium-intact and -denuded artery rings in a dose-
dependent manner. The relaxations were more pronounced in endothelium-intact preparations and were
only slightly attenuated by L-NAME (330 um).

4 ATP (1umM—1mMm) and adenosine (10 uM—1mm) dose-dependently relaxed endothelium-intact and
-denuded artery rings. The responses were more pronounced in endothelium-intact vascular preparations.
5 GTP (100 uM) and guanosine (100 uM) increased guanosine 3’:5'-cyclic monophosphate (cyclic GMP)
accumulation in both endothelium-intact and -denuded artery rings corresponding to the relaxations
observed. The concentrations of adenosine 3': 5’-cyclic monophosphate (cyclic AMP) were not affected.

6 ATP (100 uM) increased cyclic GMP concentration of endothelium-intact artery rings. The concentra-
tions of cyclic AMP were not affected by ATP (100 uM) and adenosine (100 uM) in endothelium-intact and
-denuded vascular preparations.

7 These results provide evidence that exogenous GTP and guanosine relax precontracted endothelium-
intact and -denuded rat mesenteric artery rings by increasing cyclic GMP accumulation. The response to
GTP of endothelium-intact rings can mainly be explained by the release of endothelium-derived relaxing
factor (EDRF), but that of guanosine is only partly due to EDRF, and is a combination of endothelium-
dependent and -independent effects. The endothelium-independent response of GTP and guanosine is a
direct, unknown effect on smooth muscle and guanylate cyclase.

Keywords: Endothelium; vascular tone; ATP; adenosine; GTP; guanosine; cyclic nucleotides

Introduction

Furchgott & Zawadski (1980) were the first to discover that
acetylcholine relaxed vascular smooth muscle only in the pre-
sence of an intact endothelium. Several other agents, including
adenine nucleotides, calcium ionophore A23187, bradykinin,
substance P and related peptides, unsaturated fatty acids, his-
tamine, 5-hydroxytryptamine, noradrenaline and thrombin
have also been shown to relax vascular smooth muscle
endothelium-dependently (Rapoport & Murad, 1983). The
factor released from endothelium has been termed the
endothelium-derived relaxing factor (EDRF). EDRF is
believed to relax smooth muscle by activating soluble gua-
nylate cyclase and increasing intracellular levels of guanosine
3':5'-cyclic monophosphate (cyclic GMP) (Rapoport &
Murad, 1983; Waldman & Murad 1987; Ignarro, 1989). The
chemical nature of EDRF has been the subject of intense
investigation and is proposed to be identical or closely related
to nitric oxide synthesized from L-arginine (Palmer et al.,
1987; 1988; Moncada et al., 1989; Myers et al., 1990). The
synthesis of EDRF from L-arginine in endothelium can be
inhibited by NS-nitro L-arginine methy! ester (L-NAME) (Rees
et al., 1990).

Extracellular adenosine and adenine nucleotides modulate
vascular tone and platelet function by interacting with specific

! Author for correspondence.

receptors on the cell surface (Burnstock, 1978; Burnstock &
Kennedy, 1985; Gordon, 1986). ATP and ADP can be liber-
ated into the extracellular space as a consequence of vessel
wall damage and local platelet aggregation (Gordon, 1986),
after which they are rapidly sequentially dephosphorylated to
adenosine by ectonucleotidases of endothelium and circulating
blood cells (Pearson & Gordon, 1985; Coade & Pearson,
1989). The endothelium-independent effects of ATP can be
either vasodilatation or vasoconstriction, depending on the
subclass of the P, purinoceptor in question (Kennedy et al.,
1985; Houston et al., 1987; Pearson, 1988). The endothelium-
dependent effect of ATP is vasodilatation due to its action at
P,y purinoceptors which leads to release of EDRF and/or
prostacyclin (De Mey & Vanhoutte, 1981; Gordon & Martin,
1983; Needham et al., 1987; Boeynaems & Pearson, 1990).
The vasodilator action of adenosine is mediated by the A,
subclass of the P, purinoceptor, which stimulates adenylate
cyclase (Collis & Brown, 1983; Ramagopal et al., 1988). The
location of adenosine receptors has not been well defined and
both endothelium-dependent (Gordon & Martin, 1983;
Rubanyi & Vanhoutte, 1985) and -independent (Kennedy et
al, 1985; White & Angus, 1987) responses have been
described.

Although the effects of extracellular adenine nucleotides are
well known, there is little evidence about the effects of extra-
cellular guanine nucleotides on vascular tone. We have recent-
ly reported that exogenous GTP augments sodium
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nitrite-induced cyclic GMP accumulation in endothelium-
denuded rat mesenteric artery rings and human platelets. This
increase in cyclic GMP is accompanied by corresponding
physiological changes, ie. increased vascular relaxation and
decreased platelet aggregation (Laustiola et al., 1991). The
present work was carried out to evaluate in more detail the
endothelium-dependent and -independent effects of exogenous
GTP and guanosine on vascular tone and cyclic nucleotide
accumulation, and to compare them to the effects of the
known purinoceptor agonists, ATP and adenosine.

Preliminary results of part of this work were presented at
the IUPHAR Satellite Symposium on EDRF and EDRF-
related Substances, at Antwerp, in 1990 (Porsti et al., 1990)
and the International Symposium on Pharmacology of Purin-
ergic Receptors, at Noordwijk, in 1990 (Laustiola & Vuorinen,
1990).

Methods

Relaxation of rat mesenteric arteries

Non-fasted male Sprague-Dawley rats weighing about 350 g
(age 10-12 weeks) were decapitated. The mesenteric artery was
excised and cut into 3mm long rings. Six rings were usually
obtained from one artery. When endothelium-dependent
effects were studied the endothelium was left intact, but for
studies of endothelium-denuded rings the endothelium was
removed by rubbing it gently with a scuffed injection needle.
The rings were placed between two stainless steel hooks and
mounted in an organ bath chamber in Krebs bicarbonate
buffer solution (pH 7.4) of the following composition (mm):
NaCl 118.0, NaHCO, 25.0, glucose 11.1, CaCl, 2.5, KCl 4.7,
KH,PO, 1.2, MgSO, 1.2. The preparations were maintained
at +37°C and aerated with 95% 0,:5% CO,. They were
equilibrated for 1 h with a resting tension of 1.5g. The force of
contraction was measured with an isometric force-
displacement transducer (Grass FT03) and registered on a
Grass Polygraph (Model 7 E Polygraph; Grass Instrument
Co., Quincy, MA, US.A).

Successful removal and the integrity of the endothelium
were confirmed by adding acetyicholine (1uM, final
concentration) to 0.5 uM noradrenaline-precontracted vascular
rings. If any relaxation of the denuded preparation was
observed, the endothelium was further rubbed. For studies
with endothelium-intact vascular rings, the relaxation with
acetylcholine had to be nearly 100%.

After rinsing four times with Krebs buffer the rings were
stabilized for an additional 30 min; cumulative vascular relax-
ations after precontraction with noradrenaline (0.5 uM) were
then elicited in response to acetylcholine (1 nM—1uM), ATP
(1 um-1 mM), adenosine (10 um—1 mm), GTP (10 um—1 mm) and
guanosine (10 um—1 mm) (Figures 1 and 2). The relaxation time
for each dose was Smin, but for the highest dose it was
10min. In some experiments indomethacin (10 uM) was incu-
bated with endothelium-intact rings before the addition of
GTP. The relaxations induced by acetylcholine, GTP and
guanosine in endothelium-intact artery rings were also studied
in the presence of 330um L-NAME or L-NAME plus L-
arginine (1 mmM). In these studies, L-NAME or L-NAME plus
L-arginine were added 15 min before precontraction with nor-
adrenaline and then the cumulative dose-response relaxations
were elicited. In control studies, 0.5uM noradrenaline was
found to produce a steady contraction lasting throughout the
experimental procedure without any relaxation.

Measurement of cyclic nucleotides

In parallel experiments with identical conditions to the studies
of physiological responses, samples for cyclic nucleotide deter-
minations were taken. The control samples for endothelium-
intact and -denuded rings were taken after a 6min

+ Endothelium —Endothelium
Guanosine Guanosine
10 pm 10 pm
. 0.1 mm 0.1 mm
10 min ‘ 0.3 mm l 0.3 mm
— l | 1mm l l 1 mm
1 gI | Vl\Iash l Vlvas"'
INA 0.5 um I NA 0.5 pm
10 um 10 |L0M1
.1 mm
GTP 0i1 0 mm GTP ‘ I 0,31mm
! 11 mMWash l \ m VlVash
NA 0.5 um | | NA 0.5 um

Figure 1 Record showing the cumulative effects of guanosine (upper
panel) and GTP (lower panel) on noradrenaline (NA) precontracted
endothelium-intact and -denuded rat mesenteric artery rings.

precontraction with noradrenaline. After 4 min noradrenaline
precontraction, the rings were incubated with acetylcholine
(0.1 uM), ATP (100 um), adenosine (100 um), GTP (100 um) and
guanosine (100 u#M). The incubation time for acetylcholine was
30s and for the other compounds 2 min. The artery rings were
taken from the organ baths after exposure to the test agents
and immediately frozen in liquid nitrogen. They were homoge-
nized in 0.5 ml ice cold 6% trichloroacetic acid (TCA) in small
glass homogenizers and centrifuged at 2000g for 20min.
Supernatant fractions were washed four times with water-
saturated ether and aliquots of extracts were diluted with
100mmM sodium acetate buffer, pH 5.8, and then acetylated.
Adenosine 3':5-cyclic monophosphate (cyclic AMP) and
cyclic GMP concentrations were determined by radioimmu-
noassay with a commercial kit (Amersham International Plc,
U.K\). The pellets of TCA extracts were dissolved in 0.5ml of
1M NaOH and used for measurements of protein content
(Lowry et al., 1951).

Drugs

Acetylcholine chloride, adenosine, adenosine 5'-triphosphate,
guanosine, guanosine 5-triphosphate, indomethacin, L-
arginine and NS-nitro L-arginine methyl ester were obtained
from Sigma Chemical Company (St Louis, Mo, U.S.A.), and
(—)-noradrenaline-L-hydrogen tartrate was from Fluka
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0.3 mm 0.1 mm
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INA 0.5 um INA 0.5 um
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10 pm 30 '(‘SMI
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ATP 30 pum ATP 0.:’3“ o
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Figure 2 Record showing the cumulative effects of adenosine (upper
panel) and ATP (lower panel) on noradrenaline (NA) precontracted
endothelium-intact and -denuded rat mesenteric artery rings.
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Figure 3 Concentration-response curves for the relaxation induced
by acetylcholine (A), GTP ([J) and guanosine (Q) in endothelium-
intact (open symbols) and endothelium-denuded (closed symbols) nor-
adrenaline (0.5 uM)-precontracted rat mesenteric artery rings. Each
point represents the mean, and vertical lines show s.e.mean (n = 10-12
rings of 6-8 rats).

100

80

601

401

Relaxation (%)

20

5 4 3
—log m

er

Figure 4 Concentration-response curves for the relaxation induced
by ATP (O) and adenosine (O) in endothelium-intact (open symbols)
and endothelium-denuded (closed symbols) noradrenaline (0.5uM)
precontracted rat mesenteric artery rings. Each point represents the
mean, and vertical lines show s.e.mean (n = 8-10 rings of 6-8 rats).
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Chemie AG (Buchs, Switzerland). The test agents were pre-
pared in Krebs buffer on the day of use.

Statistical analysis

Data are presented as mean + s.e.mean. Statistical compari-
sons were performed by Student’s ¢ test. P values of less than
0.05 were considered to be statistically significant.

Results

The effects of acetylcholine, GT P and guanosine on
vascular tone

In the noradrenaline-precontracted endothelium-intact rings
acetylcholine (1 nM-1uM) produced a dose-dependent relax-
ation. The maximal relaxation at 1uM acetylcholine was
96 + 1%. In the absence of endothelium this relaxation was
completely abolished (Figure 3).

GTP (10 um—1mm) relaxed endothelium-intact artery rings
with a fast initial relaxation response (Figures 1 and 3). The
relaxation at 1mM GTP was 91 + 4% in endothelium-intact
rings. Pretreatment of endothelium-intact artery rings with
10um indomethacin for 30min before inducing contraction
did not attenuate the relaxant effect of GTP (data not shown).
GTP also slightly relaxed endothelium-denuded rings, the
relaxation at 1 mm GTP being 23 + 3% (Figures 1 and 3).

Guanosine (10 uM—1mm) relaxed both endothelium-intact
and -denuded artery rings in a concentration-dependent
manner, the response being slightly more pronounced in
intact preparations (Figures 1 and 3). The relaxation at 1 mm
guanosine was 82 + 4% in intact and 65 + 5% in denuded
artery rings (Figure 3).

The effects of AT P and adenosine on vascular tone

ATP (1 um—1 mm) relaxed endothelium-intact rings with a fast
initial response at lower concentrations, while higher concen-
trations of ATP produced a transient contraction followed by
a maintained relaxation (Figures 2 and 4). ATP (1 mm) relaxed
endothelium-intact rings by 93 + 2% (Figure 4). ATP also
relaxed endothelium-denuded rings, the response being
smaller than that in intact rings (Figures 2 and 4). The relax-
ation produced by 1 mm ATP in denuded rings was 46 + 7%
(Figure 4).

Adenosine (10 umM—1 mM) produced concentration-dependent
relaxations of the endothelium-intact and denuded-artery

Table 1 The effects of acetylcholine, GTP and guanosine on cyclic GMP and cyclic AMP content of noradrenaline precontracted
endothelium-intact (+ E) and -denuded (— E) rat mesenteric artery rings

Cyclic GMP Cyclic AMP
(pmol mg ™! prot) (pmol mg ™! prot)
+E —E +E —-E
Control 1.18 + 0.08 0.82 + 0.08 230+ 0.18 1.31 + 0.15
Acetylcholine (0.1 um) 1.88 + 0.12%* 0.66 + 0.08 NM NM
GTP (100 um) 1.85 + 0.09** 1.13 + 0.06** 1.94 + 0.15 1.55 + 0.10
Guanosine (100 uM) 1.98 + 0.20* 1.22 £ 0.12* 248 +0.10 1.73 £ 0.16

Data represent the means + s.emean (n = 8-12 rings). Differences from corresponding control values (precontracted with 0.5um
noradrenaline) are denoted by * P < 0.05 and ** P < 0.01 (NM = not measured).

Table 2 The effects of ATP and adenosine on cyclic GMP and cyclic AMP content of noradrenaline precontracted endothelium-intact

(+E) and -denuded (— E) rat mesenteric artery rings

Cyclic GMP Cyclic AMP
(pmol mg ™! prot) (pmol mg ™! prot)
+E -E +E -E
Control 0.47 + 0.05 0.22 + 0.05 2.51 +0.18 1.31 £ 0.15
ATP (100 um) 0.99 + 0.08** 0.19 + 0.02 274 + 0.28 1.59 £ 0.13
Adenosine (100 uM) 0.59 + 0.06 0.15 + 0.03 271 £ 0.17 142 + 0.18

Data represent the means + s.e.mean (n = 8-12 rings). Difference from corresponding control value (precontracted with 0.5um

noradrenaline) is denoted by ** P < 0.01.
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Figure 5 The effects of N®-nitro L-arginine methyl ester (L-NAME,
330um) and L-NAME (330uM) plus L-arginine (1mM) on the
concentration-response curves for the relaxation induced by (a) acetyl-
choline, (b) GTP and (c) guanosine in endothelium-intact noradrena-
line (0.5 um)-precontracted rat mesenteric artery rings. In (a) (Q)
acetylcholine; (@) acetylcholine + L-NAME; ([J) acetylcholine + 1-
NAME + L-arginine. In (b) (O) GTP; (@) GTP + L-NAME; (O)
GTP + L-NAME + L-arginine. In (c) (O) guanosine; (@)
guanosine + L-NAME; ([J) guanosine + L-NAME + L-arginine.
Each point represents the mean, and vertical lines show s.e.mean
(n = 6-8 rings of 46 rats).

rings, the relaxation response again being more pronounced in
intact preparations (Figures 2 and 4). Adenosine at 1 mm
caused 89 1+ 5% relaxation in endothelium-intact rings and
72 + 7% relaxation in denuded rings (Figure 4).

The effects of acetylcholine, AT P, adenosine, GTP and
guanosine on cyclic nucleotides

Acetylcholine (0.1 um, P < 0.01), GTP (100 uMm, P < 0.01) and
guanosine (100 um, P < 0.05) all increased cyclic GMP levels
in endothelium-intact artery rings when compared to the
noradrenaline-contracted control (Table 1). When the endo-
thelium was removed acetylcholine did not affect cyclic GMP,
but GTP (P < 0.01) and guanosine (P < 0.05) still significantly
increased it (Table 1). Cyclic AMP levels were not affected by
these compounds (Table 1).

ATP (100 uM, P < 0.01) increased the cyclic GMP concen-
tration of endothelium-intact rings (Table 2). ATP and aden-
osine had no effects on the cyclic GMP of
endothelium-denuded rings. Neither ATP (100 uM) nor aden-

osine (100 #m) had any effects on cyclic AMP in endothelium-
intact and -denuded rat mesenteric artery rings (Table 2).

The effects of L-nitroarginine on relaxation of
endothelium-intact rings

L-NAME (330 uMm) shifted the concentration-response curve of
acetylcholine-induced relaxation to the right (Figure 5a). The
relaxation of 0.33 um acetylcholine was 95 + 3% and in the
presence of L-NAME 57 + 4% (P < 0.001) (Figure 5a). L-
Arginine (1mm) totally reversed the inhibitory action of
L-NAME (Figure 5a).

The concentration-response curve for GTP-induced relax-
ation of endothelium-intact rings was also shifted to the right
by L-NAME. GTP (1 mm) relaxed the rings by 96 + 2%, and
in the presence of L-NAME by 73 + 8% (P < 0.001) (Figure
Sb). The inhibitor action of L-NAME was reversed by L-
arginine and the GTP-induced relaxation was even slightly
improved (Figure 5b).

L-NAME inhibited guanosine-induced relaxation only at
low guanosine concentrations. At 0.1 mM guanosine, the relax-
ation was decreased from 24 + 4% to 10 + 2% (P < 0.001) in
the presence of L-NAME (Figure 5c). At higher guanosine
concentrations the inhibitory action of L-NAME was not seen.
The combination of L-NAME and L-arginine clearly enhanced
the guanosine-induced relaxation of endothelium-intact artery
rings (Figure 5c).

Discussion

The relationship between the increase in cellular cyclic GMP
and vascular smooth muscle relaxation has become widely
accepted (Waldman & Murad, 1987; Lincoln, 1989). The
actions of nitrovasodilators are mediated by the release of
nitric oxide, which interacts with the heme prosthetic group of
soluble guanylate cyclase and activates the enzyme (Ignarro et
al., 1986; Waldman & Murad, 1987). The release of nitric
oxide or a closely related compound and the subsequent acti-
vation of soluble guanylate cyclase is also believed to account
for the biological actions of the endothelium-derived relaxing
factor (Palmer et al., 1987; Myers et al., 1990). ’

The present results show that ATP and GTP efficiently
relaxed endothelium-intact mesenteric artery rings and
increased cyclic GMP concentration without an effect on
cyclic AMP, thus resembling the endothelium-dependent
effects of acetylcholine. ATP acts at P, receptors on endothe-
lial cells releasing both EDRF and prostacyclin (De Mey &
Vanhoutte, 1981; Needham et al., 1987). The release of EDRF
and the subsequent increase in cyclic GMP are considered to
be the main mediators of ATP-induced relaxation (Houston et
al., 1987; Rose’meyer & Hope, 1990). GTP has been described
as mediating an endothelium-dependent relaxation of pig
aorta, but when compared to ATP, it was found to be a very
weak relaxant (Martin et al., 1985). Our results with rat mes-
enteric artery indicate that GTP is an efficient endothelium-
dependent relaxant. Indomethacin did not impair the
endothelium-dependent relaxation of GTP, and GTP did not
increase cyclic AMP in mesenteric rings, suggesting that pros-
tacyclin does not mediate these effects. This is further sup-
ported by the finding that GTP does not induce prostacyclin
production in pig aortic endothelial cells (Needham et al,
1987). The L-arginine analogue, L-NAME, attenuated
acetylcholine-induced relaxation of endothelium-intact artery
rings as previously reported (Rees et al., 1990), the inhibitor
action being reversed by L-arginine. L-NAME also inhibited
GTP-induced relaxation, this attenuation could be reversed
by L-arginine, although the inhibitory action was not as
marked as in the case of acetylcholine relaxation. Thus the
increase in cyclic GMP and the relaxation of endothelium-
intact rat mesenteric artery rings by GTP are probably medi-
ated by the release of EDRF-.

ATP relaxed precontracted endothelium-denuded rat mes-
enteric artery rings without any effects on cyclic nucleotides.
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Higher concentrations of ATP sometimes first produced a
transient contraction of both intact and denuded preparations
which was followed by relaxation. The transient contraction
can be explained by the activation of P,, receptors on smooth
muscle (Pearson, 1988). The relaxation to ATP observed in
denuded preparations could result from a direct P,, receptor
action on smooth muscle or the production of adenosine from
ATP by ectonucleotidases during incubation.

GTP also increased cyclic GMP and relaxed endothelium-
denuded artery rings. Since the removal of the endothelium
completely abolished the effect of acetylcholine on relaxation
and cyclic GMP, the effect of GTP on endothelium-denuded
rings cannot be explained by an EDRF-mediated mechanism.

Adenosine relaxed both endothelium-intact and -denuded
mesenteric artery rings, in accordance with earlier results
(Furchgott, 1984). The relaxant effect of adenosine was slightly
more pronounced in endothelium-intact preparations,
although no significant changes were observed in cyclic
nucleotide levels of either endothelium-intact or -denuded
artery rings. It has been suggested that adenosine A, receptors
which stimulate adenylate cyclase mediate vasodilatation in
major vessels (Collis & Brown, 1983; Ramagopal et al., 1988;
Olsson & Pearson, 1990). However, no clear correlation
between adenosine-induced relaxation and accumulation of
cyclic AMP has been found in smooth muscle cells (Olsson &
Pearson, 1990). In rat aorta, adenosine has been reported to
induce the production of EDRF via endothelial A, receptors
and thus stimulate smooth muscle soluble guanylate cyclase.
This adenosine-induced EDRF-release was found to decrease
with increasing age and to be absent in the aorta of 12 week-
old rats. The aortic cyclic AMP levels were not affected by
adenosine (Moritoki et al., 1990). In cultured vascular smooth
muscle cells adenosine has been shown to stimulate particu-
late guanylate cyclase (Kurtz, 1987). However, in the present
study, adenosine did not affect cyclic GMP levels in either
endothelium-intact or -denuded preparations.

The relaxant effects of guanosine on endothelium-intact and
-denuded rat artery rings were almost identical to the effects
of adenosine, but guanosine produced an increase in cyclic
GMP in both vascular preparations. The guanosine-induced
relaxation of intact rings was inhibited by L-NAME only at
low guanosine concentrations, and L-arginine not only
reversed the action of L-NAME, but clearly enhanced the
relaxation to guanosine. This indicates that the endothelium-
dependent relaxation by guanosine is only partly due to
EDRF, and suggests that guanosine has a direct effect on
smooth muscle which is more pronounced than that of GTP.
Thus, the response to guanosine in endothelium-intact rings is
a combination of endothelium-dependent and -independent
effects.

The present results show that exogenous ATP and aden-
osine can cause both endothelium-dependent and -
independent relaxations of precontracted rat mesenteric artery
rings, in confirmation of previous studies (Furchgott, 1984;
White & Angus, 1987; Olsson & Pearson, 1990; Moritoki et
al., 1990; Rose’meyer & Hope, 1990). ATP increased the cyclic
GMP of endothelium-intact mesenteric rings, but adenosine
did not affect cyclic nucleotide levels of intact and denuded

References

BOEYNAEMS, J.-M. & PEARSON, 1.D. (1990). P, purinoceptors on
vascular endothelial cells: physiological significance and trans-
duction mechanisms. Trends Pharmacological Sci., 11, 34-37.

BURNSTOCK, G. (1978). A basis for distinguishing two types of purin-
ergic receptor. In Cell Membrane Receptors for Drugs and Hor-
mones: A Multidisciplinary Approach. ed. Straub, RW. & Bolis, L.
pp. 107-118. New York: Raven Press.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for dis-
tinguishing two types of P,-purinoceptor? Gen. Pharmacol., 16,
433-440.

COADE, S.B. & PEARSON, J.D. (1989). Metabolism of adenine nucleo-
tides in human blood. Circ. Res., 65, 531-537.

preparations. On the other hand, exogenous GTP and gua-
nosine increased cyclic GMP accumulation and caused
concentration-related relaxation of both endothelium-intact
and -denuded rat mesenteric artery rings. The mechanisms
underlying these effects of GTP and guanosine are not known.
GTP is also the substrate for producing cyclic GMP by gua-
nylate cyclase. To enter an intact cell, GTP must first undergo
sequential hydrolysis to guanosine by ectonucleotidases. In
guinea-pig urinary bladder, GTP and other nucleotide tri-
phosphates all lost their terminal phosphate groups by ecto-
nucleotidase action at the same half-life rate of about 15 min,
which means that the production of guanosine from GTP is
an even slower processs (Welford et al., 1987). Extracellular
guanosine, taken up by cardiac myocytes was found to be
phosphorylated slowly to guanine nucleotides, the majority of
guanosine (98%) still existing free after 1 min (Geisbuhler et
al., 1987). In the present study, GTP and guanosine increased
cyclic GMP in both intact and denuded artery rings after a
2 min exposure. Thus these results are unlikely to be explained
by a pure substrate effect of GTP on guanylate cyclase. Extra-
cellular guanosine 5-(f-thio)diphosphate, GTP and GDP
have all been reported to inhibit agonist-induced platelet
aggregation (Krishnamurthi et al., 1988), in accordance with
our recent work on human platelets (Laustiola et al., 1991).
This suggests an extracellular site of action for these nucleo-
tides mediating the inhibition of platelet aggregation. Our
earlier results show that GTP can increase cyclic GMP and
potentiate cyclic GMP accumulation caused by sodium nitrite
both in platelets and in endothelium-denuded rat mesenteric
arteries (Laustiola et al., 1991). Since guanylate cyclase activity
in platelets is almost totally in the soluble fraction (Tremplay
et al., 1988) and sodium nitrite is an activator of soluble gua-
nylate cyclase (Waldman & Murad, 1987), it seems evident
that the soluble guanylate cyclase is stimulated.

Recently it has been shown that neurally-mediated vasodil-
atation in the sheep middle cerebral artery is mediated by
vasoactive intestinal polypeptide through a cyclic GMP-
mediated mechanism that appears to involve synthesis of
nitric oxide from L-arginine (Gaw et al., 1991). Interleukin-18
induces the production of a transferrable factor from cultured
smooth muscle cells which relaxes vascular smooth muscle
and stimulates the production of cyclic GMP (Schini et al.,
1991). The stimulation of membrane receptors in NG 108-15
cells also increases cyclic GMP accumulation, an effect inhib-
ited by pertussis toxin (Kurose & Ui, 1985) and a cell surface
receptor activates Mg?*-dependent guanylate cyclase in the
cellular slime mold Dictyostelium discoidenum (Janssens et al.,
1989).

The results presented here raise the possibility of a cell
membrane site of action for GTP and guanosine which medi-
ates the activation of soluble guanylate cyclase and leads to
increased cyclic GMP accumulation and relaxation of arterial
smooth muscle.

The excellent technical assistance of Mrs Anja Salonniemi and Mr
Timo Tanhuanpii is greatly appreciated. This study was supported
by grants from the Academy of Finland and the Finnish Cultural
Foundation, Pirkanmaa Fund.

COLLIS, M.G. & BROWN, C.M. (1983). Adenosine relaxes the aorta by
interacting with an A, receptor and an intracellular site. Eur. J.
Pharmacol., 96, 61—69.

DE MEY, J.G. & VANHOUTTE, P.M. (1981). Role of the intima in cho-
linergic and purinergic relaxation of isolated canine femoral
arteries. J. Physiol., 316, 347-355.

FURCHGOTT, R.F. (1984). The role of endothelium in the responses of
vascular smooth muscle to drugs. Annu. Rev. Pharmacol. Toxicol.,
24, 175-197.

FURCHGOTT, R. & ZAWADSKI, D. (1980). The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle by
acetylcholine. Nature, 288, 373-376.



284 P. VUORINEN et al.

GAW, AJ, ABERDEEN, J., HUMPHREY, P.P.A, WADSWORTH, RM. &
BURNSTOCK, G. (1991). Relaxation of sheep cerebral arteries by
vasoactive intestinal polypeptide and neurogenic stimulation: inhi-
bition by L-N€-monomethyl arginine in endothelium-denuded
vessels. Br. J. Pharmacol., 102, 567-572.

GEISBUHLER, T.P, JOHNSON, D.A. & ROVETTO, M.J. (1987). Cardiac
myocyte guanosine transport and metabolism. Am. J. Physiol.,
253, C645-C651.

GORDON, J.L. (1986). Review article. Extracellular ATP: effects,
sources and fate. Biochem. J., 233, 309-319.

GORDON, J.L. & MARTIN, W. (1983). Endothelium-dependent relax-
ation of the pig aorta: relationship of %¢Rb efflux from isolated
endothelial cells. Br. J. Pharmacol., 79, 531-541.

HOUSTON, D.A,, BURNSTOCK, G. & VANHOUTTE, P.M. (1987). Differ-
ent P,-purinergic receptor subtypes of endothelium and smooth
muscle in canine blood vessels. J. Pharmacol. Exp. Ther., 241, 501
506.

IGNARRO, LJ. (1989). Endothelium-derived nitric oxide: actions and
properties. FASEB J., 3, 31-36.

IGNARRO, LJ, ADAMS, J.B, HORWITZ, P.M. & WOOD, K.S. (1986).
Activation of soluble guanylate cyclase by NO-hemoproteins
involves NO-heme exchange. Comparison of heme-containing and
heme-deficient forms. J. Biol. Chem., 261, 4997-5002.

JANSSENS, PM.W,, DE JONG, C.CC, VINK, AA. & VAN HAASTERT,
P.J.M. (1989). Regulatory properties of magnesium-dependent gua-
nylate cyclase in Dictyostelium discoidenum membranes. J. Biol.
Chem., 264, 43294335

KENNEDY, C., DELBRO, D. & BURNSTOCK, G. (1985).
P,-purinoceptors mediate both vasodilatation (via the
endothelium) and vasoconstriction of the isolated rat femoral
artery. Eur. J. Pharmacol., 107, 161-168.

KRISHNAMURTHIL, S., PATEL, Y. & KAKKAR, V.V. (1988). Inhibition of
agonist-induced platelet aggregation, Ca?* mobilization and
granule secretion by guanosine 5'-(f-thio)diphosphate and GDP in
intact platelets. Biochem. J., 250, 209-214.

KUROSE, H. & Ul, M. (1985). Dual pathways of receptor-mediated
cyclic GMP generation in NG 108-15 cells as differentiated by
susceptibility to islet-activating protein, pertussis protein. Arch.
Biochem. Biophys., 238, 424-434.

KURTZ, A. (1987). Adenosine stimulates guanylate cyclase activity in
vascular smooth muscle cells. J. Biol. Chem., 262, 6296—6300.

LAUSTIOLA, K.E. & VUORINEN, P. (1990). Evidence of a “new”
guanine nucleotide purinoceptor coupled to guanylate cyclase.
Synergistic effects of exogenous GTP and GTP analogues with
nitrovasodilators. Pharmacology of Purinergic  Receptors,
IUPHAR Satellite Symposium, Abstr. p. 14, Noordwijk, The
Netherlands.

LAUSTIOLA, K.E, VUORINEN, P, PORSTI, I, METSA-KETELA, T,
MANNINEN, V. & VAPAATALO, H. (1991). Exogenous GTP
enhances the effects of sodium nitrite on cyclic GMP accumula-
tion, vascular smooth muscle relaxation and platelet aggregation.
Pharmacol. Toxicol., 68, 60—63.

LINCOLN, T.M. (1989). Cyclic GMP and mechanism of vasodilatation.
Pharmacol. Ther., 41, 479-502.

LOWRY, O.H, ROSENBROUGH, NJ, FARR, AL. & RANDALL, RJ.
(1951). Protein measurement with the Folin phenol reagent. J.
Biol. Chem., 193, 265-275.

MARTIN, W.,, CUSACK, N.J., CARLETON, J.S. & GORDON, J.L. (1985).
Specificity of P,-purinoceptor that mediates endothelium-
dependent relaxation of the pig aorta. Eur. J. Pharmacol., 108,
295-299.

MONCADA, S, PALMER, RM. & HIGGS, E.A. (1989). Biosynthesis of
nitric oxide from L-arginine. A pathway for the regulation of cell
function and communication. Biochem. Pharmacol., 38, 1709-1715.

MORITOKI, H., MATSUGI, T., TAKASE, H., UEDA, H. & TANIOKA, A.
(1990). Evidence for the involvement of cyclic GMP in adenosine-
induced, age-dependent vasodilatation. Br. J. Pharmacol., 100,
569-575.

MYERS, P.R., MINOR Jr, R.L, GUERRA JR, R, BATES, J.N. & HARRI-
SON, D.G. (1990). Vasorelaxant properties of the endothelium-
derived relaxing factor more closely resemble S-nitrosocysteine
than nitric oxide. Nature, 345, 161-163.

NEEDHAM, L., CUSACK, N.J, PEARSON, J.D. & GORDON, J.L. (1987).
Characteristics of the P, purinoceptor that mediates prostacyclin
production by pig aortic endothelial cells. Eur. J. Pharmacol., 134,
199-209.

OLSSON, R.A. & PEARSON, J.D. (1990). Cardiovascular purinoceptors.
Physiol. Rev., 70, 761-845.

PALMER, R.M.J, FERRIGE, A.G. & MONCADA, S. (1987). Nitric oxide
release accounts for the biological activity of endothelium-derived
relaxing factor. Nature, 317, 524-525.

PALMER, RM.J, ASHTON, DS. & MONCADA, S. (1988). Vascular
endothelial cells synthesize nitric oxide from L-arginine. Nature,
333, 664-666.

PEARSON, J.D. (1988). Purine nucleotides as regulators of vessel tone.
Biochem. Soc. Trans., 16, 480-482.

PEARSON, J.D. & GORDON, J.L. (1985). Nucleotide metabolism by the
endothelium. Annu. Rev. Physiol., 47, 617-627.

PORSTI, 1, VUORINEN, P, IISAKKILA, K. METSA-KETELA, T,
VAPAATALO, H.,, MANNINEN, V. & LAUSTIOLA, K. (1990). Exoge-
nous guanosine and GTP cause endothelium-dependent and
-independent relaxation and cyclic GMP accumulation in vascular
smooth muscle. Arch. Int. Pharmacodyn., 305, 98.

RAMAGOPAL, M.V, CHITWOOD, R.W. & MUSTAFA, S.J. (1988). Evi-
dence for A, adenosine receptor in human coronary arteries. Eur.
J. Pharmacol., 151, 483—486.

RAPOPORT, R.M. & MURAD, F. (1983). Endothelium-dependent and
nitrovasodilator-induced relaxation of vascular smooth muscle:
role of cyclic GMP. J. Cycl. Nucl. Prot. Phosph. Res., 9, 281-296.

REES, D.D., PALMER, RM.J, SCHULTZ, R, HODSON, HF. &
MONCADA, S. (1990). Characterization of three inhibitors of endo-
thelial nitric oxide synthase in vitro and in vivo. Br. J. Pharmacol.,
101, 746-752.

ROSE'MEYER, R.B. & HOPE, W. (1990). Evidence that A, purinocep-
tors are involved in endothelium-dependent relaxation of the rat
thoracic aorta. Br. J. Pharmacol., 100, 576-580.

RUBANYI, G. & VANHOUTTE, P.M. (1985). Endothelium-removal
decreases relaxations of canine coronary arteries caused by b-
adrenergic agonists and adenosine. J. Cardiovasc. Pharmacol., 7,
139-144.

SCHINI, V.B, JUNGUERO, D.C, SCOTT-BURDEN, T. & VANHOUTTE,
PM. (1991). Interleukin-18 induces the production of an L-
arginine-derived relaxing factor from cultured smooth muscle cells
from aorta. Biochem. Biophys. Res. Commun., 176, 114-121.

TREMBLAY, J., GERZER, R. & HAMET, P. (1988). Cyclic GMP in cell
function. In Adv. Sec. Mess. Phosph. Res., vol. 22, ed. Greengard,
P. & Robison, G.A. pp. 319-383. New York: Raven Press.

WALDMAN, S.A. & MURAD, F. (1987). Cyclic GMP synthesis and
function. Pharmacol. Rev., 39, 163-196.

WELFORD, LA, CUSACK, NJ. & HOURANI, SM.O. (1987). The
structure-activity relationships of ectonucleotidases and of excit-
atory P,-purinoceptors: evidence that dephosphorylation of ATP
analogues reduces pharmacological potency. Eur. J. Pharmacol.,
141, 123-130.

WHITE, T.D. & ANGUS, J.A. (1987). Relaxant effects of ATP and aden-
osine on canine large and small coronary arteries in vitro. Eur. J.
Pharmacol., 143, 119-126.

(Received September 2, 1991
Accepted October 4, 1991)



Br. J. Pharmacol. (1992), 105, 285-292

© Macmillan Press Ltd, 1992

The effects of chronic treatment with the dihydropyridine, Bay
K 8644, on hyperexcitability due to ethanol withdrawal, in vivo

and in vitro
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1 The effects of chronic treatment with the dihydropyridine, Bay K 8644, were studied on the ethanol
withdrawal syndrome, in vivo and in vitro.

2 Addition of racemic Bay K 8644 to the drinking mixture, throughout the chronic ethanol treatment,
decreased the behavioural excitability seen during ethanol withdrawal in vivo.

3 All the signs of hyperexcitability in field potentials in the isolated hippocampal slice, caused by ethanol
withdrawal, were decreased by the chronic administration of Bay K 8644.

4 These effects resembled those previously reported for chronic administration of calcium channel
antagonists; racemic Bay K 8644 has both calcium channel activating and antagonist properties.

5 Measurement of brain levels of Bay K 8644 at the end of the chronic treatment showed that the
compound reached micromolar concentrations during the treatment, but none could be detected in the
tissues at the time of the above measurements.

6 It is possible that the results might be explained by predominance of the calcium channel antagonist
properties of this compound, owing to the high central concentrations achieved during the treatment.
Tolerance to the calcium channel activating properties of Bay K 8644 may also have occurred during the

chronic treatment.

Keywords: Ethanol; withdrawal syndrome; calcium channels; dihydropyridine; hippocampus

Introduction

Ethanol has acute actions on many systems, but the basis of
the dependence that develops on chronic treatment is not
certain. There has been much interest recently in the actions
of ethanol on calcium-mediated control mechanisms in neu-
rones. Calcium spikes in cultured neurones were decreased by
ethanol (Stokes & Harris, 1982). Ethanol decreased the fast
phase of depolarization-induced calcium flux into neurones
and tolerance developed to this effect on chronic treatment
(Harris & Hood, 1980; Friedman et al., 1980).

Chronic ethanol treatment has been found to increase the
number of dihydropyridine-sensitive high affinity binding sites
in the CNS (Dolin et al., 1987). These sites are thought to
correspond to voltage-sensitive calcium channels, of the high-
voltage activated subtype. They do not appear to play a large
part in normal neuronal activity, although effects have been
reported in neurones under experimental conditions leading
to prolonged depolarization (Docherty & Brown, 1986a;
Louvel et al., 1986; Jones & Heinemann, 1987; Takahashi et
al., 1989; Grover & Teyler, 1990).

Dihydropyridine calcium channel antagonists were found to
have a protective effect against the ethanol withdrawal syn-
drome in vivo; this effect was stereospecific (Littleton et al.,
1990). We have also found that the dihydropyridine calcium
channel antagonist, PN 200-110, stereospecifically prevented
all the measured signs of hyperexcitability in the isolated hip-
pocampal slice caused by withdrawal from chronic ethanol
treatment in vivo (Whittington & Little, 1991a). The changes
in the field potentials, caused by ethanol withdrawal, included
decreases in thresholds for production of population spikes,
following both orthodromic and antidromic stimulation,
increases in paired pulse potentiation and shifts to the left of
the input/output curves (Whittington & Little, 1990a;
1991a,b). They followed different time courses during the with-
drawal period, suggesting different origins of the forms of
hyperexcitability.

! Author for correspondence.

Adaptive responses to chronic ethanol administration can
be modulated by concurrent chronic treatment with a dihy-
dropyridine calcium channel antagonist. Nitrendipine, given
concurrently with ethanol in chronic treatment, prevented the
development of tolerance to ethanol (Wu et al., 1987; Little &
Dolin, 1987; Dolin & Little, 1989). Nitrendipine, given
chronically with ethanol, also prevented the ethanol with-
drawal syndrome (Whittington et al., 1991) and decreased the
electrophysiological manifestations of withdrawal described
above (Whittington & Little, 1991b). These effects were con-
sidered to be responses to the continued presence of nitrendi-
pine, rather than acute actions, as the CNS concentrations at
the time of testing were too low to produce acute effects in
either the tolerance studies or on the withdrawal measure-
ments (Dolin & Little, 1989; Whittington et al., 1991). The
increase in the number of dihydropyridine binding sites, mea-
sured after chronic ethanol administration, was also pre-
vented, suggesting a possible causal relationship between the
changes at these sites and development of ethanol tolerance
and dependence (Dolin et al., 1988a; Dolin & Little, 1989).
Long-term administration of a dihydropyridine calcium
channel antagonist causes down-regulation of the high affinity
binding sites (Panza et al., 1985). We have put forward the
theory that the effects of concurrently administered calcium
channel antagonists in preventing ethanol dependence were
due to the prevention of the upregulation of voltage-sensitive
calcium channels (Littleton & Little, 1989; Whittington et al.,
1991; Little, 1991).

. The dihydropyridine, Bay K 8644, has been shown to
increase the opening of voltage-sensitive calcium channels
(Schramm et al., 1983; Brown et al., 1984; Nowycky et al.,
1985) and this effect of Bay K 8644 has been shown to be the
property of the (—)-isomer (Hof et al., 1985). In the present
study we have measured the effects of chronic treatment with
Bay K 8644, on the ethanol withdrawal syndrome and on the
changes in field potentials in the hippocampal slice following
chronic ethanol treatment. Bay K 8644 was given in the
drinking fluid with the ethanol, throughout the chronic treat-
ment. It was necessary to use the racemate in this chronic
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treatment study, because insufficient of the isomers was avail-
able.

Methods

Chronic drug treatment

Male mice, C57 strain, 25-30g, were given ethanol, 24% v/v,
as sole fluid, for 18 weeks. Racemic Bay K 8644 was dissolved
in the ethanol and the solution then added to the drinking
fluid. The dihydropyridine was given with the ethanol, at
71 um, throughout the drinking period. Bay K 8644 was
removed from the drinking fluid 24 h before the experiments
(the ethanol remaining) so that the effects of chronic Bay K
8644 treatment, rather than any acute action, could be
studied. Controls drank tap water only. Owing to the low
aqueous solubility of Bay K 8644 it was not possible to treat
animals by this method with the compound in the absence of
ethanol.

The addition of Bay K 8644 did not alter the ethanol
intake; the mean intakes of ethanol were 16.0 + 1.7gkg™!
daily (n = 15 mice) for the ethanol alone treated group, and
15.3 + 2.7gkg ™! daily (n = 16 mice) for the ethanol plus Bay
K 8644 treated group. The intake of Bay K 8644 was
19 + 0.3mgkg™?, daily (n = 16 mice) during the 18 week
treatment period. Mice were taken at random from the treat-
ment groups for preparation of the hippocampal slices.

Bottles containing Bay K 8644 were protected from light, as
the compound is light-sensitive. The mice were weighed at
regular intervals during the chronic treatment and there were
no significant differences between the weights of any of the
treatment groups. Bay K 8644 (Bayer AG) is methyl-14-
dihydro - 2,6 - dimethyl - 3 - nitro - 4 - (2 - trifluoromethyl)phenyl -
pyridine-5-carboxylate.

The ethanol withdrawal syndrome

The ethanol withdrawal syndrome was measured by ratings of
convulsive behaviour (Goldstein & Pal, 1971; Little et al.,
1990). This method measures both tremor and clonic convul-
sions on a continuous scale. The mice were removed from the
cages containing the ethanol drinking mixture between 09 h
00min and 09h 30min, 24h after removal of Bay K 8644
from the drinking solution. Behavioural ratings were made
once an hour on all mice for the next 12 h, by an observer who
was unaware of the prior drug treatment. The treatment
groups were tested concurrently. The numbers in each group
in this experiment were 8 for those drinking ethanol alone,
and 10 for those receiving ethanol plus Bay K 8644.

For comparison, control (drug-naive) C57 mice were given
intraperitoneal injections of (+)-Bay K 8644, 2mgkg~", sus-
pended in Tween 80, 0.5%, or the vehicle, n = 8 per treatment
group. Ratings were made of convulsive behaviour on hand-
ling, as above, hourly for the next 12 h.

Statistical analysis of withdrawal ratings

The ratings of the withdrawal syndrome, expressed as median
and interquartile range, were compared by nonparametric
analysis of variance, designed for repeat measurements on the
same samples and multiple comparisons with controls
(Meddis, 1984). Comparisons were made on the ratings over
the whole 12 h period from the start of withdrawal. During the
first 2h the withdrawal syndrome was beginning, but was not
seen clearly until about 3 h.

Electrophysiological recordings

Hippocampal slices were prepared between 09h 00 min and
10h 00min immediately on removal of the ethanol drinking
solution (i.e. 24 h after removal of Bay K 8644 from the drink-
ing solution), and perfused with standard Ringer solution. The

animals were not withdrawn from the ethanol before prep-
aration of the slices, so ethanol would have been washed out
of the slices during the first part of the recording period. Hip-
pocampal slices, 400 um thick, were prepared as described pre-
viously, (Whittington & Little, 1990a), and maintained in
Krebs solution at 30°C + 0.5°C, flow rate 1.5mlmin~!. Extra-
cellular recordings from the stratum pyramidale in area CA1l
were started 30min after the slices were placed in the per-
fusion bath, that is 45min from removal of tissues. The times
give in the results sections are all from removal of tissues, i.e.
from withdrawal of ethanol.

Schaffer collateral/commissural fibres were stimulated using
paired pulses, constant current, 50us duration, every 10s
throughout the 7h recording period. The stimulating elec-
trodes consisted of two silver insulated wires, 0.2 mm in diam-
eter, passed through 1 mm diameter silicon tubing. Recording
electrodes were made from 1.2mm diameter electrode glass
and filled with 2M KCI; the resistances were between 5 and
15MQ. A 70ms interval was used for the paired pulses
because preliminary experiments showed that it gave the
maximum paired pulse potentiation of the population spike in
normal mouse hippocampal slices. A stimulation level of 1.25
times the threshold for eliciting a single population spike was
used in the studies on paired pulse potentiation.

The thresholds for the production of population spikes, and
levels of paired pulse potentiation of these responses, were
measured every 15min. Measurements were made of the
thresholds for eliciting single population spikes and multiple
population spikes as described previously (Whittington &
Little, 1990a). Input/output curves were determined at 1, 3, 5,
and 7 h from the preparation of tissues. These were made for
the population spikes and for the slopes of the field e.p.s.ps
(excitatory postsynaptic potentials). The field e.p.s.ps were
recorded from the cell body area, so the measurements were
made at some distance from the actual origin of the dendritic
e.ps.ps.

Certain precautions were taken to ensure that valid com-
parisons could be made between the field potentials from
tissues from different treatment groups (Whittington & Little,
1990a). The order of testing and the distribution of the various
treatments between the two recording chambers were carefully
balanced. The positions of the stimulating and recording elec-
trodes were determined in every tissue by using the ends of the
arc of granular cells in the dentate gyrus and the apex of the
CA3 region above the fimbria as common reference points
between slices.

The composition of the perfusion fluid was (mm): NaCl 124,
KCl 3.25, NaH,PO, 1.25, NaHCO, 20.0, MgSO, 2.0, CaCl,
2.0, and p-glucose 10.0. The pH was 7.2 at 30°C. At the com-
pletion of every day’s experiments the perfusion chamber was
washed through with distilled water for at least 30 min, and
washed through every 5 days with sodium hydroxide followed
by citric acid.

Statistical analysis of electrophysiological results

The areas of the population spikes were measured by Acorn
computer analysis. In every case a minimum of three
responses was averaged for each stimulus. The results in the
figures are expressed as mean + s.e.mean for each of the differ-
ent treatments. A minimum of five tissues, all from different
animals, were studied in each treatment group. Comparisons
were made between results from tissues following the different
treatments by two-way analysis of variance. The times given
in the results section are all from the removal of the tissues.
This corresponded with the withdrawal of ethanol.
Input/output data, derived from population spike area and
field e.p.s.p. slope measurements, were fitted to a logistic equa-
tion by non-linear regression. Analysis of the resulting
sigmoidal curves allowed for calculation of maximum
responses, the stimulus required to produce half-maximal
responses (Sso), and the slope of the stimulus/response
relationship. Comparisons of data from these curves were
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made between different tissues, following the various treat-
ments, by Student’s nonpaired ¢ test.

Measurement of central Bay K 8644 concentrations

Measurements were made of the concentrations of Bay K
8644 in brains removed from separate groups of animals
receiving the chronic treatment, to determine how much Bay
K 8644 was present during the treatment and at the time of
testing. The brains were removed, following cervical dis-
location, from C57 mice, that had been drinking the ethanol
and Bay K 8644 solution for 18 weeks as described above.
The tissues were taken at the end of the chronic treatment at
10h 0O0min, and 8h after withdrawal of ethanol (i.e. before
and 32h after removal of Bay K 8644 from the drinking
solution). The 8h timepoint was chosen to correspond with
the peak drug effect in the withdrawal testing. Six tissues were
taken per treatment group. For comparison, brains were also
taken from control mice (n=6) 1h after ip. injection of
racemic Bay K 8644, 2mgkg™!.

Whole brain Bay K 8644 concentrations were measured by
gas/liquid chromatography. Electron capture detection was
used to analyse samples separated with a 25 meter capillary
column coated with SE30. The temperature programming for
the analysis was as follows: injector 280°C, detector 320°C,
oven started at 180°C for 2min then ramped up to 290°C at
16°Cmin~! and left at this temperature for 10min. Helium
carrier gas at 6p.si. was used to ensure the flow of sample
along the column at the optimum speed for separation. The
sample was flushed from the end of the capillary column into
the detector with nitrogen make-up gas at 20 p.s.i.

The brains were homogenized in 10M NaOH, 1ml per
50mg tissue wet weight, and residual proteins precipitated
with sodium tungstate and sulphuric acid. The samples were
centrifuged at 4000 r.p.m. for 10 min, then the Bay K 8644 was
extracted by shaking with the same volume of toluene. The
organic layer was removed and dried with anhydrous
MgSO, . Samples were evaporated to dryness and reconstitut-
ed in 100ul toluene containing 1 um nimodipine as internal
standard.

Dihydropyridine binding

Central dihydropyridine receptor binding was measured by
the method of Glossman & Ferry (1985), using [3H]-nimodi-
pine (specific activity 130 Cimmol~!). Brains were removed
8h after cessation of ethanol drinking (i.e. 32h after removal
of Bay K 8644 from the drinking solution), and the cerebral
cortices dissected out. The tissues were homogenized in Tris
buffer, 50 mmol and centrifuged (45,000 g, 15 min) and washed
with the buffer three times. Tissue aliquots were incubated
(25°C, 45min) with [3*H]-nimodipine, 0.125nM to 4nM, then
filtered (Whatman GF/C glass filters) and counted. All mea-
surements were made in triplicate. Nonspecific binding was
estimated with 1 uM nitrendipine. The protein content of the
tissues was measured with Folin’s reagent. The results were
subjected to Scatchard analysis to give the receptor density,
B,.., in fmolmg~! protein and the dissociation constant, K,
in nMm.

Results

Behavioural studies

The ethanol withdrawal syndrome The addition of Bay K
8644 to the drinking mixture significantly decreased the
ethanol withdrawal syndrome (Figure 1). The ratings for the
animals that drank ethanol alone were significantly higher
than those that received ethanol plus Bay K 8644, when com-
pared over the time period 1h to 12h from ethanol with-
drawal (P < 0.001). The protection against the withdrawal
syndrome was complete, as the values after treatment with
ethanol plus Bay K 8644 were not significantly different from
controls (P > 0.05).

4.04
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Time from withdrawal of ethanol (h)

Figure 1 Convulsive behaviour on handling measured after with-
drawal from chronic treatment with ethanol or ethanol plus Bay K
8644. The dihydropyridine was removed from the drinking fluid 24h
before ethanol withdrawal. Values after treatment with ethanol alone
were significantly higher than control values or those after treatment
with ethanol plus Bay K 8644, P < 0.001, over the whole test period.
Values are median 7 interquartile ranges. Controls ([J); ethanol (@);
ethanol plus Bay K 8644 (A).

The effects of acute Bay K 8644 When an acute injection of
Bay K 8644 was given to control animals the measurements of
convulsive behaviour were increased (Figure 2). This effect
lasted for 2h, then declined over the next 4h. The difference
from control values was significant over the period 1h to 6h
from injection (P < 0.001).

Electrophysiological recordings

Thresholds for eliciting population spikes As shown pre-
viously (Whittington & Little, 1990a), chronic ethanol treat-
ment lowered the thresholds for eliciting both single and
multiple population spikes in the CA1 area. These effects were
significant over the time period 2h to 7h from ethanol with-
drawal (P < 0.001). Chronic administration of Bay K 8644
significantly decreased the effects of chronic ethanol on both
these thresholds (Figures 3 and 4). The difference between the
thresholds after treatment with ethanol alone and ethanol plus
Bay K 8644 was significant from 3h to 7h (P < 0.001). An
example of the form of multiple spiking seen during ethanol
withdrawal, and the absence of this form of spiking is shown
in Figure 5.

Paired pulse potentiation The paired pulse potentiation of
the population spike was increased after ethanol treatment
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Figure 2 Convulsive behaviour on handling measured after injection
of control mice with Bay K 8644, 2mgkg™!, or its Tween vehicle.
Values after Bay K 8644 were significantly higher than control values,
P <0.001, between 1h and 6h from injection. Values are
median + interquartile ranges. Controls ((7J); Bay K 8644 (A).
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Figure 3 Thresholds for production of single population spikes in
isolated hippocampal slices prepared after chronic treatment in vivo
with ethanol or ethanol plus Bay K 8644. (The dihydropyridine was
removed from the drinking fluid 24 h before slice preparation.) Values
after treatment with ethanol alone were significantly lower than
control values or those after treatment with ethanol plus Bay K 8644,
P < 0.001, over the whole test period. Values are mean with s.e.mean
shown by vertical bars. Controls ((J); ethanol (@); ethanol plus Bay
K 8644 (A).

(Figure 6), but, as we have demonstrated previously
(Whittington & Little, 1990a; 1991a,b), this change followed a
different time course from that of the changes in thresholds,
being maximal at 2h from withdrawal, and returning to
control values by between 3.5h and 4h. The chronic Bay K
8644 treatment considerably, and significantly, reduced the
effects of chronic ethanol on paired pulse potentiation. The
difference between the results after ethanol alone and after
ethanol plus Bay K 8644 was significant (P < 0.001) when
compared over the time period 1h to 4h from ethanol with-
drawal.

Input/output curves The input/output curves for the popu-
lation spike areas showed a shift to the left after chronic

160+
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0.0

Figure 4 Thresholds for production of multiple population spikes in
isolated hippocampal slices prepared after chronic treatment in vivo
with ethanol or ethanol plus Bay K 8644. Values after treatment with
ethanol alone were significantly lower than control values or those
after treatment with ethanol plus Bay K 8644, P < 0.001, over the
whole test period. Values are mean with s.e.mean shown by vertical
bars. Controls ([(J); ethanol (@); ethanol plus Bay K 8644 (A).

ethanol treatment, measured as a decrease in the minimum
stimulus intensity required to evoke half-maximal population
spikes (Sso). A significant decrease in the gradients after
chronic ethanol treatment was also seen between 3h and 7h
into withdrawal (see Table 1). These changes were significantly
decreased by the addition of Bay K 8644 to the drinking
mixture (P < 0.05). The input/output curves for the field
e.p.s.p. slopes did not show any significant changes after the
chronic ethanol alone, or ethanol and Bay K 8644 treatment
schedules (P > 0.05, for comparison with control data) (Table
1). An example of the input/output curves obtained is shown
in Figure 7, drawn from data obtained 7h after ethanol with-
drawal.

Table 1 Measurements from recordings of field potentials made from hippocampal slices prepared after chronic treatment in vivo with
cither ethanol or ethanol plus Bay K 8644, compared with control values

Time (h) 1 3 5 7
Slopes of input/output curves for population spike areas

Control 47+0.7 80+ 0S5 70+ 04 71+03
Ethanol 6.1 + 0.6 4.2 + 04* 52+ 0.3* 48 + 0.3*
Ethanol plus Bay K 8644 54+0.5 6.1 + 0.6 80+07 72+ 0.5
Sso values for population spike areas (uA)

Control 36.5+ 09 355403 357403 359+03
Ethanol 380+ 06 30.1 + 0.8* 19.2 + 0.4* 27.8 + 0.4*
Ethanol plus Bay K 8644 372+ 07 341+ 05 324+ 04 330+ 03
Maximum values for population spike areas (uVs)

Control 109 + 04 115+ 03 118 + 04 120+ 0.5
Ethanol 103 £ 0.3 104 + 0.6 105+ 0.3 102 + 04
Ethanol plus Bay K 8644 109 + 0.3 109 + 0.2 11.2 + 0.2 10.5 + 0.2
Slopes of input/output curves for field e.p.s.ps

Control 19+ 08 35406 31+05 3.7+06
Ethanol 3.7+03 40+ 04 40+ 0.7 40+ 0.6
Ethanol plus Bay K 8644 34+04 3.1+05 32+05 37+04
S5, values for field e.p.s.ps (uA)

Control 67.6 +2.7 412 +32 382 +21 39.7 +27
Ethanol 447420 350+ 3.1 355+28 390+ 19
Ethanol plus Bay K 8644 382+ 6.7 398 + 4.0 450 + 5.7 41.3 + 3.2
Maximum field e.p.s.p. slope (Vs™!)

Control 53+19 34412 31+03 30+0.2
Ethanol 30+ 14 30+05 32+03 27+0.2
Ethanol plus Bay K 8644 2.6 +0.7 30+03 38+ 04 33+03

All results are expressed as mean + s.e.mean. Times (h) are from withdrawal of ethanol.

* P < 0.05, Student’s non-paired ¢ test; comparison with control slices.
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4 mV

20 ms

Figure 5 Example of traces showing the type of multiple spiking
seen after chronic treatment with ethanol alone. Traces were recorded
7h after cessation of chronic ethanol treatment. The stimulus intensity
was 150 uA for each of the three recordings. (a) Response from slices
from control mice; (b) response from slices from mice treated with
ethanol alone; (c) response from slices from mice treated with ethanol
and Bay K 8644.

Brain concentrations of Bay K 8644

The mean value (+ s.e.mean) for the central concentrations of
Bay K 8644 at the end of the chronic treatment period was
1159 + 179ngg™"' wet tissue weight. This corresponded to
3.26 + 0.5uM, assuming equal distribution throughout the
brain. During the withdrawal period, 32h from removal of
Bay K 8644 from the drinking fluid and 8 h from withdrawal
of ethanol, the concentrations were not detectable. The lowest
concentration that could be detected with our assay was
53ngg~! or 150nM. One hour after acute administration of
2mgkg~! Bay K 8644, in naive mice, the mean central con-
centration was 2150 + 432ngg~! wet tissue weight, corre-
sponding to 6.07 + 1.22 um.

Dihydropyridine binding

The data from the receptor binding studies (Table 2) suggested
that addition of Bay K 8644 to the chronic ethanol treatment
may prevent the increase in the number of cortical dihydropy-
ridine binding sites. However, in this study, there was a high

400-

¢

200+

% Secondffirst response

g

0 20 30 40 50 60 70
Time from withdrawal of ethanol (h)

g
(5]
-

Figure 6 Paired pulse potentiation in isolated hippocampal slices
prepared after chronic treatment in vivo with ethanol or ethanol plus
Bay K 8644. Values after treatment with ethanol alone were signifi-
cantly higher between 1h and 4h from ethanol withdrawal, than
control values or those after treatment with ethanol plus Bay K 8644,
P < 0.001. Values are mean with s.e.mean shown by vertical bars.
Controls ([J); ethanol (@); ethanol plus Bay K 8644 (A).

degree of variability in the measurements after ethanol admin-
istration, and the increase did not reach statistical significance
(P > 0.05). Measurement of the K, for dihydropyridine
binding showed a significant increase after chronic ethanol
treatment (P < 0.05), but not after chronic ethanol and Bay K
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Figure 7 Changes in input/output relationships derived from popu-
lation spike data taken 7h after preparation of slices. Values of curve
slope and S, after treatment with ethanol alone were significantly
lower than after treatment with ethanol and Bay K 8644 (P < 0.05).
Values are mean with s.e.mean shown by vertical bars. Controls (0J);
ethanol (@); ethanol plus Bay K 8644 (A).

Table2 B, and K, values for [*H]-nimodipine binding
after chronic treatment in vivo with either ethanol or ethanol
plus Bay K 8644, compared with control values

B,,, (imolmg™")

Controls 174 + 14 (8)
Ethanol 227 +32(7)
Ethanol plus Bay K 208 + 8 (7)
K, (nm)

Control 1.62 + 0.27
Ethanol 3.01 + 0.98*
Ethanol plus Bay K 2.12 + 098

All results are expressed as mean + s.e.mean. The values were
derived from cerebrocortical tissue, taken 8 h from the cessa-
tion of ethanol drinking.

* P = 0.04, Student’s ¢ test for comparison with control data.
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8644 treatment (P > 0.05), when comparisons were made with
control values (Table 2).

Discussion

The addition of Bay K 8644 to the chronic ethanol treatment
completely prevented the ethanol withdrawal syndrome in
mice in vivo and significantly decreased the electrophysiologi-
cal signs of withdrawal in the isolated hippocampal slices.
These actions closely resembled the effects previously reported
for chronic treatment with the calcium channel antagonist,
nitrendipine (Whittington et al., 1991; Whittington & Little,
1991b). Bay K 8644 is normally considered to increase
calcium channel opening (Brown et al., 1984; Nowycky et al.,
1985), but it may have other actions (see below).

In the present study, after removal of Bay K 8644 from the
drinking fluid for the last 24 h of ethanol intake, the central
concentrations fell to levels below the detection of the assay,
that is below about 150nm. This is lower than would have
been required to cause behavioural changes by an acute
action. We conclude, therefore, that the effects seen were due
to the presence of Bay K 8644 in the CNS during the ethanol
chronic treatment, rather than to any acute actions at the time
of testing. The concentration of any residual Bay K 8644 in
the hippocampal slices during recording would also have been
lower than those required to produce acute effects on the
withdrawal hyperexcitability (see below). A dose of 2mgkg ™!
was chosen to illustrate the acute effects, and this produced
central concentrations of around 6uM at a time when the
excitatory action was maximal. This action is lost at doses
below about 1mgkg~! (our unpublished results and O’Neill
& Bolger, 1988). The central concentrations measured in the
present study after the acute dosing are similar to those
reported by O’Neill & Bolger (1988), who found a level of
approximately 2 uM in mouse brain 15 min after 2mgkg~! i.p.

When given acutely to control mice, racemic Bay K 8644
caused a pattern of behaviour that resembled in some respects
that seen during ethanol withdrawal. The ratings of convulsive
behaviour on handling were increased. Bolger et al. (1985)
have reported that single doses of the racemate produced
signs of hyperexcitability in naive mice. We found previously
that a dose of 2mgkg~! of the racemate did not significantly
affect the ethanol withdrawal syndrome when given acutely on
withdrawal, but did prevent the protective action of the
calcium channel antagonist, nimodipine (Littleton et al., 1990).
However this was not a simple interaction, as the withdrawal
syndrome was increased by the combination of nimodipine
plus Bay K 8644. We have also shown that the (—)-isomer of
Bay K 8644 increased the ratings of convulsive behaviour
during ethanol withdrawal (unpublished results).

The results from the receptor binding studies appeared to
follow the same pattern as that seen in the behavioural and
electrophysiological studies, but the interpretation of these
results is complicated by the lack of a significant change in
receptor density after the chronic treatment with ethanol
alone. The reason for the large standard error in these mea-
surements and the increase in K, values was not clear, as we
have previously demonstrated consistent increases in B,_,,,
with no change in K, after such treatment (Dolin et al., 1987;
Whittington et al., 1991). The effects of Bay K 8644 on the
upregulation of calcium channels in cultured cells caused by
growth in ethanol have been studied by two groups. Marks et
al. (1989) showed that cultured PC12 cells, grown in medium
containing (+)-Bay K 8644 (3 nM) showed an increase in dihy-
dropyridine binding site number, although this change was
not additive with the increase in such binding produced by
ethanol. Brennan et al. (1989) grew PC12 cells in a higher con-
centration of (+)-Bay K 8644 (50 nM) and found the increase
in dihydropyridine binding caused by addition of ethanol to
the growth medium was prevented by the presence of the Bay
K 8644. These results suggest that adaptations to the calcium
channel activating and antagonist properties (according to the

concentration used) of Bay K 8644 may be demonstrated after
chronic treatment, when the interactions with ethanol are
studied. Direct comparisons of the absolute Bay K 8644 con-
centrations used in these studies and in the present work,
however, are not necessarily valid, because cultured cells are
known to be more sensitive to dihydropyridines than mam-
malian tissues in vivo or ex vivo.

We have previously shown that when applied to hippocam-
pal slices in the bathing medium at 500 nM or 2 uM, (—)-Bay K
8644 considerably potentiated the signs of hyperexcitability in
the isolated hippocampal slice after chronic ethanol treatment,
while the (+)-isomer had protective effects (Whittington &
Little, 1990b). The brain concentrations of each of the isomers
during the chronic treatment in the present study would have
been in the same range as the concentration that increased
(minus isomer) or decreased (plus isomer) the effects of ethanol
withdrawal when added in vitro.

The demonstration of similar effects with a calcium channel
activator and a calcium channel antagonist seem contradic-
tory, but the results may have been due to the fact that
racemic Bay K 8644 is not a pure calcium channel activator.
It is well established that the effects of Bay K 8644 are stereo-
specific, the calcium channel activating properties of Bay K
8644 residing in the (—)-isomer, while the (+)-isomer is a
calcium channel antagonist, both in vitro (Schramm et al.,
1983; Hof et al., 1985; Franckowiak et al., 1985) and in vivo
(O’Neill & Bolger, 1988). In addition, in vitro studies have
shown loss of effects and possible antagonist actions at high
concentrations of Bay K 8644, as the dose-response curves in
many studies showed a bell-shaped pattern. Concentrations
over 100nM of the (—)-isomer were found, by Franckowiak et
al. (1985), to have less effect on cardiac tissues than lower con-
centrations. Biphasic dose-response curves have been demon-
strated for the racemate in cardiac preparations (Dube et al.,
1985). Hess et al. (1984) did not report biphasic effects on
cardiac cells at concentrations of the racemate up to 10um,
but these authors mentioned that a ‘partial antagonist’ action
was seen when strong depolarizations were applied. Few
studies of the effects of Bay K 8644 on neuronal preparations
have investigated a range of concentrations, but White &
Bradford (1986) demonstrated biphasic effects of Bay K 8644
on the stimulation of calcium uptake by synaptosomes. The
potentiating effect of Bay K 8644 was maximal at 1-10nM and
disappeared as the concentration was raised to 1-10 uM. The
stimulation of inositol phospholipid hydrolysis by Bay K 8644
was half-maximal at 0.3uM and declined at concentrations
over 10 um (Kendall & Nahorski, 1985).

The effects of Bay K 8644 may also be influenced by the
membrane potential. In patch-clamp studies on ventricular
myocytes, the (—)-isomer and the racemate of Bay K 8644
have been shown to increase calcium currents evoked from
negative, non-depolarizing, potentials, but to possess calcium
channel antagonist properties on currents evoked from more
positive holding potentials (Sanguinetti & Kass, 1984; San-
guinetti et al., 1986; Kass, 1987). Brown et al. (1984), however,
did not find this pattern. It is possible that the some of the
reported in vitro effects of Bay K 8644 may have been influ-
enced by the solvent used. In many studies the drug was dis-
solved in ethanol and interactions between ethanol and
dihydropyridines are well established (see Introduction). Even
if control experiments showed no solvent effect, this does not
exclude the occurrence of interactions when the two drugs are
applied together.

There is some evidence that the application of Bay K 8644
may produce effects at sites other than the L-subtype of
calcium channel. In hypothalamic neurones, Akaike et al.
(1989) demonstrated a blocking action on the low threshold,
T-subtype, of calcium channel, at Bay K 8644 concentrations
above 10uM. Docherty & Brown (1986a) found increases in
the transient calcium current in hippocampal CAl neurones
at 1-5um Bay K 8644, but this effect was reported to be very
variable. Docherty & Brown (1986b) found that 5 uM racemic
Bay K 8644 caused a slow increase in membrane resistance
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and suppression of outward current. It was suggested that this
was due to accumulation of intracellular calcium, as a result of
the agonist action of Bay K 8644, leading to inactivation of
potassium channels.

Evidence of a biphasic action of Bay K 8644 was found in
vivo, when ethanol and (+)-Bay K 8644 were given together,
acutely, to mice. The general anaesthetic actions of ethanol
were antagonized by 1mgkg™! racemic Bay K 8644, but
potentiated by 5 and 10mgkg~' of the dihydropyridine
(Dolin et al., 1988b). The central concentrations produced by
these doses were 1 uM for the 1mgkg™! dose and 4.6 and
11.8 uM, respectively, for the two higher doses. In the present
study, no overt behavioural changes were seen during the
chronic treatment.

The central concentrations of Bay K 8644 during the
chronic treatment were in the low micromolar range. Calcium
channel antagonist actions have been reported at concentra-
tions of the racemate from 500nM to 5uM in various tissues
(see above), while the calcium channel activating effects have
been seen at nanomolar concentrations, and a similar pattern
was seen in the in vivo interactions with ethanol (Dolin et al.,
1988b). It is possible, therefore, that because the central con-
centrations during the chronic treatment were in this range,
calcium channel antagonist actions were produced, rather
than calcium channel activation. However, this does not
provide a complete explanation, as the behavioural effects of
single doses of the racemate, sufficient to produce these con-
centrations, are excitatory when the compound is given alone.

One possible explanation for the effects of the chronic treat-
ment may be that tolerance to the excitatory effects may have
occurred. O’Neill & Bolger (1988) demonstrated tolerance to
the excitatory behavioural effects of racemic Bay K 8644 after
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Bradykinin receptors in the guinea-pig taenia caeci are similar to
proposed BK; receptors in the guinea-pig trachea, and are

blocked by HOE 140

Julie L. Field, !Judith M. Hall & Ian K.M. Morton

Pharmacology Group, Division of Biomedical Sciences, King’s College London, Manresa Road, London SW3 6LX

1 Bradykinin (BK) receptors of the guinea-pig taenia caeci were compared with those of the guinea-pig
trachea, a preparation proposed to possess novel BK; receptors.

2 Bradykinin-evoked contractile responses were unaffected in both preparations by the selective BK,
receptor antagonist [des-Arg®,Leu®]-BK (1um—10um). The BK, receptor antagonists, D-Arg-[Hyp>,D-
Phe’]-BK and D-Arg-[Hyp3Thi®8p-Phe’]-BK, both had low affinities (apparent pKy estimates < 6)
which did not differ significantly between the two preparations (P > 0.05). In contrast, the novel brady-
kinin receptor antagonist D-Arg-[Hyp?,Thi®,p-Tic”,0ic®]-BK (HOE 140) potently antagonized responses
to bradykinin with relatively high affinity (apparent pKyz = 8.42 + 0.15 and 8.94 + 0.16 in the taenia caeci,

and trachea, respectively).

3 We conclude that the bradykinin receptors in the guinea-pig taenia caeci have similar recognition
properties to those present in the guinea-pig trachea, and in this respect the taenia caeci represents a
useful preparation for the further study of proposed novel BK; receptors.

Keywords: Bradykinin; BK ;-receptors; trachea (guinea-pig); taenia caeci (guinea-pig); HOE 140; p-Arg-[Hyp?,Thi®p-Tic”,0ic®]-

BK; bradykinin antagonist; bradykinin receptors

Introduction

Bradykinin (BK) receptors were originally divided into BK,
and BK, subtypes (see Regoli & Barabé, 1980). Recently,
Farmer and colleagues reported that both the selective BK,
receptor antagonist [des-Arg® Leu®]-BK (Regoli & Barabé,
1980), and also certain [D-Phe’]-BK substituted analogues
(Vavrek & Stewart, 1985) are rather inactive against BK-
evoked contraction of the epithelium-denuded guinea-pig
trachea, and did not displace [*H]-BK binding in tracheal
smooth muscle membrane preparations (Farmer et al., 1989).
These observations led to the proposal by this group, of a
novel BK receptor subtype which they termed BK;. To date,
the guinea-pig trachea is still the only convenient in vitro
assay preparation for the study of proposed BK; receptors.
However, this preparation suffers from a number of disadvan-
tages in that responses vary considerably depending on the
involvement of epithelium-dependent factors and prostaglan-
dins (Bramley et al., 1990), contractions are slow and small in
tension, and this preparation is rather insensitive to BK so
that determination of the maximum response is difficult.

Our preliminary studies (Field et al., 1988) have shown that
a number of [D-Phe’]-BK substituted antagonist analogues,
as well as [des-Arg®,Leu®]-BK, have low affinity also in the
guinea-pig taenia caeci as compared to a number of other
preparations, thereby suggesting similarities between the
bradykinin receptors of the guinea-pig taenia caeci with those
proposed as ¢ BK;’ receptors in the guinea-pig trachea. In con-
trast to the guinea-pig trachea, contractile responses to brady-
kinin in the guinea-pig taenia caeci have the advantage that
they appear to be largely due to a direct action on these strips
of pure longitudinal smooth muscle and responses are large in
tension, with multiple replications possible within individual
preparations.

The aim of this study, therefore, was to compare the
recognition properties of the BK receptors mediating contrac-
tion of the guinea-pig taenia caeci, with the proposed BK,
receptors in the guinea-pig trachea, by functional studies in
isolated preparations. The effect of BK receptor antagonists,
including the novel analogue p-Arg-[Hyp?,Thi®p-Tic”,0ic®]-

! Author for correspondence.

BK (HOE 140), the most potent of a series recently described
(Hock et al, 1991; Lembeck et al, 1991), were used to
compare receptor recognition characteristics.

A preliminary account of these results has been communi-
cated to the British Pharmacological Society (Hall et al.,
1991).

Methods

General

Male Dunkin Hartley guinea-pigs (450-800g) were killed by
cervical dislocation, and the taenia caeci and trachea removed
and cleared of superficial blood vessels and connective tissue.
The trachea was opened longitudinally, the epithelium was
removed by gentle rubbing with a cotton wool bud (see,
Goldie et al., 1986) and three rings were separated in the car-
tilage ring to yield preparations for isometric recording in the
radial direction. An absence of relaxant responses to car-
bachol and BK was taken as indicating that the preparations
had been functionally denuded of epithelium (Goldie et al.,
1986; Farmer et al., 1987; Bramley et al., 1990). Of the three
possible taenia strips, the two without mesenteric attachment
were separated from underlying circular muscle with fine scis-
sors, and mounted longitudinally. Both preparations were
mounted on a micrometer-controlled isometric assembly that
allowed precise length adjustments. An initial resting tension
of 500 mg was applied, and tissues allowed to develop sponta-
neous tone. In the taenia caeci, preparations that developed
additional tone (‘high tone preparations’) to BK tended to
produce a biphasic response, whereas in those that did not,
contractile responses only were observed. Tension was mea-
sured by means of Grass FTO3B force-displacement trans-
ducers coupled to JJ Instruments Cr342 potentiometric
flat-bed recorders.

Experiments were carried out in Krebs solution
(composition mm: Na* 140, K* 5.9, CI~ 104.8, H,PO, 1.2,
HCO; 249, Ca?* 26, Mg?* 1.15, SO; 1.15, glucose 10),
maintained at 37°C and oxygenated with 95%0,:5%CO,.
The Krebs solution contained atropine, mepyramine, cimeti-
dine, guanethidine, (all 1 um) and hexamethonium (10 um).
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Antagonist pK g estimates

In preparations of taenia caeci or trachea, concentration-
response curves for BK were obtained using non-cumulative
doses in a randomised block design, with responses obtained
in the presence of BK receptor antagonist (test) or no antago-
nist (concurrent control). A 12min BK dose-cycle was used in
conjunction with a 10 min antagonist pre-test incubation time.
Other experiments were carried out to test for any effect on
pKy estimates for D-Arg-[Hyp®,D-Phe’]-BK of peptidase
inhibitors. The kininase I inhibitor DL-2-mercaptomethyl-3-
guanidinoethylthiopropanoic acid (MERGETPA), the kinin-
ase II inhibitor enalaprilat and the neutral endopeptidase EC
3.4.24.11 inhibitor phosphoramidon (all 1um) were used. A
similar protocol to that described above was used, but with
matched preparations bathed in Krebs solution containing the
peptidase inhibitors (present from the start of tissue
equilibration), or control.

Specificity of antagonism by
D-Arg-[Hyp® Thi®,D-Tic",0ic®]-BK

The effect of p-Arg-[Hyp3,Thi®,p-Tic”,0ic®]-BK (1 or 10 um)
was tested against responses to submaximal concentrations of
substance P, neurokinin A, angiotensin II and carbachol.
Control responses were obtained and then repeated following
a 10 min incubation period with antagonist.

Source of drugs

Agents were obtained as follows: carbamylcholine chloride,
atropine sulphate and hexamethonium bromide (Sigma, UK),
mepyramine maleate (May and Baker, UXK.), cimetidine
(Smith, Kline and French, U.K.), guanethidine sulphate (Ciba,
U.K)), enalaprilat (Merck, Sharp & Dohme, New Jersey,
U.S.A), phosphoramidon, angiotensin, neurokinin A, sub-
stance P (Peninsula) bradykinin, p-Arg-[Hyp?,Thi’,D-Phe’]-
BK, D-Arg-[Hyp?p-Phe’]-BK, (Bachem, U.K.). p-Arg-[Hyp?,
Thi’,p-Tic”,0ic®]-BK (HOE 140) was a kind gift from Dr A.
Hallett, Sandoz Institute for Medical Research, London. All
salts used were of analytical grade and were obtained from
B.D.H.

All agents were dissolved in distilled water and peptides
were stored deep frozen under N,.

Expression of results and statistical analysis

Contractile responses were normalised in each preparation in
terms of maximal carbachol contractions, and the estimates
are shown as means + s.e.mean. Tests for significance were
made with Student’s ¢ test for two independent samples. The
apparent pKy estimates and their s.e.mean were obtained
from individual dose-ratio estimates (x) between test and
control preparations, by calculation from the Gaddum-Schild
equation, pKy = log,o(x — 1) — log,o,[A], where [A] is the
antagonist concentration. In the guinea-pig trachea, lateral
shifts of the lower half of the log concentration-response curve
only were used for calculation of apparent pKy values (see
Results).

Results
Isolated tissue studies

Both preparations contracted in response to BK. ‘High tone’
taenia caeci preparations showed an initial relaxant response,
but this was never seen in the tracheal preparations (see
Figure 1). In both preparations, the threshold concentration of
BK causing contraction was ca. 0.3 nM. The log concentration-
response curve to BK for contraction of the taenia caeci
appeared in individual preparations to be monophasic, with a
clearly defined maximal response obtained at concentrations
10 uM or lower. In contrast, in the trachea, two phases of con-

o

1 min
™
BK BK CCh
100 nm 100 nm 100 um
b
250 mg
S min
BK BK CCh

100 nm 10 uMm 10 pm

Figure 1 Typical traces of isometric tension recordings in (a) the
guinea-pig taenia caeci, and (b) the epithelium-denuded trachea, in
response to bradykinin (BK) and carbachol (CCh). Note the initial
relaxant response which is sometimes seen in high-tone taenia caeci
preparations. Bars indicate the periods of drug application.

traction were evident on individual and meaned log
concentration-response curves for BK (see control curve of
Figures 2 and 3). With regard to the main purpose of the
present study, the second phase begins above the highest con-
centration used by Farmer et al. (1989) (1 uM) in their analysis
of the ‘BK;’ receptor. For present purposes, therefore, appar-
ent pKy estimates for the antagonists in the tracheal prep-
aration were determined only for the lower portion of the
curve that corresponds to that portion of the BK response
curve studied by Farmer’s group, rather than the upper
portion of the curve where greater shifts with p-Arg-[Hyp?3,
Thi®,p-Tic”,0ic®]-BK were seen.

None of the BK,/BK; antagonists had partial agonist activ-
ity. The selective BK, receptor agonist [des-Arg®]-BK was
inactive (data not shown) and the BK, receptor antagonist
[des-Arg®,Leu®}-BK (1-10uM) did not antagonize responses
to BK in either the guinea-pig trachea or taenia caeci (Table
1) and showed partial agonist activity at higher concentrations
(=>10um). The BK analogues D-Arg-[Hyp3,p-Phe’]-BK and
D-Arg-[Hyp?,Thi*>®,p-Phe’}-BK, though having no appre-
ciable activity at 3 um, at 10 and 30 um produced shifts to the
right of the BK log concentration-response curves in both
preparations (Figure 2). The apparent pKy values estimated
from these shifts are shown in Table 1. For all antagonists the
range of concentrations that could be used was not wide
enough to warrant full Schild plot analysis, but since calcu-
lated individual pKy estimates did not differ significantly
(P > 0.05) with antagonist concentration, these values were
pooled, and are described in the text and Table 1 as apparent
pKj estimates. The apparent pKgestimates for D-Arg-[Hyp?,
D-Phe’]-BK were not significantly different when estimated in
the presence of the carboxypeptidase inhibitor MERGETPA,
the kininase II inhibitor enalaprilat and the neutral endopep-
tidase inhibitor phosphoramidon (each 1 um: n =4; P > 0.05,
data not shown).

p-Arg-[Hyp3,Thi®D-Tic’,0ic®]-BK (30 nM—300 nM) potently
antagonized contractile responses to BK in the guinea-pig
taenia caeci and trachea (see Figure 3). At 300nM D-Arg-
[Hyp3,Thi®D-Tic’,0ic®]-BK, depression of the maximal
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Table 1 Affiinity estimates of bradykinin (BK) receptor antagonists in the guinea-pig trachea and taenia caeci

Apparent pKp
Taenia caeci Trachea Difference
Antagonist (£ s.emean; n) (£ s.e.mean; n) (£ s.e.mean)
[des-Arg®,Leu®]-BK <50 <50
) 9)

p-Arg-[Hyp?p-Phe’]-BK 5.89 5.94 0.05%

(0.32; 11) (0.31; 10) 0.45)
D-Arg-[Hyp?,Thi*-,p-Phe’]-BK 5.81 5.87 0.06t

(0.35; 8) 0.22;7) (0.36)
p-Arg-[Hyp3,Thi® p-Tic?,0ic*]-BK 842 8.94 0.52*

(0.15; 12) (0.16; 14) 0.21)

Apparent affinities were calculated from individual dose-ratios (x) using the Gaddum-Schild equation pKjy = log,(x — 1) — log;o [A],
where [A] is the antagonist concentration. Abbreviations: n = number of estimates; < 5.0 denotes inactive at 10 uM.

$+P > 0.05;*P < 005.

response obtained to BK was evident, so the apparent pKy
values shown in Table 1 were estimated only from individual
dose-ratios obtained at 30nM and 100nMm antagonist. The
initial relaxation seen with BK in high-tone taenia caeci prep-
arations was found to be antagonized to an equivalent extent
(data not shown).

D-Arg-[Hyp3,Thi’p-Tic’,0ic®]-BK (1 uM) appeared selec-
tive in its action since it was inactive against responses to sub-
maximal concentrations of substance P, neurokinin A,
carbachol and angiotensin II in both preparations (n = 4;
data not shown).

Discussion

Results from this study show that BK receptors mediating
contraction of the guinea-pig taenia caeci have recognition

a
100

50—

Response (% CCh max.)

8 7 6 5
—log [Bradykinin] (m)

100~

50—

Response (% CCh max.)

10 9 8 7 6 5 a4
—log [Bradykinin] (m)

Figure 2 Antagonism by D-Arg-[Hyp®,0-Phe’]-BK of the contrac-
tile responses to bradykinin in (a) guinea-pig taenia caeci and (b) the
guinea-pig trachea. Curves shown are control (@), or in the presence
of antagonist at 3 uM (Hl) and 10 uM (V). Each point is the mean taken
from 9-12 preparations; s.e.mean shown by vertical lines.

properties very similar to those mediating contraction of the
guinea-pig trachea. In the present study, log concentration-
response curves to BK in the taenia caeci were monophasic,
whereas those in the guinea-pig trachea were evidently bipha-
sic. Whether in the trachea these phases represent the exis-
tence of two receptor subtypes, or coupling mechanisms,
within this preparation will be the subject of further investiga-
tion.

The bradykinin receptors in these two preparations are cer-
tainly not of the BK, subtype in view of the lack of activity of
the BK ,-selective ligands [des-Arg®]-BK and [des-Arg® Leu®]-
BK. Furthermore, antagonists of the [D-Phe’]-BK series had
low affinity (pKy < 6) as compared to that measured in a wide
variety of preparations regarded as expressing BK, receptors
(pKp > 7.0) (Griesbacher et al., 1987; Field et al., 1988; Hall &
Morton, 1991a). The low pKy values obtained with the [D-
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Response (% CCh max.)
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—log [Bradykinin] (m)

Figure 3 Antagonism by p-Arg-[Hyp?,Thi%,p-Tic’,0ic®]-BK of the
contractile responses to bradykinin in (a) guinea-pig taenia caeci and
(b) the guinea-pig trachea. Curves shown are control (@), or in the
presence of antagonist at 30nM (A), 100nM (ll) and 300nM (V). Each
point is the mean taken from 9-12 preparations; s.c.mean shown by
vertical lines.
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Phe’]-BK substituted analogues are unlikely to be due to deg-
radation by peptidases since the pKy for p-Arg-[Hyp?D-
Phe”]- BK was unaffected by the presence of peptidase inhibi-
tors.

In contrast to the [D-Phe’]-BK substituted analogues,
potent antagonism of responses to BK by p-Arg-[Hyp?,Thi®,
D-Tic’,0ic®]-BK was seen in the trachea and taenia caeci
(apparent pKy = 8.9 and 8.4 respectively). This finding with
p-Arg-[Hyp?,Thi®,p-Tic”,0ic®]-BK in the guinea-pig trachea
confirms a preliminary report by Perkins et al. (1991). Though
these apparent pKj estimates for D-Arg-[Hyp3Thi’,p-Tic’,
Oic®]-BK differed statistically (P < 0.05), it should be pointed
out that strict competition at equilibrium was not established
with this compound in the present experiments, and further, it
is evident that a second receptor site (or mechanism) is present
in the trachea. In pharmacological terms, therefore, we do not
consider the difference in apparent pKgs as being particularly
significant. It is also interesting to note that the pKy values
are approximately one log unit lower than the pA, value for
D-Arg-[Hyp?,Thi’,p-Tic?,0ic®]-BK described in typical BK,
preparations, the rat uterus (pA, = 9.74; Perkins et al., 1991),
and the rat duodenum (pA, = 10.0; unpublished data) and the
rabbit iris spincter pupillae (pA, = 10.5; Everett et al., 1991).

Given that [D-Phe’]-BK antagonists and D-Arg-[Hyp?,
Thi®p-Tic’,0ic®]-BK have lower affinities in the taenia and
trachea as compared with typical BK, preparations, these
results would support the proposal by Farmer et al. (1989)
that BK receptors with properties differing from typical BK,
receptors do exist. It may be noted however, that similar pKg
values for D-Arg-[Hyp?®D-Phe’]-BK, D-Arg-[Hyp? Thi%®Dp-
Phe’]-BK and p-Arg-[Hyp?,Thi®,p-Tic?,0ic®]-BK have been
reported in further preparations taken from the guinea-pig:
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Hepoxilins sensitize blood vessels to
noradrenaline—stereospecificity of action
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1 The vascular activity of two stereoisomers of hepoxilin A, (HxA,) (8R and 8S) and of its glutathione
conjugate, hepoxilin A;-C (HxA;-C) (8R and 8S), was investigated on rat helicoidal strips of thoracic
aorta and longitudinal strips of portal vein.

2 Neither of the hepoxilins tested had a direct effect on the tone of the aortic strip or on the spontaneous
contractions of the portal vein. However, the noradrenaline (NA)-induced response of these vessels, as
expressed by the dose required for half maximal contraction, (EC,,) was greater in HxA, (8S)- and
HxA,-C (8R)-treated aorta. Increased frequency and strength of spontaneous contractions of the portal
vein were detected at lower concentrations of NA in the presence of hepoxilins.

3 The threshold dose for both hepoxilins was 10"8M and their effect was not dose-related beyond
10~ 8 M. The effect of hepoxilin appeared after a 45 min incubation period and could be observed even if
the compounds were washed out after 15 min.

4 Stereochemical specificity was observed. The 8S isomer of HxA, was active in potentiating the NA-
induced contraction of these vessels while the 8R isomer was inactive. In contrast, the 8R isomer of
HxA ;-C was active while the 8S isomer was inactive. In both tissues, HxA, (8S) was more potent than its
glutathione conjugate, HxA,-C (8R).

5 In calcium-free buffer or in the presence of a calcium channel blocker (nifedipine 1 um), no potentiation
of NA-induced contraction by hepoxilins could be observed, suggesting the involvement of extracellular
calcium in the actions of hepoxilins.

6 These experiments suggest that hepoxilins may be involved in the modulation of vascular tone and

contractility.

Keywords: Hepoxilin A,; hepoxilin A,-C; trioxilin A; aorta; portal vein; potentiation; contraction; calcium; noradrenaline

Introduction

Alterations in the reactivity of blood vessels to neurotransmit-
ters and circulating hormones may cause cardiovascular dis-
orders such as hypertension (Mulvany et al., 1980). Different
mechanisms have been proposed to explain the enhanced
responsiveness of arteries from hypertensive rats to an
endogenous vasoconstrictor, noradrenaline. Several hypo-
theses have been proposed to explain this increase in sensi-
tivity to involve a generalized increase in the contractility of
the blood vessels or a reduced relaxation to vasodilators
(Winquist & Bohr, 1983; Cohen & Berkowitz, 1976). Other
studies have suggested that the increased sensitivity of hyper-
tensive blood vessels results from an alteration in the regula-
tion of calcium influx in vascular muscle (Shibata et al., 1975;
Zsoter et al., 1977). The contractile machinery in muscles is
activated by a rise in intracellular calcium. Two sources of
calcium may be involved (Bohr, 1963). The release of calcium
from intracellular stores, believed to be responsible for the
initial phasic component and the influx of extracellular
calcium contributes to the tonic component of the contraction
(Godfraind et al., 1982; Cauvin & Malik, 1984). The concen-
tration of intracellular free (cytosolic) calcium in vascular
smooth muscle cells determines the degree of tension (Bohr,
1963) and is the trigger for muscle contraction (Filo et al.,
1965). Elevated intracellular free cytosolic calcium in vascular
smooth muscle cells has been suggested in the path-
ophysiology of hypertension (Kwan, 1985).

! Author for correspondence at: Division of Neurosciences, Research
Institute, Hospital for Sick Children, 555 University Avenue, Toronto,
Ontario, Canada M5G 1X8.

Blood vessels respond to various stimuli by releasing free
arachidonic acid from membrane phospholipids. The free fatty
acid is then rapidly converted by the cyclo-oxygenase pathway
to predominantly prostacyclin in endothelial cells and smooth
muscle cells (Weksler et al., 1977; Moncada et al., 1977). Alter-
native pathways for arachidonic acid metabolism have been
described in vascular tissue. Lipoxygenases and cytochrome
P,so epoxygenase metabolize arachidonic acid to various bio-
logically active hydroperoxy-, hydroxy-, dihydroxyeicosa-
tetraenoic acids and leukotrienes (Juchau et al., 1976;
Greenwald et al., 1979; Larrue et al., 1983). More recently we
have described the release of hydroxy epoxide metabolites of
arachidonic acid named hepoxilins by vascular tissue
(Laneuville et al., 1991a). Hepoxilins are formed through the
12-lipoxygenase pathway via a haemoglobin or other
haemoprotein-assisted intramolecular rearrangement of 12(S)-
HPETE (Pace-Asciak et al., 1983; Pace-Asciak, 1984a,b;
Pace-Asciak & Martin, 1984). Intact pieces of the rat thoracic
aorta stimulated by exogenous arachidonic acid release
hepoxilin A; (HxA;) (Laneuville et al., 1991a). Homogenates
of the rat aorta metabolize HxA, via two competing path-
ways; one involves hydrolysis of the epoxide group to form a
trihydroxy metabolite, trioxilin A; (TrXA,), and the second
pathway involves conjugation of HxA,; with glutathione via
glutathione S-transferase to form a glutathione conjugate,
hepoxilin A;-C (HxA;-C) (Laneuville et al., 1991a). The for-
mation of HxA,-C in blood vessels is dependent on the pre-
sence of reduced glutathione and is greatly enhanced in the
presence of trichloropropene oxide (TCPO), an epoxide
hydrolase inhibitor which blocks utilization of the substrate,
HxA,, via the heoxilin epoxide hydrolase. We have reported
that the glutathione conjugation pathway of HxA, was more
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evident in veins than arteries as quantified by HxA;-C forma-
tion (Laneuville et al., 1991a). The aorta from spontaneous
hypertensive rats (SHR) was similar to aorta from local nor-
motensive Wistar rats in HxA,-C formation although the
aorta from the normotensive Wistar Kyoto rats (WKy) was
much more active than aortae from either of the two other rat
types (Laneuville et al., 1991a).

Knowing that hepoxilins are formed by vascular tissue, it
was of interest to determine whether they act on this tissue. In
this study we report the actions of hepoxilins on isolated heli-
coidal strips of the thoracic aorta and longitudinal strips of
portal vein of the rat.

The following abbreviations are used in the text: hepoxilin
A,, HxA;, 8(R) and 8(S)-hydroxy, 11(S), 12(S)-epoxy-eicosa-
SZ, 9E, 14Z-trienoic acid; trioxilin A,, TrXA,, 8(R) and 8(S),
11(R), 12(S)-trihydroxy-eicosa-5Z, 9E, 14Z-trienoic acid;
hepoxilin A;-C, HxA;-C, 8(R) and 8(S), 12(S)-dihydroxy-11(R)-
glutathionyl-eicosa-5Z, 9E, 14Z-trienoic acid; noradrenaline,
NA; trichloropropene oxide (TCPO); dimethyl sulphoxide,
DMSO; hydroperoxyeicosatetraenoic acid, HPETE; hydroxy-
eicosatetraenoic acid, HETE; ethylene glycol-bis (f-amino
ethyl ether) N,N,N'N'-tetraacetic acid, EGTA; 12-O-
tetradecanoylphorbol-13-acetate, TPA.

Methods
Blood vessel preparation

Experiments were performed on male Wistar rats, 200-300g,
purchased from Charles River, St-Constant, Quebec, Canada.
Animals were maintained on a standard rat chow diet (Prolab
rat chow, Agway, Syracuse, NY, U.S.A.) and tap water ad
libitum. Animals were killed, thoracic aorta and portal veins
were rapidly removed and placed in Krebs solution
(composition in mM: NaCl 119.00, KCl 4.70, KH,PO, 0.40,
NaHCO, 14.90, MgSO, 1.17, CaCl, 2.50 and glucose 5.50)
kept at 37°C and continuously gassed with 95% O,, 5% CO,
mixture. Aortae were cleaned of connective tissue and cut heli-
cally by the method of Furchgott & Bhadrakom (1953). From
each animal, two strips of the following dimensions, 2.0 to
40mm wide and 2.0 to 2.5cm long, were cut. Portal veins,
dissected free from connective tissue, were cut longitudinally
by the method of Couture et al. (1978) and one entire vessel
(0.5 to 1.0cm) was used per experiment. Tissues were mounted
vertically in organ bath containing 10ml of Krebs buffer
maintained at 37°C and equilibrated with a 95% O,:5% CO,
gas mixture. A force of 1g and 0.25g was applied to the
aortae and the portal veins respectively. An equilibration
period of 60 min was allowed during which time the bath solu-
tions were replaced every 15 min. Isometric contractions were
recorded as changes in grams of tension on a Grass polygraph
(model 79D) with a Grass FTO03 force displacement trans-
ducer.

Effects of hepoxilins on noradrenaline-induced contractile
response in the aorta and portal vein

The contractile capacity of the aorta was tested three times on
each preparation by constructing cumulative concentration-
response curves to NA. Wash out periods of 5min were
allowed between each curve to return to basal tension. The
third curve was used for calculations and was identical to the
second. When this was not the case, concentration-response
curves were repeated until a reproducible response was
obtained for both the aortae and the portal veins. The interval
time between each cumulative dose-response curve was
15min. Hepoxilins (at different concentrations) were applied
45min before the cumulative addition of NA was repeated. In
a series of experiments, concentration-response curves to NA
were cartied out Smin after the addition of hepoxilins and
were repeated for 1h every 15min. In control experiments,
DMSO was added instead of hepoxilins and concentration-
response curves by successive cumulative addition of NA were

obtained over the same period of experimentation as for the
hepoxilins.

When the effect of calcium was investigated, a calcium
channel blocker (1 uM nifedipine) was added 20 min before the
addition of hepoxilins. Experiments were also performed in a
calcium-free Krebs buffer containing 1mM EGTA. Tissues
were dissected and incubated in the calcium free buffer.
Calcium (2.5 mM) was added at the end of the experiment and
a cumulative concentration-curve to NA was performed.

Expression of results and statistical analysis

Contraction is expressed as the percentage of the maximal
response to NA obtained before the addition of hepoxilins.
Sensitivity to NA in the aorta was expressed as an EC;,, value,
EC,, being the concentration of agonist required to give half-
maximal response of the vessels. EC;, values were obtained
by logit/log regression analysis of each individual preparation
and averaged. Contraction of the portal vein was character-
ized as the frequency of the spontaneous contractions, the
basal level of tension and the amplitude of the contractions.
All results are expressed as mean + s.e.mean of six experi-
ments. The differences between the values, obtained in the
same strip, were tested for significance by use of Student’s ¢
test for paired observations. Unpaired Student’s ¢ test was
used to compare the effect of hepoxilins obtained in different
preparations. Probabilities (P) smaller than 0.05 were con-
sidered to be significant.

Drugs

Noradrenaline (Sigma, MO, U.S.A.) was dissolved in deion-
ized water, containing 0.01% ascorbic acid (Fisher Scientific,
Toronto, Canada), to give a stock solution of 10~2M. Authen-
tic hepoxilins prepared chemically as described (Corey & Su,
1990) were kindly provided by Prof. E.J. Corey (Harvard Uni-
versity, Cambridge, MA, U.S.A.), HxA,; and TrXA, were dis-
solved in DMSO (Calbiochem, Toronto, Canada) and
HxA,-C was dissolved in a mixture of phosphate buffer and
ethanol (4 to 1). Hepoxilins were diluted with Krebs buffer to
a final concentration of DMSO or ethanol not higher than
0.02%. Nifedipine (Sigma) was dissolved in absolute ethanol
to give a 5mM stock solution which was kept in the dark and
frozen until use.

Results

Time-related response of the aorta to hepoxilin

NA at a concentration of 0.98nM weakly contracts the rat
aorta and reaches a plateau which persists until drug washout
(Figure 1, upper trace). HxA; (8S) added at a concentration of
1078 M to the bath containing NA had no immediate effect on

0.50 NA 0.98 nm
! { ‘DMSO \Wash
X 025
:C; 0 — —
L2 Wash
2 050 | |HxAs(881107m |
2 025
0
| A\ L T LU - L T 1
0 0 40 50 60 70 80 90 100
Time (min)

Figure 1 Time related induction of noradrenaline (NA) contraction
(g tension) of helicoidal strips of rat aorta by hepoxilin A; (HxA,)
(8S). NA (0.98nM) was added at time zero, followed 8 min later by
dimethyl sulphoxide (DMSO) vehicle (top panel) or HxA, (8S) (lower
panel). Note the slow onset but gradual rise in tension in the
HxA ,-treated strip as compared to the strip exposed only to vehicle.
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the NA-precontracted tissue (Figure 1, lower trace). However,
upon leaving the tissue in contact with both NA and HxA,, a
contraction began to develop around 45min after the initial
addition of the hepoxilin. This contraction continued to
develop further with time up to 100min whereupon the
bathing fluid was replaced. The tone of the vessel rapidly
returned to pre-drug levels after drug washout. In contrast,
the NA-precontracted tissue in the absence of hepoxilin did
not contract further with vehicle addition only.

Potentiation by hepoxilins of the noradrenaline-induced
contraction of the aorta

Isolated helicoidal strips of the rat contracted in a dose-
dependent fashion to increased concentrations of NA (Figure
2). None of the hepoxilins tested had any direct effect on the
tone of the aortic strip, but some acted to potentiate the con-
traction by NA. Figure 2 shows tracings of dose-dependent
contractions of the aortic strips to NA before and during the
administration of vehicle (DMSO) and 10~ ® M concentrations
of HxA; (8R), HxA, (8S) and TrXA, (8S). HxA; (8S) signifi-
cantly potentiated the threshold concentration at which NA
caused a contraction (compare Figure 2a for vehicle with 2¢
for HxA, (8S); compare 0.48 nM NA in the presence of HxA;
(8S) with the corresponding response with DMSO vehicle and
with HxA, (8R) (Figure 2b) and TrXA; (8S) (Figure 2d)).

The dose-response curves to NA were quite reproducible
throughout the experiment. Results of a series of experiments
are shown in Figure 3. Here, the contractions of the aorta to
increasing concentrations of NA are shown in the presence of
vehicle, and in the presence of HxA, (8S) at two concentra-
tions, 10~° and 10~ ®wm (Figure 3a). Higher concentrations of
HxA, were also tested but the effects were not significantly

Table 1 EC,, values for noradrenaline (NA) in the presence
and absence of the 8-enantiomers of hepoxilin A, (HxA,),
trioxilin A, (TrXA;) and hepoxilin A,-C (HxA,-C) in rat tho-

racic aorta
Treatment EC,, (nM) + s.e.mean
Control 13.1 + 24
HxA, (8S) 107°M 127 £ 3.7
107 %m 24 + 0.9%**
107'Mm 3.3 4+ 0.9*%**
107%m 3.9 £ 0.8%**
Control 104 + 0.6
HxA, (8R) 107 %M 1054+ 0.5
Control 87+15
HxA,-C (8S) 107 %M 93+ 09
10~°m 75+ 0.6
Control 11.7 £ 0.5
HxA,-C (8R) 10™°M 125+ 03
1073m 6.4 + 0.3**
107Mm 7.6 + 0.3*
Control 98 + 1.5
TrXA, (8S) 107 ¢Mm 88+ 18

Values are means + s.e.mean for six separate tissue prep-
arations. Each treatment was compared to the control value
which corresponds to the pretreatment value for each tissue
by using Student’s t test for paired samples. * P < 0.05;
** P <0.01 and *** P < 0.005 with respect to corresponding
control value.

different from that observed at 10-8m (Table 1). The stable
trihydroxy metabolite of HxA;, was inactive in modulating
the vascular reactivity to NA (Figure 2d and Table 1). The
ECj, for various compounds is shown in Table 1.
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Figure 2 Effect of hepoxilins on contractions of strips of rat thoracic aorta induced by cumulative doses of noradrenaline (NA).
Threée successive complete dose-response curves to NA (0.48 to 48.85nM) were obtained (the last one is shown here in each panel)
followed by tissue washout. Subsequent application was made of dimethyl sulphoxide (DMSO) vehicle (a), hepoxilin A; (HxA,) (8R)
(b), HxA, (8S) () or trioxilin A; (TrXA ;) (8S) (d), followed 45min later by another cumulative dose-response curve to NA. Note that
the presence of HxA, (8S) (c) potentiates the contraction of the tissue to NA so that significant contraction takes place at 0.48 nM NA.
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Figure 3 Dose-response curves of aortae (n = 6) to noradrenaline
(NA) in the presnce of (a) hepoxilin A; (HxA,) (8S) and (b) HxA,-C
(8R) at two concentrations in normal Krebs solution. Note the left
shift of the response curve to NA in the presence of 10~ M concentra-
tion of hepoxilins. Symbols: (M), vehicle control (dimethyl
sulphoxide); (A) HxA , (8S) 10~° M for (a) and HxA;-C (8R) 10~° M for
(b); (O) HxA, (8S) 10~ 8 M for (a) and HxA ;-C (8R) 10~ ® M for (b).

Stereospecificity of the hepoxilin-induced potentiation in
the contraction of the aorta to noradrenaline

The above results are shown for the 8S isomer of HxA,. The
8R isomer is essentially inactive in potentiating the NA-
induced contraction of the aorta at the concentrations used
here (10~2 to 10~ %m) (Table 1 and Figure 2b). In contrast, the
8R isomer of the glutathione conjugate of HxA,, i.e. HxA;-C,
was active (Figure 3b) but not the 8S isomer (Table 1). In
separate experiments we tested whether the inactive isomer
interfered with the potentiating response of the tissue to the
active hepoxilin isomer. After a cumulative dose-response
curve to NA was generated, tissues were exposed first to dif-
ferent concentrations of the inactive isomers, HxA; (8R) or
HxA,-C (8S) (10~ to 10~ °M), and then exposed to 10”8 m of
HxA; (8S) or HxA;-C (8R) respectively, and after 45min
another cumulative dose-response to NA was generated. In
both cases, with either HxA; or HxA,-C, the inactive isomer
neither affected the threshold nor the extent of potentiation of
NA contraction by the active isomer.

Effect of hepoxilins on noradrenaline-induced contraction
of the portal vein

The portal vein displayed spontaneous contractions when
stretched with 0.25 g tension (Figure 4a). The tissue returned
to the same basal tension between each contraction as
opposed to the aorta which-kept a plateau of contraction after
the tension was applied or after the addition of NA (Figures 1
and 2). NA induced an increase in the frequency of contrac-
tions and of the basal tension of the tissue in a dose-

dependent fashion (Figure 4 and Table 2). HxA,, (8S) 10~ %m
increased the sensitivity of the tissue to NA by increasing the
frequency of the spontaneous contractions as well as the basal
level of tension of the portal vein to doses of NA that were not
active before the addition of hepoxilins (Figure 4b). The
strength of the contractions as reflected by the height of the
peaks, was not significantly altered by any of the hepoxilins
tested. However, the threshold dose of NA required to
produce a flurry of spontaneous contractions was lowered
when 1078M hepoxilin was added. As observed with the
aorta, the hepoxilin effect was not dose-dependent beyond the
threshold of 10~ 8m (Table 2) although it was also time-
dependent. Only the 8S isomer of HxA, was active while its
trihydroxy metabolite (TrXA, (8S)), the 8R isomer of HxA,
and the 8S isomer of HxA,-C were all inactive at a concentra-
tion of 10~ M. HxA,-C (8R) was also active in potentiating
the NA-induced increase of frequency as well as the basal level
of tension (Table 2). All the hepoxilins tested on the portal
vein preparation were inactive on their own at all the doses
used (107° to 10~ °M). Control preparations were run in
parallel to demonstrate the sensitivity of the portal vein to NA
remains unchanged during the time of the experiments (3 h)
and the frequency, the basal level of tension and the strength
of the contractions obtained after cumulative addition of NA
when tested every 30 min were not significantly different from
the pre-administration ones (data not shown).

Calcium dependence of the hepoxilin A5 (8S) effect

Contractile responses to cumulative concentrations of NA
were measured following incubation of the aorta in Ca?*-free
Krebs solution containing 1 mM EGTA. This resulted in a
slow phasic contraction of the aortic strip, smaller in magni-
tude when compared to contractions obtained in a calcium-
containing buffer. The EC;, value for NA under these
conditions was: 93.1 + 6.2nM (n = 6) in a Ca?*-free buffer
and 13.3 + 3.3nM (n = 6) in a Ca?*-containing buffer. The
threshold dose of NA required to cause a contraction was
0.49mM in the Ca?*-containing buffer and 8.30nM in Ca?*-
free buffer. The amplitude of the maximal contraction was
much lower in the Ca2*-free buffer, 0.2g, compared to that
observed in the Ca?*-containing buffer, 1.05g. This reflects
the importance of calcium influx that takes place during the
tonic phase of the smooth muscle contraction. Under Ca?*-
free conditions, HxA, (8S) 10~ ® M did not significantly reduce
the threshold dose of NA (8.30 nM) required to elicit a contrac-
tion (Figure 5). The dose-response curve for NA remained
unchanged in the presence of HxA, (8S) (10~ ® M). The magni-
tude of the maximal contractile response obtained with
1109 nM of NA in the presence of HxA, (8S) 10~8m was not
significantly different than that observed before adminis-
tration of hepoxilin. Following readdition of Ca’* (2.5mm),
the contractile response of the aorta to NA was comparable to
that obtained in Ca?*-containing Krebs solution and a left-
ward shift (recovery) of the dose-response curve to NA
induced by HxA; (8S) could be observed (ECso = 2.6
+ 2.0nMm).

The possible role of calcium influx caused by HxA; (8S) to
explain its role in inducing potentiation of NA was further
investigated by using a calcium channel blocker, nifedipine.
Experiments were performed in a calcium containing medium
and tissues were exposed to nifedipine (1 M) or its vehicle
ethanol (5 1), 20 min before the addition of HxA; (8S) 107 8m.
As before, a dose-response curve to NA was generated 45 min
after the addition of the hepoxilin. Nifedipine caused a shift of
the NA curve to the right when compared to the ethanol
control (Figure 5b). The ECs, for NA in the nifedipine plus
hepoxilin-treated tissue (18.2 + 1.5 nM) was significantly higher
than the value observed prior to administration of ethanol
plus hepoxilin (10.1 + 1.0nM) (P < 0.005, n = 6). In the pre-
sence of HxA, (8S) 108 M, only the ethanol-treated tissue dis-
played a lower ECs, (1.7 +0.3nM) compared to the
pre-administration value (9.4 + 1.6 nM) (P < 0.005, n = 6).
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Figure 4 Effects of hepoxilin A; (HxA,) (8S) on the frequency and strength of contractions of strips of rat portal vein to noradrena-
line (NA). Cumulative applications of NA are shown before and after addition of (a) dimethylsulphoxide (DMSO) vehicle and (b)
HxA; (8S). Note the effect of hepoxilin in inducing the contraction to NA at 4.88 nM compared to the control at 48.85nM. Also note
that hepoxilin alone fails to alter the strength or the frequency of contraction.

Discussion

In this paper we show that hepoxilins cause an increase in
response of the aorta and of the portal vein to contractions
induced by NA. The hepoxilins do not display any contractile
activity of their own, but potentiate the contractile activity of
NA in both vascular tissues. We do not know whether the
hepoxilin effect is general to other vasoconstrictors or whether
the hepoxilins affect only the NA-induced contraction. An
interesting observation lies in the finding that the action of the
hepoxilins on the NA-induced contraction is not an imme-
diate response but is delayed in time. It requires about 45 min
of contact with the tissue for the hepoxilin-induced effect to
start. The reason for this delayed action is unknown but we
may speculate that the hepoxilins ‘prime’ the cell for NA-
contraction. This ‘priming’ may result from a calcium change
in the smooth muscle cells or from the release of some
hitherto undefined second messenger. Indeed, hepoxilins have
been reported to raise intracellular calcium in the neutrophil
and this occurs through a mobilization of calcium from intra-
cellular stores as well as through influx mechanisms (Dho et
al., 1990). In support of the influx mechanism, hepoxilins have
been shown to increase the transport of calcium across mem-
branes (Derewlany et al, 1984). Hence a calcium-related
mechanism may be used in the priming of the smooth muscle
cells for NA-contraction. However, this may not be entirely
correct because HxA ;-C, while causing a potentiation of NA-
vasoconstriction, as shown in the present study, does not raise
intracellular calcium in the neutrophil (unpublished
observations). Assuming that similar mechanisms hold for
both types of cells (neutrophils and muscle cells), then the

hepoxilin ‘priming’ may not be exclusively through a calcium-
mediated mechanism.

An alternate mechanism for hepoxilin action as shown in
this study, may be due to the release by hepoxilins of some
second messenger. Indeed, hepoxilins have been shown to
induce the release of diacylglycerol and arachidonic acid from
the human neutrophil (Nigam et al., 1990), but these second
messengers are released very quickly (within 5min). The time-
delayed action (onset around 45min) of the hepoxilins seen
here must employ some other mechanism. Rasmussen et al.
(1984) and Forder et al. (1985) demonstrated that TPA caused
a time-delayed contraction (onset around 60 min) of the rabbit
aorta, and they speculated that this action was due to the acti-
vation of protein kinase C (Hockin, 1985). Hence our findings
with hepoxilins may suggest that their action is mediated
through a diacylglycerol-induced activation of protein kinase
C

The stereospecificity of hepoxilin action warrants further
comment. We find in the present study that only the 8S enan-
tiomer of HxA, is active in potentiating the contraction by
NA of both the aorta and the portal vein. This contrasts with
our recent findings on the effect of hepoxilins on vascular per-
meability in the rat skin (Laneuville et al., 1991b). HxA; (both
enantiomers) are weakly active on their own, but only the 8R
enantiomer potentiates at very low doses (threshold 1ng) the
bradykinin-induced response (Laneuville et al., 1991b). With
regard to HxA,-C, the active isomer in potentiating the NA-
induced contraction of the aorta and the portal vein in the
present study is the 8R isomer, while this isomer is inactive in
the vascular permeability studies (unpublished observations).
The reasons for the observed differences in isomer specificity
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Table 2 Effects of hepoxilin A; (HxA;) (8S and 8R), hepoxilin A,-C (HxA,-C) (8S and 8R) and trioxilin A, (TrXA,) (8S) on noradrena-
line (NA)-induced increase in frequency and strength of spontaneous contractions and basal tone of the rat portal vein strip

NA Frequency Basal tone Strength
Treatment (nM) (contractions min " !) ®) 3]
A
Control 0 300+ 0 025+ 0 0.68 + 0.04
0.48 3.80 + 0.30 025+0 0.71 + 0.04
5.36 4.30 + 0.30 0.28 + 0.03 0.78 £+ 0.07
54.21 8.83 +1.20 0.43 + 0.06 0.90 £+ 0.09
54271 17.67 + 2.10 0.98 + 0.09 1.07 + 0.09
HxA, (8S) 0 320 £ 020 025+0 0.62 + 0.06
107°Mm 0.48 4.33 +0.50 025+0 0.61 + 0.06
5.36 4.67 + 0.70 0.27 + 0.02 0.66 + 0.07
54.21 9.33 + 1.00 047 + 0.04 092 + 0.10
542.71 19.30 + 2.10 1.09 + 0.11 1.11 £ 0.13
HxA; (8S) 0 2.83 +£0.20 025+0 048 + 0.07
107%m 0.48 3.67 £ 0.40 025+ 0 0.52 + 0.07
5.36 11.83 + 0.80*** 0.46 + 0.04*** 0.76 + 0.13
54.21 14.17 + 1.10*** 0.68 + 0.05** 1.01 +0.10
542.71 19.83 + 2.20 1.04 £+ 0.12 1.25 £ 0.10
HxA; (8S) 0 3.00 + 0.30 025+ 0 043 + 0.07
10°°m 0.48 4.50 + 0.70 025+0 045 + 0.07
5.36 9.80 + 1.40*** . 041 +0.07** 0.76 + 0.12
54.21 11.50 + 1.50** 0.58 + 0.09* 1.08 + 0.16
542.71 17.50 + 0.09 0.97 + 0.09 1.16 + 0.15
B .
Control 0 300+ 0 025+0 0.62 + 0.03
0.48 300+ 0 025+0 0.68 + 0.02
5.36 3.10 + 0.10 025+0 0.65 + 0.04
54.21 5.50 + 0.22 0.40 + 0.05 0.84 + 0.04
542.71 15.30 + 1.31 0.85 + 0.06 1.29 + 0.04
" HxA; (8R) 0 300+0 02540 0.63 £+ 0.03
107%m 0.48 3.00+0 025+0 0.65 + 0.04
5.36 3.70 + 0.30 025+0 0.65 + 0.04
54.21 5.50 + 0.22 0.39 + 0.03 0.83 + 0.04
542.71 15.20 + 0.07 0.83 + 0.04 1.33 + 0.04
C
Control 0 300+ 0 025+0 0.45 + 0.02
0.48 320 +0.17 025+0 0.45 + 0.05
5.36 5.80 + 0.30 0.35 + 0.03 0.60 + 0.02
54.21 6.50 + 0.60 043 + 0.04 0.79 + 0.05
542.71 10.60 + 0.90 0.71 + 0.05 0.88 + 0.05
HxA,-C (8S) 0 300+ 0 025+0 0.50 + 0.04
107¢m 0.48 300+0 025+0 0.61 + 0.03
5.36 5.20 + 0.30 0.35 + 0.02 0.62 + 0.03
54.21 6.80 + 0.70 0.56 + 0.07 0.78 + 0.04
542.71 11.00 + 1.20 0.74 + 0.05 0.90 + 0.05
D
Control 0 300+ 0 025+0 0.70 + 0.03
0.48 300+ 0 025+0 0.90 + 0.03
5.36 6.50 + 0 0.33 + 0.05 1.04 + 0.05
54.21 9.00 £+ 0.70 0.50 + 0.04 1.19 + 0.04
. 54271 1422 +0.10 097 £ 0.10 142 + 0.04
HxA,-C (8R) 0 300+ 0 025+0 0.69 + 0.05
107Mm 0.48 300+ 0 025+0 0.89 + 0.21
5.36 9.50 + 0.60*** 0.53 + 0.08* 1.01 + 0.02
54.21 12.30 + 0.04*** 0.68 + 0.06* 1.28 + 0.03
542.71 14.30 + 1.00 1.01 + 0.08 1.45 + 0.06
E
Control 0 300+0 025+0 0.51 + 0.03
0.48 300+ 0 025+0 0.57 £ 0.03
5.36 4.00 + 0.30 025+ 0 0.77 £ 0.09
54.21 6.00 + 0.40 0.55 + 0.07 0.99 + 0.05
542.71 14.80 + 1.10 095 + 0.14 1.33 + 0.04
TrXA, (8S) 0 300+ 0 025+ 0 0.53 + 0.04
107%m 0.48 300+0 025+ 0 0.51 £ 0.03
5.36 4.00 + 0.30 025+0 0.77 + 0.07
54.21 6.30 + 0.20 0.58 + 0.08 0.93 + 0.05
542.71 15.30 + 1.30 094 + 0.11 1.27 + 0.03

Values are means + s.e.mean for six separate tissues. Each treatment was compared to the control value which corresponds to }he
pretreatment value by using Student’s ¢ test for paired samples. * P < 0.05; ** P < 0.01 and *** P < 0.005 with respect to corresponding
control value.
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Figure 5 Dose-response curves to noradrenaline (NA) (n=6)
showing the requirement of calcium for the hepoxilin-induced poten-
tiation of NA contraction. (a) Calcium-free medium, (b) normal Krebs
solution in the presence of nifedipine. Note that the hepoxilins are
ineffective in potentiating the NA effect in a calcium-free medium (a),
and that nifedipine in normal Krebs solution causes an inhibition of
the hepoxilin effect. When nifedipine is washed out, hepoxilin poten-
tiation returns in the presence of the vehicle for nifedipine (ethanol).
Symbols: (a) (l) control pre-hepoxilin A, (HxA,); (O0) HxA; (8S)
1078 Mm; (@) control pre-dimethylsulphoxide (DMSO); (O) DMSO
vehicle for HxA;; (b) (M) control, pre-nifedipine and HxA;; (0O)
nifedipine (1 uM) + HxA, (8S) (10~ 8Mm); (@) control, pre-ethanol and
HxA;; (O) ethanol + HxA, (8S) 10~ 8m.
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Endothelial-dependent sexual dimorphism in vascular smooth

muscle: role of Mg?+ and Na *
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1 In isolated aortae of the male rat [Mg?*], withdrawal and concomitant reduction in [Na*], (to
84 mMm) induced significant increases of basal tone, but, surprisingly, this did not occur in intact aortae
removed from female rats. Such tension development, however, was observed in endothelium-denuded
aortic preparations from both sexes. These observed gender-related differences were not dependent on
animal strain or types of tissue preparations.

2 No tension development was observed in aortae obtained from castrated males treated with oestradiol.
Aortic tissues of sexually-immature male and female rats exhibited marked tension development when
exposed to 0Omm [Mg2*], and low [Na*],.

3 Tension development in Mg?*-free, low-Na* media was not tachyphylactic and completely dependent
on extracellular Ca®*; addition of 1.2mM Mg?* to the Mg?* and Na*-deficient incubation media
relaxed the increase in tension to a normal basal level.

4 Two known endothelial-derived relaxant factor (EDRF) inhibitors, methylene blue and haemoglobin,
induced tension development in female aortae with intact endothelium exposed to Mg2*-Na* deficient
media, while use of a specific inhibitor of EDRF-derived nitric oxide, viz., N®-monomethyl-L-arginine (L-
NMMA), resulted in potentiation of tension development in male, but not in female, aortae. This effect of
L-NMMA was antagonized by L-arginine.

5 The Ca ionophore, A23187, partially relaxed contractile responses in male aortae (with intact
endothelium) which were followed by potentiated contractions. Endothelium-dependent vasodilator
responses to A23187 (1071°-107%M) of aortic rings from male or female rats in normal Krebs-Ringer
bicarbonate solution were not different.

6 These results suggest that: (a) as in vascular smooth muscle cells, Mg?* plays an important role in
Ca?* homeostasis in endothelial cells, probably via Na‘t-Ca2* exchange; and (b) sex steroid hormones,
probably the female sex hormone, 17-f-oestradiol, may regulate contractile responses of intact vascular
smooth muscle by modifying endothelium functions through such Mg?*-regulated internal Na®-
dependent Ca?* entry. These data may help to explain why female subjects, despite Mg deficiency, unlike
male subjects, are protected against ischaemic heart disease and cerebrovascular disease until menopause.

Keywords: Gender differences; magnesium regulated Na*-Ca2* exchange; endothelial-derived factors; vascular smooth muscle

Introduction

Gender-related differences in haemodynamic characteristics
have received considerable scientific attention because women,
prior to menopause, are known to be less susceptible to
numerous cardiovascular disorders when compared to men
(for reviews, see Altura & Altura, 1977; Caplan et al., 1986;
Lerner & Kannel, 1986). The precise mechanism(s) of sex
steroids in the modulation of cardiovascular function,
however, remains to be elucidated.

Recently, Maddox et al. (1987) reported that there is an
endothelium-dependent gender difference in responses of rat
aortae to prostaglandin F,, (PGF,,). In vivo and in vitro
studies have demonstrated that female hormones potentiate
endothelium-dependent relaxations to acetylcholine (Williams
et al., 1990; Gisclard et al., 1988). Sex steroid hormones may
influence vascular reactivity (Altura & Altura, 1977) via this
previously unrecognized property of endothelial cells which
generates and releases endothelium-derived relaxant factor(s)
(EDRF) (Furchgott & Vanhoutte, 1989).

Intracellular, free calcium ions ([Ca2*];) are typically
thought of as playing a critical role in synthesis and/or release
of EDRF from endothelial cells (Long & Stone, 1985). It has
been suggested that, in addition to Ca channels, Na*-Ca?*
exchange may participate in the ion transport mechanisms
involved in Ca?* homeostasis in both endothelial and
vascular smooth muscle cells (Adams et al., 1989).

! Author for correspondence.

It has been demonstrated that magnesium (Mg?*) can exert
antagonistic effects on Na*-Ca2* exchange in cardiac and
vascular smooth muscle cells (Wakabayashi & Goshima,
1981; Smith et al, 1987), but such data have not been
reported for endothelial cells. However, removal of
extracellular Mg?* ([Mg2*]) has been shown to induce
[Ca?*],-dependent vasodilatation by releasing EDRF from
endothelial cells (Ku & Ann, 1987; Gold et al., 1990). Such
relaxation of vascular smooth muscle is inhibited by
dichlorobenzamil (DCB), an amiloride analogue and inhibitor
of Na*-Ca2?* exchange (Siegel et al., 1984). This led us to the
suggestion that Mg?* may also modulate activity and
function of Na*-Ca?* exchange in endothelial cells.
Mg?*-regulated Na*-Ca?* exchange may have opposite
effects on vascular tone: (1) a release of EDRF from
endothelium, which leads to relaxation, and (2) activation of
contraction in vascular smooth muscle (either of which may
be modulated by the presence of sex steroids).

With this in mind, we conducted experiments to examine
possible gender differences in contractile responses of vascular
tissues to alteration of [Mg?*], and [Na*], ions. It was
anticipated that such experiments would provide new
information on how hormones act on Ca?* translocation
pathways involved in the expression of endothelium-
dependent relaxation. The data presented here, suggest that
the female sex hormone, 17-f-oestradiol, regulates contraction
and tone of intact blood vessels by modulating endothelial
cell-derived factors through Mg?*-regulated Na*-dependent
Ca?* entry.
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Methods
Animals, preparations and general procedure

The experiments were performed on isolated aortae taken
from: (1) adult Wistar and Sprague-Dawley male and female
rats (1624 weeks old and weighing 275-400g); (2) young
(sexually-immature) Wistar male and female rats (2-4 weeks
old and weighing 80-100 g); (3) adult Wistar male and female
rats treated by castration and replacement of sex steroid
hormones. In these experiments, 8-week-old male and female
rats were castrated or ovariectomized bilaterally under
pentobarbitone sodium anaesthesia (Anthony Products Co,
Arcadia, California; 30mgkg™!, i.p.). After 3 days of recovery,
these male and female animals were treated with 17-g-
oestradiol benzoate (Squibb and Sons, Inc., Princeton, New
Jersey, US.A.; 1.5mgkg™!, im) or testosterone (Schein
Pharmaceutical, Inc., Phoenix, Arizona, U.S.A.; 2.5mgkg™!,
i.m.), respectively, every three days for 4 weeks.

All animals were killed by decapitation and exsanguinated.
Thoracic aortac were excised and immediately placed in
normal Krebs-Ringer bicarbonate (NKRB) solution at room
temperature and cleaned of blood, loose connective tissue and
fat. Aortic strips were cut helically (2mm in width by 25 mm
in length) for adult animals (Altura & Altura, 1974), and 1 mm
in width by 20mm in length for the sexually-immature
animals. Some aortae isolated from adult Wistar rats were cut
into rings about 2mm long. For intact tissue preparations,
extreme care was taken to avoid damage of endothelial cells.
In every other ring, the endothelium was removed gently with
small forceps according to the method of De Mey &
Vanhoutte (1982).

The composition of the NKRB was (in mm): NaCl 118, KCl1
4.7, KHPO, 1.2, MgSO, 1.2, CaCl, 2.5, glucose 10 and
NaHCO, 25. When Mg?*-free, low-Na™* solutions (Mg-free
low-Na KRB) were used, 59 mM NaCl was replaced by an
isosmolar amount of sucrose. The residual Na ion
concentration in the substituted solutions was 84 mm.

Measurement of vascular reactivities of aortic rings and
strips

Thoracic aortic rings, with and without endothelium, and
strips isolated from adult rats were arranged isometrically,
under resting tensions of 4.0 or 1.5g, respectively, while 0.5g
of loading tension was used in aortic strip tissues from
younger (sexually-immature) Wistar rats. All tissues were ini-
tially equilibrated for 2h in chambers containing 20ml of
NKRB at 37°C and gassed continuously with a
95%0,:5%CO, mixture. The loading tensions were adjusted
periodically and maintained throughout the equilibration
period. The incubation media were routinely changed every
10-15min as a precaution against interfering metabolites
(Altura & Altura, 1970). The tissues were attached to force-
displacement transducers (Grass Model FT 03) connected to
Grass Model 7 polygraphs, and isometric tensions of the
vascular smooth muscle preparations were recorded. The
stable level of tension developed in response to the addition of
80mM KCl was always measured prior to the collection of
data. To examine the functional viability of an intact endothe-
lium, aortic rings were precontracted by ED, doses of PGF,,
as described below, and the presence and absence of endothe-
lium was confirmed by testing for relaxation to acetylcholine
(5 x 10~ 7" M) (Furchgott & Vanhoutte, 1989), which generally
resulted in 90% relaxation in rat aortae with intact endothe-
lium.

After equilibration in NKRB, the tissues were exposed to
Mg?*-free low-Na* KRB for variable periods, of from 30 to
120 min, and then observed for tension development (Altura &
Altura, 1974). In order to determine if Mg?* and Ca?* were
important in low-Na*-induced alterations of tension develop-
ment, MgSO, (1.2mMm) was reintroduced to the Mg2*-free
low-Na* KRB (to restore normal [Mg?*]) or CaCl, was

withdrawn from Mg?*-free low-Na* KRB, respectively. In
these experiments, all observations were repeated at least
twice in the same tissue, and each tissue was returned to
NKRB after the incubation in modified KRB solutions for at
least 30min to re-establish normal vascular reactivity and
tone.

Role of endogenous vasoactive substances

To determine whether the gender-related differences in
responses in Mg?*-free, low-Na* KRB could be attributed to
differences in the endogenous release of specific types of vaso-
active amines from the blood vessels (e.g., noradrenaline,
acetylcholine, histamine and 5-hydroxytryptamine (5-HT)),
adenine nucleotide (ATP), peptides (substance P) or
prostaglandins) these vasoactive substances (10~°M) were
examined in the modified KRB solutions. Other experiments
were conducted by treating tissues with a variety of specific
pharmacological antagonists as well as a cyclo-oxygenase
inhibitor (i.e., indomethacin) before and during incubation in
modified KRB solutions. These antagonists were used in con-
centrations which produced specific antagonism to their
respective agonists and cyclo-oxygenase in rat aortic tissue
(i.e., 1077 to 10~ % m) (Altura et al., 1976). The drugs used for
these studies included noradrenaline bitartrate (Sigma Chem.
Co., St. Louis, Missouri, US.A), acetylcholine chloride
(Nutritional Biochemicals Co., Cleveland, Ohio, U.S.A)), 5-HT
creatinine sulphate (Nutritional Biochemicals Co., Cleveland,
Ohio, U.S.A), histamine hydrochloride and substance P
(Sigma Chem. Co., St. Louis, Missouri, U.S.A.), atropine sul-
phate (Mann Res. Labs, New York, U.S.A.), phentolamine
methanesulphonate (Regitine, Ciba-Geigy, Summit, New
Jersey, U.S.A)), diphenhydramine HCIl (Benadryl, Parke Davis
Co; Ann Arbor, Michigan, U.S.A), propranolol HCl and ATP
(Sigma Chem. Co., St. Louis, Missouri, U.S.A.), methysergide
maleate (Sandoz Ltd; Basel, Switzerland), and indomethacin
(Merck, Rahway, New Jersey, U.S.A.).

Role of endothelium-derived relaxing factor

To examine whether activation or release of EDRF from
endothelial cells was involved in the vascular responses to
Mg?*-free, low-Na* media, three known EDRF inhibitors,
i.e., methylene blue (10~ M, Sigma Chem. Co., St. Louis, Mis-
souri, U.S.A.), oxyhaemoglobulin (10~ 3 M, kindly provided by
Dr R.F. Furchgott) and NS-monomethyl-L-arginine (L-
NMMA, 3 x 10~*M, Calbiochem Co., La Jolla, California,
U.S.A)), as well as the Ca ionophore A23187 (5 x 10~ 7w, Cal-
biochem Co., La Jolla, California, U.S.A.) (Furchgott & Van-
houtte, 1989), were tested in aortic ring preparations
incubated in Mg?*-free, low-Na* KRB solutions. In the
experiments dealing with L-NMMA, L-arginine (3 x 107 %M,
Calbiochem Co., La Jolla, California, U.S.A.) was used to test
whether the effects of L-NMMA could be reversed.

In order to study endothelium-dependent responses in
NKRB solutions, the intact and denuded ring preparations of
male or female rat aortae were initially precontracted with an
ED;, dose of PGF,,, ie, 2-4 x 107"m or 1-3 x 107%m,
respectively, followed by challenge with the Ca ionophore
A23187 (10~ 1°-10"%mM); concentration-dependent relaxation
curves were obtained. The observed differences in EDygs for
PGF,, used here resulted from sexual differences in sensitivity
to the agent (Maddox et al., 1987). However, concentrations
chosen for PGF,, were intended to produce identical levels of
contractile force, which is important for comparing vasodila-
tor effectiveness (Winquist et al., 1984), in both male and
female animals. Care was taken to contract each ring tested,
herein, to similar levels of force (i.e., 800-900 mg) before chal-
lenging with A23187.

Statistical analyses

Where appropriate, means + s.e.mean were calculated and
compared for statistical significance by means of Student’s ¢



tests, paired ¢ tests or ANOVA using Scheffe’s contrast test. P
values less than 0.05 were considered significant.

Results

Tension development in response to lowering of [Mg**],
and [Na*], with and without castration and/or
replacement of sex hormones

Figure 1 shows recordings of typical changes in resting
tension of isolated aortic rings from male and female rats
when placed in Mg?*-free low-Na* KRB solution. Simulta-
neous [Mg2*], withdrawal and lowering the [Na*], concen-
tration from 143 to 84mM induced significant increases of
basal tone in aortic rings isolated from male Wistar rats, but
not in tissues from female Wistar rats. Surprisingly, such
tension development induced by lowering [Mg2*], and
[Na*], was observed in endothelial-denuded aortic rings iso-
lated from either sex, in which male tissues clearly exerted
greater responses than female tissues (Figure 1). Similarly, sex
differences in responsiveness to Mg?*-free low-Na* KRB sol-
ution were also observed in aortic strip preparations from
both adult Wistar and Sprague-Dawley rats as shown in
Figure 2. It should be noted that about 14% of intact male
aortae (7 out of 51 preparations) did not show significant con-
tractile responses, ie., the tone induced by [Mg?*],- and
[Na*],-deficient media was below 30% maximal K *-induced
contraction in these tissues, and therefore these results were
not included in Figure 2. However, little in the way of tension
development on lowering [Mg?*], and [Na*], ions was
observed in aortae from male Wistar rats castrated and
treated with 17-8-oestradiol, while castration and treatment
with testosterone failed to induce contraction in female Wistar
rats exposed to Mg?*-free low-Na* KRB solution (Figure 2).
Castration without replacement of sex steroids failed to exert
any effect on basal tone (data not shown). In contrast to
adults, no gender-related differences were observed in the
young sexually-immature Wistar rats; relatively greater con-
tractile responses in terms of %K *-induced maximal contrac-
tions (to lowering of [Mg?*], and [Na'], ions) were
observed compared to the adult rats (Figure 2). Such mechani-
cal changes in base-line tension were not tachyphylactic and

Mg2* (1.2 mm)

Mg-free low Na KRB Yy
Male l '\
+ Endothelium Y

~-l\
Y ' \

— Endothelium

500 mgI
Female
+ Endothelium v \ A
- Endothelium-—-f-J/_’—,/—J\’ ~

1 min

Figure 1 Effects of extracellular magnesium removal and readdition
on basal tone of aortae isolated from adult Wistar male and female
rats in low-Na containing medium (84mM NaCl). Intact
(+ Endothelium) and endothelium-denuded (— Endothelium) aortic
rings were mounted and equilibrated as described in the text. Sub-
sequent replacements of NKRB medium with Mg-free, low-Na KRB
medium are indicated by the arrows. Mg?* (1.2mM) denotes readdi-
tion of 1.2mMm MgSO, to the bathing medium.
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Figure 2 Effects of [Mg?*], removal from low-Na KRB medium on
basal tone of rat aortic strips. Strip tissues were mounted and equili-
brated as described in the text. Columns represent the means with
s.e.mean shown by vertical bars; numbers of animals in parentheses;
W =adult Wistar rats; MB = methylene blue-treated; CE =
castrated and oestradiol-treated; CT = castrated and testosterone-
treated; IW = sexually-immature Wistar rats; S-D = adult Sprague-
Dawley rats.

could be maintained for at least 2h. Addition of 1.2mm
MgSO, to the incubation media relaxed the increase in
tension observed to normal resting levels in all of these intact
or denuded tissues (Figure 1). Removal of [Ca?*], from
Mg?*-free low-Na* KRB completely abolished tension devel-
opment in all tissues tested (data not shown, n = 12). Lower-
ing of only [Na*], to 84mM (in the presence of 1.2mm
[Mg2*],) failed to produce any changes in basal tone in either
male or female tissues (n = 16).

Failure of specific neurotransmitters and hormones to
induce relaxation, and failure of specific pharmacological
antagonists as well as cyclo-oxygenase inhibitor to
interfere with tonic responses of rat aortae

None of the relaxants when tested over wide concentration
ranges (ie., acetylcholine, substance P, 5-HT, histamine or
ATP) (10~°-10° M), induced relaxation of male aortic tissues
incubated in Mg?*-free low-Na* KRB solution. Experiments
with antiadrenoceptor, anticholinoceptor and antihistamine
agents, as well as a cyclo-oxygenase inhibitor (phentolamine,
propranolol, atropine, diphenhydramine, and indomethacin,
respectively) revealed an inability of these specific pharmaco-
logical antagonists and cyclo-oxygenase inhibitor to interfere
with the contractile responses observed on lowering of
[Mg?*], and [Na*], ions (six to eight experiments were per-
formed with each agent). Methysergide, an antagonist of
5-HT, in a concentration of 10~°wM, induced slight contrac-
tions (8% KT*-induced maximal contractions) followed by
relaxation in aortic tissues incubated in Mg2*-free low-Na*
KRB solution.

Effects of methylene blue, oxyhaemoglobulin and
NS-monomethyl-L-arginine, as well as A23187, on tonic
responses of rat aortae

Figures 3 and 4 illustrate recordings of typical changes of
resting tension in aortic rings obtained with Mg?*-free,
low-Na* KRB before and after the addition of methylene blue
and A23187. Methylene blue (MB, 10~ °M) enhanced tension
development in both intact and denuded aortic rings from
both male and female rats in Mg?*-free, low-Na* KRB solu-
tion (Figure 3). In aortic strips, MB also significantly poten-
tiated contractile responses as seen in the ring preparations
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Figure 3 Influence of methylene blue on alterations in tone elicited
by reduction [Mg2*], and [Na*], in rat aortae. Intact and denuded
aortic rings were mounted and equilibrated as described in the text.
Conventions similar to these used in Figure 1. At peak tension in
Mg-free low-Na KRB, methylene blue (10~ °M) was added as indi-

cated by the second set of arrows. This tracing is representative of six
different tissues.

(Figure 2). In contrast to MB, L-NMMA treatment
(3 x 10”*mM) exerted only potentiating effects on contractile
responses of male aortae, and failed to interfere with responses
of female aortae (data not shown, n=6). The effects of
L-NMMA were completely antagonized by the same concen-
tration of L-arginine (3 x 10™*m). A23187 (10~ ¢m) produced
initial relaxation (about 50% of tonic amplitude) followed by
enhanced contraction in intact male tissues; however, no
effects of this agent were observed in aortic rings from female
rats, or in denuded tissues (Figure 4). Neither methylene blue
nor A23187 was found to exert such effects in NKRB solution
(n = 6). As with methylene blue, addition of oxyhaemoglobu-
lin (10~ 5 M) resulted in a furtherance of contractile amplitude

NKRB
A23187 (107° m) v
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Figure 4 Influence of the Ca ionophore, A23187, on alterations in
basal tone elicited by reduction [Mg2*], and [Na*], in rat aortae.
Intact and denuded aortic rings were mounted and equilibrated as
described in the text. Conventions similar to those in Figure 1. At
peak tension in Mg-free, low-Na KRB, A23187 (10~ ¢ M) was added as
indicated by the second set of arrows. This tracing is representative of
eight different tissues.
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Figure 5 Lack of a gender difference observed on cumulative
concentration-response curves to A23187-induced relaxation in aortic
rings isolated from adult male and female rats, which were precon-
tracted with prostaglandin F,, (PGF,,) (ED;,). Data are presented as
a percentage of the contractile response to PGF,, and expressed as
means with s.e.means shown by vertical bars. n = 6 in each gender
group. Denuded tissues from both gender groups exerted little or no
relaxation response to acetylcholine. Female: A——A intact rings;
A———A denuded rings; Male: A——A intact rings; A——-A denuded

rings.

(160-190% of K*-induced maximal contraction) in aortae
from both male and female rats in [Mg?*]- and
[Na*],-deficient medium (data not shown, n = 4).

A23187-induced relaxation in normal Krebs Ringer
solution

In both male and female rats, A23187 (10~1° to 10~ m) pro-
duced cumulative concentration-dependent relaxations in the
PGF,,-precontracted aortic rings with endothelium; no relax-
ations were observed in rings without endothelium (Figure 5).
The observed differences in magnitudes of relaxation to
A23187 between male and female rats were not found to be
significant in the present studies (n = 6).

Discussion

The results described here with acute removal of Mg2* ions in
low-Na* media demonstrate two contrasting aortic vascular
effects of Mg?* in male and female animals. A marked
increase in resting tension occurs in isolated intact aortae of
males but not in intact aortae from females when Mg2* and
Na* concentrations are reduced in the incubation medium.
Such contractions are observed in tissues from both male and
female rats, when denuded. This gender-related difference is
evident in both Wistar and Sprague-Dawley rats in both
helical-cut strips and rings of aorta. Therefore, the data
suggest a strain- and tissue-type-independence. Endothelial
cells in female animals seem to exert predominant effects on
the modulation of vascular responses to a lowering of
[Mg?*], and [Na'],, probably by a release of EDRF,
because contractile responses were observed in tissues without
endothelium in either sex. Indomethacin failed to interfere
with such events, suggesting that prostacyclin and other
dilator prostanoids are not involved. Two different inhibitors
of EDRF, viz., methylene blue and oxyhaemoglobulin,
however, potentiated tension in male and female aortae sup-
porting the hypothesis that EDRF released from endothelial
cells mediates the gender-related differences observed in intact
rat aortae.

The mechanism whereby endothelial function in females is
dominant, as observed in the present studies, is not known.



We cannot find any difference between young, sexually-
immature male and female rats, suggesting that the unusual
change of vascular reactivity and basal tone noted herein is
associated with sexual maturity. Since castration and treat-
ment with oestradiol inhibited the cation-related increments in
basal tension of male rat aortae, while aortae from castrated-
testosterone-treated female rats did not produce contraction,
it seems that female sex hormones (probably 17-8-oestradiol)
exert predominant effects on the modification of vascular
responses to reduction of [Mg?*], and [Na*], ions. Several
explanations and sites of action of sex steroid hormones seem
plausible.

The lack of effect of amine antagonists in male or female
tissues in our studies, suggest that sex-related differences of
vascular responsiveness in Mg?*-free, low-Na* media cannot
be attributed to the release of neurotransmitters, from auto-
nomic nerve terminals or endothelial cells (Altura & Altura,
1977; Burnstock, 1987).

Since no difference of vasorelaxation to the Ca ionophore
A23187 in NKRB solution was found between male and
female animals, the passive mechanical properties of vascular
tissues (Fischer & Swain, 1977; Cox & Fischer, 1978) also
cannot explain our results. The Ca ionophore A23187 is
believed to increase [Ca2*], by enhancement of Ca%* influx
(Reed & Lardy, 1972), independent of membrane Ca channels
and antiporter systems. Thus, our results of endothelium-
dependent relaxation to A23187 in NKRB solution suggest
further that, after the initial triggering step of Ca2* influx into
the vascular endothelial cells, there are no differences in the
expression of endothelium-dependent relaxation, including
synthesis and/or release of EDRF as well as sensitivity of the
vascular smooth muscle to EDRF, between male and female
vascular tissues. Since oestrogen has been demonstrated to
have no effect on the level of guanosine 3':5-cyclic mono-
phosphate (cyclic GMP) in vascular smooth muscle (Kishi &
Numano, 1982) such a direct mechanism of action is unlikely.

We reported recently, that reductions in [Na*],, which
cause no contractile effects.in normal [Mg?*], media, caused
a Ca?*-dependent tension development when [Mg?*], was
simultaneously withdrawn from isolated aortic smooth muscle
of male rats (Altura et al., 1990). These studies, concomitant
with observations in cultured vascular smooth muscle cells
(Smith et al., 1987; 1989), support the idea that there are
Mg?*-regulated Na*-Ca%* exchanges in the plasma mem-
brane in vascular smooth muscle (Altura & Altura, 1982;
Smith et al., 1987). Thus, it is not unreasonable to postulate
that there is facilitation of Na*-Ca2* exchange when endo-
thelial cells are exposed to Mg?*-free, low-Na* media.

There is substantial evidence that both endothelial cells and
vascular smooth muscle cells possess specific oestrogen recep-
tors (Colburn & Buonassisi, 1978; Harder & Coulson, 1979).
Female steroid hormones may, in some unknown way, exert
direct influences on Mg?*-regulated Na*-Ca2* exchange to
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control the intracellular Ca?* concentration of endothelial
cells. Since potentiation of tension development of male rat
aortae always occurred with removal of endothelial cells, a
relatively lower but definite activity of endothelium seems to
operate normally also in these tissues. Support for this
hypothesis can be derived from the present studies performed
with the Ca ionophore, A23187, which results in endothelium-
dependent vasodilatation followed by contraction.

Nitric oxide (NO) is an important EDRF, which is formed
from L-arginine in endothelial cells (Palmer et al., 1988; Fur-
chgott & Vanhoutte, 1989). L-Arginine metabolism in endo-
thelium can be reversibly inhibited by competition of the
NO-synthesizing enzyme using an analogue of L-arginine,
L-NMMA (Furchgott & Vanhoutte, 1989; Rees et al., 1989). It
is noteworthy, in our present studies, that there was gender
dimorphism of vascular responses to L-NMMA when aortic
tissues were incubated in Mg?*- and Na*-deficient media, i.e.,
L-NMMA potentiated tension development in male, but not
in female, aortic tissue. Since such potentiating effects of
L-NMMA were completely reversed by L-arginine, the data
are compatible with the notion that a certain amount of NO
was indeed produced and released from endothelial cells in
male aortae by lowering [Mg?*], and [Na*],, and may be a
reason why a small number of the male aortic tissues failed to
undergo tension development. It is puzzling as to why addi-
tion of L-NMMA to the female aortic smooth muscle, exposed
to low [Mg?*], and [Na*],, does not result in tension devel-
opment.

Although considerable evidence now exists that low dietary
intake of Mg is associated with increased incidence of sudden
death ischaemic heart disease (SDIHD) in men below the age
of 50 (Seelig, 1980; Turlapaty & Altura, 1980; Altura &
Altura, 1985), which is thought to be attributed to coronary
vasospasm (for reviews, see Altura & Altura, 1985; 1990), it
has not been possible to explain why women ingesting similar,
low levels of Mg do not exhibit such an incidence until after
the age of 50 (Seelig, 1980). If our results pertain to human
coronary vessels, then the loss of oestrogenic hormones in
postmenopausal women together with deficits in Mg dietary
intake would result in a similar incidence of SDIHD, exactly
as is noted clinically.

In conclusion, the results presented here represent the first
demonstration of an endothelium-dependent gender-related
difference of vascular responsiveness to activation of Na*-
Ca?* exchange, which is regulated by Mg?*, in isolated
arteries. Irrespective of the exact mechanism(s) whereby female
steroid hormones modulate Mg?*-regulated Na*-Ca?*
exchange, our data could prove valuable in elucidating the
precise control mechanisms for sexual dimorphism of vascular
responsiveness. These observations may be of importance in
explaining why premenopausal females are much less suscep-
tible to cardiovascular disease processes than are males.

ALTURA, BM. & ALTURA, B.T. (1990). Magnesium and the cardio-
vascular system: Experimental and clinical aspects updated. In
Metal Ions in Biological Systems, Vol. 26: Compendium on Magne-
sium and Its Role in Biology, Nutrition and Physiology. ed. Sigel, H.
pp- 359-416. New York: Marcel Dekker Inc.

ALTURA, B.M.,, EDGARIAN, H. & ALTURA, B.T. (1976). Differential
effects of ethanol and mannitol on contraction of arterial smooth
muscle. J. Pharmacol. Exp. Ther., 197, 352-361.

ALTURA, B.T., ZHANG, A. & ALTURA, B.M. (1990). Sodium-calcium
exchange mechanism in vascular smooth muscle tissue as revealed
by manipulating external magnesium. Magnesium Trace Elements,
9, 163-175.

BURNSTOCK, G. (1987). Nervous control of smooth muscle by trans-
mitters, cotransmitters and modulators. J. Cardiovasc. Pharmacol.,
10 (Suppl. 12), S74-S81.

CAPLAN, LR, GORELICK, P.B. & HIER, D.B. (1986). Race, sex and
occlusive cerebrovascular disease: a review. Stroke, 17, 648-655.



310 A ZHANG et al.

COLBURN, P. & BUONASSISI, V. (1978). Estrogen-binding sites in
endothelial cell cultures. Science, 201, 817-819.

COX, RH. & FISCHER, G.M. (1978). Effects of sex hormones on the
passive mechanical properties of rat carotid artery. Blood Vessels,
15, 266-277.

DE MEY, J.G. & VANHOUTTE, P. (1982). Heterogeneous behavior of
the canine arterial and venous wall. Importance of the endothe-
lium. Circ. Res., 51, 439-447.

FISCHER, G.M. & SWAIN, M.L. (1977). Effect of sex hormones on blood
pressure and vascular connective tissue in castrated and non-
castrated male rats. Am. J. Physiol., 232, H617-H621.

FURCHGOTT, RF. & VANHOUTTE, P.M. (1989). Endothelium-derived
relaxing and contracting factors. FASEB J., 3, 2007-2018.

GISCLARD, V., MILLER, V.M. & VANHOUTTE, P.M. (1988). Effect of
17-p-estradiol on endothelium-dependent responses in the rabbit.
J. Pharmacol. Exp. Ther., 244, 19-22.

GOLD, M.E,, BUGA, G.M,, WOOD, K.S., BYRNS, R.E, CHAUDHURI, G.
& IGNARRO, L.J. (1990). Antagonistic modulatory roles of magne-
sium and calcium on release of endothelium-derived relaxing
factor and smooth muscle tone. Circ. Res., 66, 355-366.

HARDER, D.R. & COULSON, P.B. (1979). Estrogen receptor and effects
of estrogen on membrane electrical properties of coronary vascu-
lar smooth muscle. J. Cell Physiol., 100, 375-382.

KISHI, Y. & NUMANO, F. (1982). A study of the mechanism as an
antiarterosclerotic: the inhibitory effect of estrogen on A23187-
induced contractions of the aortic wall. Mech. Ageing Dev., 18,
115-123.

KU, DD. & ANN, HS. (1987). Magnesium deficiency produces
endothelium-dependent vasorelaxation in canine coronary arteries.
J. Pharmacol. Exp. Ther., 241, 961-966.

LERNER, D.J. & KANNEL, W.B. (1986). Patterns of coronary heart
disease morbidity and mortality in the sexes: a 26-year follow-up
of the Framingham population. Am. Heart J., 111, 383-390.

LONG, CJ. & STONE, T.W. (1985). The release of endothelium-derived
relaxant factor is calcium dependent. Blood Vessels, 22, 205-208.

MADDOX, Y.T., FALCON, J.G, RIDINGER, M, CUNARD, CM. &

RAMWELL, P. (1987). Endothelium-dependent gender differences
in the responses of rat aorta. J. Pharmacol. Exp. Ther., 240, 392—
395.

PALMER, R.M.J, ASHTON, D.S. & MONCADA, A. (1988). Vascular
endothelial cells synthesize nitric oxide from L-arginine. Nature,
333, 664-666.

REED, P.W. & LARDY, HA. (1972). A divalent cation ionophore. J.
Biol. Chem., 247, 6970-6972.

REES, D.D., PALMER, R.M.J,, HODSON, H.F. & MONCADA, S. (1989). A
specific inhibitor of nitric oxide formation from L-arginine attenu-
ates endothelium-dependent relaxation. Br. J. Pharmacol., 96, 418—
424.

SEELIG, M.S. (1980). Magnesium Deficiency in the Pathogenesis of
Disease. New York: Plenum.

SIEGEL, PK.S., CRAGOE, EJ. Jr., TRUMBLE, M.J., KACZOROWSKI, G.J.
(1984). Inhibition of Na*/Ca?* exchange in membrane vesicle and
papillary muscle preparations from guinea pig heart by analogs of
amiloride. Proc. Natl. Acad. Sci. U.S.A., 81, 3238-3242.

SMITH, J.B., CRAGOE, EJ. & SMITH, L. (1987). Na*/Ca?* antiport in
cultured arterial smooth muscle cells. J. Biol. Chem., 262, 11988-
11994.

SMITH, J.B, ZHENG, T. & SMITH, L. (1989). Relationship between
cytosolic free Ca%* and Na*-Ca?* exchange in aortic muscle cells.
Am. J. Physiol., 256, C147-C154.

TURLAPATY, P.D.M.V. & ALTURA, B.M. (1980). Magnesium deficiency
produces spasms of coronary arteries: relationship to etiology of
sudden death ischemic heart disease. Science, 208, 198-200.

WAKABAYASHI, S. & GOSHIMA, K. (1981). Kinetic studies on sodium-
dependent calcium uptake by myocardial cells and neuroblastoma
cells in culture. Biochim. Biophys. Acta, 642, 158-172.

WILLIAMS, JK., ADAMS, M.R. & KLOPFENSTEIN, H.S. (1990). Estro-
gen modulates responses of atherosclerotic coronary arteries. Cir-
culation, 81, 1680-1687.

WINQUIST, R.J., BUNTING, P.B, BASKING, E.P. & WALLACE, AA.
(1984). Decreased endothelium-dependent relaxation in New
Zealand genetic hypertensive rats. J. Hypertens., 2, 541-545.

(Received July 31, 1991
Revised September 24, 1991
Accepted October 9, 1991)



Br. J. Pharmacol. (1992), 108, 311-314

© Macmillan Press Ltd, 1992

Decreased inhibition by gravidin of arachidonate release from
transformed compared to nontransformed cells

!Theresa Wilson, Raymond K. Ralph & Ranjini Ganendren

Department of Cellular and Molecular Biology, University of Auckland, Auckland, New Zealand

1 Gravidin (a phospholipase A, inhibitor) reduced the release of arachidonic acid from human lympho-

cytes by 51% at 10~ 8 m.

2 Under normal culture conditions, nanomolar gravidin caused a significant reduction in the release of
free arachidonic acid from human lymphocytes or nontransformed fibroblasts but in transformed cells,

nanomolar gravidin was ineffective.

3 Inhibition of arachidonate release appeared to be related to rate of growth as inhibitory effects of
gravidin on Jurkat cells and HL-29 cells could be observed if the cells were cultured under conditions

where DNA synthesis was low.

4 The reported disparate effects of lipocortin on cell phospholipase A, activity may be reconciled if

DNA synthesis is investigated.

Keywords: Gravidin; phospholipase A,; DNA synthesis; arachidonic acid; cell growth; lymphocytes; lymphoma

Introduction

Regulation of phospholipase A, (PLA,) (EC3.1.1.4) activity
holds the key to the control of the arachidonic acid (AA)
cascade and therefore inflammation and other disorders. Glu-
cocorticoids are well characterized anti-inflammatory agents
that are reported to inhibit PLA, through induction and
release of lipocortins (Hirata et al, 1980; Blackwell et al.,
1982). However, the antiphospholipase activity of lipocortins
is controversial as in some systems, synthesis of lipocortins is
coincidental with no change or an increase in phospholipid
hydrolysis (Duval et al., 1986; Northup et al., 1988; Mitchell
et al., 1988). We isolated and characterized a PLA, inhibitor,
gravidin (Wilson & Christie, 1991) that has been linked with
maintenance of human pregnancy (Wilson et al., 1989). At low
concentrations gravidin inhibited human endometrial cell
prostaglandin synthesis and decidual cell and lymphocyte
[*H]-AA release (Wilson et al., 1985; Wilson & Christie, 1991)
but it was noted that the active concentration varied accord-
ing to the cell type used, suggesting that cells may differ in
sensitivity to gravidin as for lipocortin. We have now
extended these studies to human cells from other tissues and
confirm that the effect of gravidin is selective in that it differs
according to the type of cell tested and is markedly reduced in
cells derived from tumours. Furthermore, for a given cell type,
the inhibitory response to gravidin only occurs when cells are
synthesizing DNA slowly.

Methods

Cell culture

Lymphocytes Lymphocytes were obtained with informed
consent from healthy volunteers and one lymphoma patient
diagnosed with a malignant lymphoma (nodular, poorly
differentiated). Blood was collected in citrate anticoagulant
and centrifuged in Sepalymph at 1000 g for 30 min. The layer
of lymphocytes was removed carefully, washed twice in
medium G199 with Earle’s salts pre-equilibrated with 5%
CO, and immediately labelled with [*H]-AA (180 Cimmol ')
as described below.

! Author for correspondence at present address: Dept. of Obstetrics
and Gynaecology, University of Dundee, Ninewells Hospital, Dundee,
DD1 9SY.

Fibroblasts Human foreskin fibroblasts were obtained from
primary cell cultures that had been stored in liquid N,
(—196°C) and grown before treatment for at least two cell
cycles in RPMI 1640 medium containing 5% foetal calf serum
(FCS), 50mgml~! penicillin and 50uml~' streptomycin at
37°C in a humidified atmosphere containing 5%CQO,. Cells
were detached from their dishes by treatment with 0.05%
trypsin for 2 min before labelling with [3H]-AA.

Measurement of [*H]-arachidonic acid release

Radiolabelled AA in ethanol was dissolved in G199 media;
the ethanol solvent constituted less than 0.1% of the final
volume. Cells washed free from FCS were incubated for
45min in 0.5 ml medium containing [*H]-AA (1 »Ci/10° cells).
The radiolabelled cells were washed twice in G199 medium
containing 1 mgml~! BSA and resuspended in G199 medium
to a final concentration of approximately 4 x 10° cells per ml.
Aliquots (50 1) of the cell suspension were placed in Eppen-
dorf tubes containing test substances in a final volume of
350 41 and incubated at 37°C in an atmosphere of 5% CO,.
Each treatment was performed in triplicate.

Following incubation, 1004l of the cell suspension was
removed from each incubation tube and the cells centrifuged
lightly into a pellet before 75ul of the supernatant was
removed and its associated radioactivity was measured in a
liquid scintillation spectrometer [3H]-AA release which was
linear over 5h, was measured at time 0, 3 and 4h. The mean
of the 3 and 4 h values was taken for all data. Released radio-

‘activity in the presence of gravidin was expressed as a percent-

age of the radioactivity released in the absence of gravidin.
The average amount of [*H]J-AA incorporated by an aliquot
containing 10° cells was 6118 + 1010d.p.m. During incu-
bation, 3280 + 390d.p.m. were released and the d.p.m. in the
supernatant at zero time averaged 29.5% of the total d.p.m.
released during the experiment (mean + s.e., n =27 for all
data above).

Preparation of gravidin

Gravidin was extracted from amniotic fluid as previously
described (Wilson & Christie, 1991) and stored at —20°C in
HEPES buffer (100mM, pH 7.0) containing 50% glycerol.
Purity was judged to be 98% on a Coomassie Blue stained
SDS gel. Before its addition to test solutions, gravidin was
incubated with 1 mMm dithiothreitol (DTT) for 15min at room
temperature. Neither glycerol nor DTT affected the release of
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[®H]-AA from the cells at the concentrations in the test solu-
tions.

Thymidine incorporation

Cells were washed free of FCS and incubated with [3H]-
methyl-thymidine (1 #Ci/0.5ml cells; 25 Cimmol~?!) for 3.5h.
The cells were pelleted and washed with SSC (0.15m NaCl,
0.017M Na citrate pH 7.00) resuspended in SSC containing
0.3mgml ™" BSA and left on ice for 30 min. DNA was precipi-
tated with HCl-sodium pyrophosphate (1 ml 12% w/v in 1.5M
HCI) at 0°C for 15min and then washed three times by cen-
trifugation in 0.5% w/v Na pyrophosphate in 0.5M HCI before
radioactivity in the precipitate was measured.

Results

The effect of different doses of gravidin on [H]-AA release
from normal unstimulated lymphocytes is shown in Figure 1.
There was no change in [2H]-AA release at 10~ 1! M gravidin
but a statistically insignificant increase in PLA, activity
occurred at 10~ M. Inhibition reached a maximum of 51%
between 3 and 10 nM gravidin.

To determine whether gravidin inhibits [3H]-AA release in
other cells, investigations were extended to confluent cell lines
and cells from a variety of other sources. Gravidin was used at
10~°M because at this concentration half the maximum
response was obtained with lymphocytes. A comparison of
cell types showed that gravidin was substantially more inhibi-
tory to nontransformed than transformed cells (Table 1).
Gravidin at a higher concentration (5 x 10~° M) caused insig-
nificant inhibition of arachidonate release from HT-29 or
HL-60 cells (data not shown).

To determine if the different response of transformed and
nontransformed cells could be attributed to differences in rate
of growth, DNA synthesis was measured in cells of the same
type from different sources (Table 2) and it was observed that
DNA synthesis was significantly lower in normal lymphocytes
that were inhibited by gravidin compared to lymphoma lym-
phocytes that were not.

To test further the hypothesis that the action of gravidin
was related to the rate of cell growth, cultures of normal fibro-
blast, Jurkat and HL-60 cells were harvested and assayed for
gravidin effects at intervals after subculture. DNA synthesis

% inhibition of [3H]-AA release

00 1.0 20 30 40 50 60 70 80 90 100

Gravidin concentration (nm)

Figure 1 The effect of increasing gravidin concentration on lympho-
cyte [*H]-arachidonic acid ([*H]-AA) release. Lymphocytes were col-
lected from healthy volunteers, washed and preincubated with [*HJ-
AA as described in the Methods section. Nonstimulated release of
[*H]-AA was measured in the absence and presence of gravidin at
different concentrations. Values given are the means and range of two
experimental results and are expressed as a percentage of the control
value in the absence of gravidin.
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Figure 2 Effect of gravidin with cells with different rates of growth.
Cells were treated with or without gravidin (10~ ° M) at different stages
of growth and thymidine incorporation/10° cells measured at the
same time as inhibition of [*H]-AA release by gravidin. Values shown
are pooled from at least two subcultures and are expressed as a per-
centage of the control value in the absence of gravidin: (l) fibro-
blasts; (@) HT-29 cells; (O) Jurkat cells.
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Table 1 The effect of gravidin on [*H]J-arachidonic acid ([(*H]-AA) release from different cultured human cell types

Normal or

Cell type Source transformed % Inhib s.e.mean n
HCT-8 Ileocaecal cancer Transformed -4 35 3
HT-29 Colon cancer Transformed -4 35 3
HL-60 Leukemia Transformed 2 1.0 3
Jurkat T cell Transformed 11 5.7 3
Lymphoma Lymphocytes Transformed 2 6.4 3

Lymphocytes Normal 27 6.4 9
Fibroblasts Foreskin Normal 24 5 3

Cells were treated with gravidin (10~ M) as described in Methods. Non-stimulated release of [*H]-AA was measured in the absence and
presence of gravidin at different concentrations. The lymphoma patient donated cells three times; 9 healthy donors contributed cells.
Values given are the means of the experimental results and are expressed as a percentage of the control value in the absence of gravidin.

Table 2 Incorporation of thymidine by lymphocytes from different sources

Normal or
Cell source transformed
Jurkat Transformed
Lymphoma cells Transformed
Lymphocytes Normal

Thymidine

(d.p.m. incorporated/

10° cells) se.mean  n
1221 257 3
971 281 2
247 107 3

Lymphocytes were obtained from healthy donors, one lymphoma patient and T cells established in culture and assayed for thymidine

incorporation as described in the Methods section.
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was measured at the same times and the assays were made
every two or three days until the cell number no longer
increased and thymidine incorporation fell to below
1500d.p.m./10° cells. Both thymidine incorporation and gra-
vidin inhibition of arachidonate release were measured from
the same cultures so that the two parameters could be corre-
lated. The inhibitory effect of gravidin was found to be
inversely. related to the amount of DNA synthesized by the
cells (Figure 2) with measurable inhibition only in cells with
low rates of DNA synthesis. Gravidin stimulated [3H]-AA
release from fibroblasts with very high rates of DNA synthe-
sis, while at all rates of DNA synthesis there was reduced
sensitivity to gravidin in HT-29 cells and Jurkat cells com-
pared to normal fibroblasts.

Discussion

Gravidin, an inhibitor of PLA, has recently been identified as
secretory component of IgA (Wilson & Christie, 1991).
Although gravidin is a potent inhibitor of PLA, in human
endometrial cells, (Wilson et al., 1985), it was found to have
variable or little effect on transformed cells investigated in this
study whereas [°H]-AA release from normal lymphocytes and
fibroblasts was significantly inhibited by gravidin.

A comparison of normal versus transformed lymphocytes
from different sources showed that they responded differently
to gravidin. Transformation appeared to make the cells much
less sensitive to gravidin as [*H]-AA release from both Jurkat
cells (@ T cell line) and lymphocytes obtained from an
untreated lymphoma patient was inhibited less than [3H]-AA
release from normal cells.

To test whether the effect of gravidin on cells varied with
their rate of growth, thymidine incorporation into DNA was
compared with gravidin effect on [3H]-AA release (Figure 2).
With both normal and transformed cells, gravidin inhibition
was greatest when thymidine incorporation was low indicat-
ing that the effect of gravidin depended on the rate of cell
growth. However, the rate of DNA synthesis at which the cells
began to respond to gravidin varied according to the cell type
and the effects on transformed cells occurred only at very low
rates of growth.

Another phospholipase inhibitor, lipocortin, is synthesized
in response to glucocorticoid or dexamethasone treatment of
cells (Hirata et al., 1980; Blackwell et al., 1982) and dexa-
methasone also has different effects on confluent and growing
cells. In one study, Mitchell et al. (1988) demonstrated

References

ALONSO, T. & SANTOS, E. (1990). Increased intracellular glycerop-
hosphoinositol is a biochemical marker for transformation by
membrane-associated and cytoplasmic oncogenes. Biochem.
Biophys. Res. Commun., 171, 14-19.

BLACKWELL, G.J., CARNUCCIO, R., DI ROSA, M, FLOWER, RJ,
LANGHAM, CS.J, PARENTE, L, PERSICO, P., RUSSELL-SMITH,
N.C. & STONE, D. (1982). Glucocorticoids induce the formation
and release of anti-inflammatory and anti-phospholipase proteins
into the peritoneal cavity of the rat. Br. J. Pharmacol., 76, 185—
194.

DUVAL, D, LYNDE, P, HATZFELD, A. & HATZFELD, J. (1986).
Dexamethasone-induced stimulation of arachidonic acid release
by U937 cells grown in defined medium. Biochem. Biophys. Acta,
887, 204-213.

ERONEN, M., PESONEN, E, KURKI, T, YLIRKORKALA, O. &
HALLMAN, M. (1991). The effects of indomethacin and a pg-
sympathomimetic agent on the fetal ductus arteriosus during
treatment of premature labor: A randomised double-blind study.
Am. J. Obstet. Gynecol., 164, 141-146.

GIBB, W. & LAVOIE, J.C. (1990). Effects of glucocorticoids on prosta-
glandin formation by human amnion. Can. J. Physiol. Pharmacol.,
68, 671-676.

HIRATA, F. SCHIFFMAN, E, VENKATASUBRAMANIAN K,
SALOMON, D. & AXELROD, J. (1980). A phospholipase A2 inhibi-

enhanced lipocortin and prostaglandin synthesis in cultured
cells from human amnion. However, Gibb & Lavoie (1990) in
a later study found that the inhibitory effect of dexamethasone
on prostaglandin synthesis by human amnion cells depended
on whether or not the cells were freshly cultured or had been
cultured for several days. Glucocorticoids inhibited freshly
cultured cells but became stimulatory after several days of
culture. Such inconsistencies in the anti-phospholipase effect
of lipocortin have impeded its acceptance as an inhibitor of
PLA, (Duval et al, 1986; Northup et al., 1988). From our
data and the other results, we suggest that the susceptibility of
phospholipase to inhibitors changes with growth rate.

The reason for the decreased sensitivity of transformed cells
to gravidin is not known. The lack of effect was not due to the
protease treatment used to detach the cells from their dishes
as cultured fibroblasts which responded to gravidin were
detached from the dishes in the same way as the transformed
cell lines (Figure 2). Increased PLA, activity has been associ-
ated with cell transformation (Alonso & Santos, 1990) and
appears to be necessary for high growth rates (Palombella &
Vicek, 1989). Possibly, acquired resistance to inhibition of
phospholipase is an early event in cell transformation.

A selective effect of gravidin could be advantageous under
some circumstances. Gravidin has been shown to inhibit
decidual cell prostaglandin synthesis and thus may play a role
in the maintenance of human pregnancy (Wilson et al., 1985).
Indomethacin, a cyclo-oxygenase inhibitor is sometimes used
to delay preterm labour but may have adverse effects due to
inhibition of prostaglandin synthesis in the foetus (Moise et
al., 1988; Mari et al., 1989; Eronen et al., 1991). If gravidin
inhibits phospholipase only in non-growing cells, it would
have an advantage over indomethacin in that foetal prosta-
glandin production would not be compromised.

In summary, our results show that cells have different sensi-
tivity to gravidin depending on their stage of growth; actively
growing cells are less affected by gravidin than freshly cul-
tured or confluent cells. An in vivo consequence of this finding
could be a selective effect of gravidin on cell types at different
stages of growth (e.g. foetal vs. maternal cells during
pregnancy). Transformed cells may be less sensitive to gravid-
in than growth controlled cells because of altered control of
PLA,. It seems possible that reported variable responses of
other cells to lipocortins may also be explained by different
rates of cell growth. .

This work was funded by the MRC of New Zealand, The Auckland
Medical Research Foundation and Birthright, U.K.

tory protein in rabbit neutrophils induced by glucocorticoids.
Proc. Natl. Acad. Sci. US.A., 77, 2533-2536.

MARI, G, MOISE, K.J., DETER, R.L, KIRSHON, B, HUHTA, J.C, CAR-
PENTER, RJ. & COTTON, D.B. (1989). Doppler assessment of the
pulsatility index of the middle cerebral artery during constriction
of the fetal ductus arteriosus after indomethacin therapy. Am. J.
Obstet. Gynecol., 161, 1528-1531.

MITCHELL, M.D,, LYTTON, F.D. & VARTICOVSK]I, L. (1988). Paradoxi-
cal stimulation of both lipocortin and prostaglandin production in
human amnion cells by dexamethasone. Biochem. Biophys. Res.
Commun., 151, 137-141.

MOISE, K.J., HUHTA, J.C,, SHARIF, DS, OU, C.N, KIRSCHAN, B., WAS-
SERSTRUM, N. & CANO, L. (1988). Indomethacin in the treatment
of premature labor. N. Engl. J. Med., 319, 327-331.

NORTHUP, J K., VALENTINE-BRAUN, K.A.,, JOHNSON, LK. SEVER-
SON, D.L. & HOLLENBERG, M.D. (1988). Evaluation of the anti-
inflammatory and  phospholipase-inhibitory  activity  of
calpactinll/lipocortin 1. J. Clin. Invest., 82, 1347-1352.

PALOMBELLA, VJ. & VILCEK, J. (1989). Mitogenic and cytotoxic
actions of tumor necrosis factor in BALB/c 3T3 cells. Role of
phospholipase activation. J. Biol. Chem., 264, 18128-18136.

WILSON, T. & CHRISTIE, D.L. (1991). Gravidin, an endogenous inhibi-
tor of phospholipase A, activity, is secretory component of IgA.
Biochem. Biophys. Res. Commun., 176, 447-452.



314 T. WILSON et al.

WILSON, T., LIGGINS, G.C., AIMER, G.P. & SKINNER, SJ.M. (1985).
Partial purification and characterisation of two compounds from
amniotic fluid which inhibit phospholipase activity in human
endometrial cells. Biochem. Biophys. Res. Commun., 131, 22-29.

WILSON, T., LIGGINS, G.C. & JOE, L. (1989). Purification and charac-
terisation of a uterine phospholipase inhibitor that loses activity
after labor onset in women. Am. J. Obstet. Gynecol., 160, 602—606.

(Received July 8, 1991
Revised September 19, 1991
Accepted October 14, 1991)



Br. J. Pharmacol. (1992), 105, 315-320

Influence of NS-nitro-L-arginine methyl ester on vagally induced

gastric relaxation in the anaesthetized rat
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1 The influence of the nitric oxide (NO) biosynthesis inhibitor NC-nitro-L-arginine methyl ester (L-
NAME) on the gastric relaxation induced by peripheral vagal stimulation was investigated in the anaes-
thetized rat.

2 Peripheral vagal stimulation (10 Hz, 10V, 1 ms for 20s) induced a reproducible biphasic response: a
short-lasting increase followed by a more pronounced decrease in intragastric pressure. This response also
occurred in reserpinized animals (Smgkg~!, i.p., 24 h before the experiment) while atropine (1 mgkg™!
i.v.) abolished the initial increase in intragastric pressure.

3 L-NAME (1-30mgkg~?, i.v.) induced an increase in arterial blood pressure. L-NAME (1 mgkg™1, i.v)
had no influence on the vagally induced gastric response while L-NAME (10 and 30mgkg™! i.v.) signifi-
cantly changed it: the initial increase in intragastric pressure was enhanced while the decrease in intragas-
tric pressure was reduced or abolished. NC-nitro-L-arginine (L-NNA, 10mgkg~?, i.v.) had the same effect.
4 An iv. infusion of phenylephrine (10 ugkg ™! min~?') inducing a pressor response similar to that pro-
duced by L-NAME (30mgkg™?, i.v.) did not influence the vagal gastric response. Infusion of L-arginine
(300mgkg~! bolus, then 100mgkg~'h~!) starting 30min beforehand, reduced the pressor effect and
prevented the influence of L-NAME (10mgkg™!, i.v.) on the vagal gastric response. After injection of both
atropine (1mgkg™?, i.v) and L-NAME (30mgkg~?, i.v.), the vagally induced decrease in intragastric
pressure was similar to that obtained under control conditions.

5§ These results are consistent with NO being released and inducing gastric relaxation during peripheral
vagal stimulation. In addition to NO, another inhibitory non-adrenergic non-cholinergic neurotransmitter

3
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is released.

Keywords: Rat stomach; gastric relaxation; non-adrenergic non-cholinergic; vagal stimulation; N-nitro-L-arginine methyl ester

(L-NAME); nitric oxide

Introduction

Nitric oxide (NO) has been recognized as an endothelium-
derived relaxing factor (Palmer et al., 1987; Ignarro, 1990).
Inhibition of NO biosynthesis by L-arginine analogues such as
NS-mono-methyl-L-arginine (L-NMMA) and NS-nitro-L-
arginine methyl ester (L-NAME) upon intravenous adminis-
tration of these compounds induces pressor responses in rats
(Rees et al., 1990; Gardiner et al., 1990), guinea-pigs (Aisaka et
al., 1989) and rabbits (Rees et al., 1989). These results suggest
that the formation of NO has an important role in the regula-
tion of blood pressure. Recent in vitro data suggest that NO is
also a neurotransmitter of peripheral inhibitory non-
adrenergic non-cholinergic (NANC) neurones. Indeed, in the
anococcygeus muscle of the rat (Gillespie et al., 1989) and the
mouse (Gibson et al., 1990), the ileocolonic junction of the dog
(Boeckxstaens et al., 1990), and the guinea-pig trachea (Li &
Rand, 1991), the NO synthesis inhibitors L-NMMA, L-NAME
and/or NOC-nitro-L-arginine (L-NNA) inhibited the relaxation,
induced by electrical stimulation of the NANC neurones. Fur-
thermore, in a superfusion bioassay, the release of a vasorelax-
ant factor with NO characteristics was shown upon
stimulation of the NANC nerves in the canine ileocolonic
junction (Bult et al., 1990) and the presence of NO synthase
has been shown in myenteric plexus neurones of the rat intes-
tine (Bredt et al., 1990).

In the rat gastric fundus, vasoactive intestinal polypeptide
(VIP) has been proposed as inhibitory NANC neurotransmit-
ter (De Beurme & Lefebvre, 1987; Kamata et al., 1988) but the
non-blockade of the initial relaxation, induced by electrical
stimulation of the NANC neurones, by VIP-antiserum sug-
gested the involvement of a non-VIP component (De Beurme
& Lefebvre, 1988). There is now evidence that NO might be
the co-transmitter with VIP in this preparation, as L-NMMA

! Author for correspondence.

reduced NANC relaxations elicited by short periods of field
stimulation (Li & Rand, 1990; Boeckxstaens et al., 1991). The
inhibitory NANC neurones of the gastric fundus represent the
final step of the vagal inhibitory pathway involved in gastric
relaxation (Abrahamsson, 1986). In studies in vivo, stimulation
of the peripheral cut end of the vagus, especially after atropine
treatment, induces NANC gastric relaxation in the guinea-pig
(Ohta et al.,, 1985), the cat (Martinson, 1964) and the dog
(Jahnberg, 1977). In the present study, we investigated the
influence of L-NAME on gastric relaxation induced by efferent
vagal stimulation in the anaesthetized rat. Our results provide
in vivo evidence for the involvement of NO in the vagal inhibi-
tory NANC pathway to the stomach. A preliminary account
of the results has been given to the British Pharmacological
Society (Lefebvre et al., 1991).

Methods

Preparation of animals

Male Wistar rats (230-460g) were fasted for 24h with water
available ad libitum. The animals were anaesthetized with
sodium pentobarbitone (60mgkg™!, i.p.); anaesthesia was
maintained by bolus administration (3mgkg~?, iv.) when
required. A tracheotomy was performed and a tracheal tube
inserted, through which the animals breathed room air spon-
taneously. Catheters containing heparinized (50 units ml™1)
saline were inserted into the right carotid artery and the right
external jugular vein for blood pressure measurement and
intravenous administration of drugs respectively. The arterial
catheter was connected to a PDCR 75 S/N 1684 or a Statham
P23AA pressure transducer and mean arterial blood pressure
was derived from the direct measurement. Intragastric pres-
sure was measured by use of a rubber balloon inserted into
the stomach via the mouth. The balloon was connected to a
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Statham P23BB or a PDCR 75/1 S/N 430 pressure transducer
and filled with water at 37°C (1.1-1.6ml). This volume was
determined before the use of each new balloon as the quantity
of water, that just did not induce pressure in the balloon,
outside the body. After each experiment, the exact localization
‘of the balloon was verified. Blood pressure and intragastric
pressure were registered on a Beckman Dynograph recorder,
type R.

The cervical vagal nerves were carefully isolated and bilat-
erally sectioned. The peripheral cut end of the left cervical
vagus was placed on a bipolar electrode and covered with
liquid paraffin. The electrode was connected to an electric
stimulator (Braun Type I, HSE). In a few animals, the periph-
eral cut end of the right cervical vagus was stimulated, as no
response was obtained upon stimulation of the left vagus.
Except for the preliminary experiments, stimulation was with
square wave pulses of 1 ms, 10V and 10 Hz for 20s.

Experimental protocols

After section of the vagal nerves, a stabilization period of
20min was allowed. In a first series of experiments (n = 24),
vagal stimluation was performed 3 times at an interval of
about 1h. Before the second vagal stimulation, an i.v. bolus
injection of saline or L-NAME (1, 10 or 30mgkg™!) was
given. The interval between the saline injection and the second
vagal stimulation was 10min; when L-NAME was injected,
the second vagal stimulation was performed at the time of the
maximal blood pressure increase induced by L-NAME. The
gastric response to vagal stimulation was also studied before
and after injection of L-NNA (10mgkg™!,i.v.; n = 6).

The influence of vagal stimulation on intragastric pressure
was also studied before and 10 min after i.v. bolus injection of
pentolinium (2mgkg~'; Howe et al, 1986; n = 8) and before
and during i.v. infusion of phenylephrine (10 ugkg™ ! min~!;
n=28); vagal stimulation was performed when the
phenylephrine-induced pressor response was maximal. The
influence of L-NAME (30mgkg~!) was also studied in atro-
pinized (n=8) and reserpinized (n=5) rats. Atropine
(1mgkg™?, i.v) was administered 10min before the second
vagal stimulation. Fifty min after the second vagal stimu-
lation, the atropine injection was repeated, followed after
10min by the i.v. injection of L-NAME (30mgkg~!). When
the blood pressure increase induced by L-NAME was
maximal, a third vagal stimulation was performed. Reserpine
(Smgkg~!) was administered i.p. 24 h before the experiment.

In the final series of experiments, the influence of pretreat-
ment with L-arginine on the effect of L-NAME was investi-
gated. Vagal stimulation was performed 3 times with an
interval of at least 1h between each stimulation. Fifty min
after the first vagal stimulation, an i.v. bolus injection of L-
arginine (300mgkg~') was given, followed after 10min by
L-NAME (30mgkg™!) as an i.v. bolus (n = 6). In another
group of rats, L-arginine was infused (300mgkg~! bolus,
100mgkg ™' h™! infusion) for 30 min before i.v. bolus adminis-
tration of 10 (n = 6) or 30mgkg™' (n=3) L-NAME. In a
similar way, the influence of D-arginine (300mgkg~* bolus,
100mgkg='h~! infusion for 30min) was tested versus
L-NAME (10mgkg~!; n = 8).

Drugs

The following drugs were used: atropine sulphate (Boehringer
Ingelheim, Germany), p-arginine hydrochloride (Sigma, St.
Louis, Mo, U.S.A), L-arginine hydrochloride (Sigma), N°-
nitro-L-arginine (Sigma), NS-nitro-L-arginine methyl ester
hydrochloride (Sigma), pentolinium tartrate (Janssen Chimica,
Geel, Belgium), phenylephrine (Winthrop, Brussels, Belgium),
reserpine (Aldrich Chemie, Brussels, Belgium).

Drugs were dissolved or diluted with sterile saline. For
phenylephrine, commercially available ampoules were used. A
stock solution of reserpine was prepared from powder
(Smgml~! dissolved in 10% ascorbic acid). The substances

were injected in volumes of 0.1 ml/100 g, flushed in with 0.2 ml

saline. Infusions were given at a rate of 0.1 mlmin 1.

Statistical analysis

Results are given as mean + s.e.mean. Responses to vagal
stimulation after a given treatment were compared to those
before by means of the signed-ranks test. P < 0.05 was taken
as statistically significant.

Results

During preliminary experiments (n = 5), the vagal nerve was
stimulated at Smin intervals for 20s at a frequency of 2 or
10Hz; the voltage was stepwise increased from 10 to 50V.
Stimulation at 2Hz tended to increase intragastric pressure
(corresponding to gastric contraction), while stimulation at
10Hz yielded a decrease in intragastric pressure
(corresponding to gastric relaxation) or a biphasic response,
i.e. a small increase followed by a more pronounced decrease
in intragastric pressure. From these results, vagal stimulation
at 10Hz, 10V, 1ms for 20s was chosen for further experi-
ments.

Influence of L-NAME and L-NN A on the vagally induced
gastric response

Vagal nerve stimulation generally induced a decrease in mean
arterial blood pressure (Figure 1). In the first series of experi-
ments (n = 24), the response of intragastric pressure to vagal
stimulation was biphasic, i.e. increase followed by decrease, in
23 rats (Figure 1) while in one rat only a decrease occurred.
Except for 2 rats, the decrease in intragastric pressure was
always clearly more pronounced than the increase. In 14
experiments out of 24, stopping vagal stimulation was fol-
lowed by a rebound contraction (Figure 1). Even when a
rebound contraction occurred, intragastric pressure quickly
decreased to a lower level than before vagal stimulation.
Within the 1h before the following vagal stimulation, intra-
gastric pressure slowly returned to its original level. Bolus
injection of saline did not influence mean blood pressure nor
intragastric pressure; the gastric response to vagal stimulation
performed 10 and 70min after the saline injection was the
same as that to the first vagal stimulation (Figure 2).

Bolus administration of L-NAME (1, 10 and 30mgkg™?)
significantly increased mean blood pressure from 105 + 6 to
121 + SmmHg (n=6), from 110+ 8 to 126 + 12mmHg
(n = 6) and from 123 + 10 to 148 + 9mmHg (n = 6) respec-
tively. Intragastric pressure was not influenced by the admin-
istration of L-NAME or tended to decrease (—0.1 + 0.3,
—0.4 +0.1 and —0.3 + 0.1 cmH,0 for 1, 10 and 30mgkg™*
L-NAME respectively). L-NAME (1 mgkg~?) had no influence
on the gastric response to vagal stimulation but the higher
doses markedly changed this response (Figures 1 and 2). The
vagally induced increase in intragastric pressure was increased
in 5 rats out of 6 in each group, while the vagally induced
decrease in intragastric pressure was abolished or greatly
reduced in all rats. Although the relaxation during vagal
stimulation was reduced or abolished, intragastric pressure
quickly decreased after stopping the stimulation similar to
that observed before administration of L-NAME. The effect of
L-NAME on the vagally induced gastric response persisted for
more than 1h as can be seen from the response to the third
vagal stimulation in Figure 2.

L-NNA (10mgkg™! iv.) increased blood pressure from
110 + 9 to 140 + 9mmHg (n = 6); intragastric pressure slight-
ly decreased from 7.1 + 08 to 6.8 +0.8cmH,0. L-NNA
(10mgkg™!, iv.) had the same influence on the vagally
induced gastric response as L-NAME (10 and 30mgkg™*,
i.v.): the vagally induced increase in intragastric pressure was
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Figure 1 Original recordings showing the influence of an i.v. bolus
injection of 30mgkg~! NC-nitro-L-arginine methyl ester (L-NAME)
(a) and an i.v. infusion of 10ugkg™!min~! phenylephrine (b) on the
gastric response induced by vagal stimulation (10Hz, 10V, 1ms, 20s)
in 2 different rats. The arrows indicate the beginning and the end of
the stimulation.

enhanced from 3.5 + 0.7 t0 9.0 + 0.4cmH,O (n = 6, P < 0.05)
while the decrease (—5.0+ 0.8cmH,0) was abolished
(P < 0.05).

In 6 experiments out of 8, a single i.v. administration of
pentolinium (2mgkg~') abolished or greatly reduced the
gastric response to vagal stimulation. The initial increase in
intragastric pressure was reduced from 0.4 + 0.3 to 0.04
+ 0.04 cmH,O while the vagally induced decrease in intragas-
tric pressure was reduced from 2.7 + 04cmH,0 before
administration of pentolinium to 0.3 + 0.1cmH,O in its pre-
sence (n = 6, P < 0.05). The injection of pentolinium reduced
blood pressure by 55+ 5SmmHg from 113+8 to
58 + SmmHg (n = 6); it did not manifestly change basal
intragastric pressure (—0.3 + 0.1cmH,0, n=6). In the 2
other experiments, the dose of pentolinium needed to be
increased to 4 and 7mgkg™! respectively before the vagally
induced responses were clearly reduced. These doses of pentol-
inium reduced blood pressure by 60 and 52 mmHg.

Infusion of phenylephrine (10ugkg~!'min~!) increased
blood pressure by 25+ 3mmHg from 127+6 to
152 + 5SmmHg (n = 8). This pressor response did not influ-
ence the gastric response to vagal stimulation (Figure 1). The
vagally induced increase and decrease in intragastric pressure
was 0.4 + 0.1 and 1.8 + 0.3cmH,O before and 0.5 + 0.1 and
1.6 + 0.1 cmH,O during the phenylephrine infusion (n = 8).
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Figure 2 Influence of vagal stimulation (10Hz, 10V, 1ms, 20s) on
intragastric pressure in 4 groups of rats (a, b, ¢, d). Vagal stimulation
was performed 3 times; before the second stimulation, saline (a) or
NCnitro-L-arginine methyl ester (L-NAME) 1 (b), 10 (c) or 30 (d)
mgkg~! was administered i.v. The columns show mean values with
the s.e.mean (vertical bars) of n = 6, except for the third vagal stimu-
lation in group (b) where n=4. *P < 0.05, significantly different
versus the response during the first vagal stimulation. The enhance-
ment of the vagally induced increase in intragastric pressure after i.v.
administration of 10 and 30mgkg™! L-NAME did not reach sta-
tistical significance at the two tail level because it only occurred in §
of the 6 rats.

Influence of L-NAME in atropinized and reserpinized
rats

Before administration of atropine, vagal stimulation induced
the usual biphasic response although the mean decrease in
intragastric pressure in this series was less pronounced than in
the other series (Figure 3). The i.v. injection of atropine did
not manifestly change blood pressure or intragastric pressure.
In 5 rats out of 6, intragastric pressure decreased somewhat
giving a mean reduction of intragastric pressure from
6.3 + 0.7 to 5.6 + 0.5cmH,0 (n = 6). After administration of
atropine, vagal stimulation no longer induced an increase in
intragastric pressure while the vagally induced decrease in
intragastric pressure was not significantly influenced (Figure
3). In all rats of this group, a rebound contraction occurred
after the first vagal stimulation but this rebound contraction
was absent after the injection of atropine.

The iv. injection of L-NAME (30mgkg™?), after atropine
had been administered again increased blood pressure by
26 + 6mmHg from 101 + 11 till 127 + 15mmHg (n = 6). The
decrease in intragastric pressure, induced by vagal stimu-
lation, was not significantly reduced by L-NAME (Figure 3).
Also in reserpinized animals, vagal stimulation induced an
initial short-lasting gastric contraction, followed by a more
pronounced gastric relaxation. The amplitude of the gastric
relaxation was similar to that induced by the first vagal stimu-
lation in the group where atropine was administered (Figure
3). In the reserpinized rats, L-NAME (30mgkg~!, iv)
increased the blood pressure from 91 + 8 to 134 + 4mmHg
(n = 5) and changed the gastric response to vagal stimulation
in a similar way to non-treated rats i.e. the vagally induced
increase in intragastric pressure was greatly enhanced while
the decrease in intragastric pressure was completely abolished
(Figure 3). Ten min before a third vagal stimulation, atropine
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Figure 3 Influence of vagal stimulation (10Hz, 10V, 1ms, 20s) on
intragastric pressure in 4 groups of rats (a, b, ¢, d). Gr (b) was
reserpinized (Smgkg™?, i.p., 24 h before the experiment). Substances
administered in between the vagal stimulation are indicated. The
columns show mean values with s.e.mean (vertical bars) of n =6
except for the reserpinized group where n = 5. * P < 0.05; 2 P < 0.05
(one tail), significantly different versus the response during the first
vagal stimulation.

(1mgkg™') was injected iv. Vagal stimulation no longer
induced an increase in intragastric pressure but in 3 rats a
small decrease and in 2 rats a more pronounced decrease in
intragastric  pressure occurred (mean decrease = 0.8
+ 04cmH,0, n = 5, Figure 3).

Influence of L-arginine and p-arginine on the effect of
L-NAME '

Preliminary experiments showed that an i.v. bolus injection of
arginine (100mgkg~!) did not prevent the pressor effect of
L-NAME (30mgkg™!) nor its influence on the vagally
induced change in intragastric pressure. Also when the dose of
L-arginine was increased to 300mgkg™!, the effect of
L-NAME (30mgkg~') was not reversed since blood pressure
increased from 119 + 7 to 145 + 9mmHg (n = 6). The vagally
induced gastric response after administration of L-arginine
and L-NAME is shown in Figure 3. The increase in intragas-
tric pressure was enhanced although to a smaller extent than
in other groups. The vagally induced decrease in intragastric
pressure was reduced and remained reduced after 1 h.

In another group of 9 rats, L-arginine was given as an i.v.
bolus of 300mgkg™! followed by an infusion of

100mg kg 'h~! for 30min. In 3 of these: rats, L-NAME °

(30mgkg™') was then injected. Only in one of these rats, was
the influence of L-NAME on the vagally induced gastric
response inhibited. In contrast, the effect of L-NAME
(10mgkg™') was prevented (Figure 3). During the infusion of
L-arginine, blood pressure was not manifestly influenced
(110 + 6 mmHg before the infusion, 106 + 10mmHg just
before the injection of 10mgkg™! L-NAME, n = 6), while

intragastric pressure tended to decrease (from 5.0 + 0.7 to 4.2
+ 0.5cmH,0, n = 6). L-NAME (10mgkg ™!, i.v.) moderately
increased blood pressure (from 106 + 10 to 114 + 11 mmHg,
n = 6) and did not influence intragastric pressure (maintained
at 4.2 + 0.5cmH,0). The injection of L-NAME (10mgkg™?!)
did not influence the vagally induced gastric response in 5 rats
out of 6, while the vagally induced decrease in intragastric
pressure was abolished in one rat. However, during another
vagal stimulation 60min later, the inhibitory effect of
L-NAME (10mgkg™') was no longer prevented by L-arginine
as the vagally induced decrease in intragastric pressure was
abolished in 4 and greatly reduced in one of the 6 rats studied.

During the infusion of D-arginine, the blood pressure
increased from 111 + 10 to 117 + 10mmHg while the intra-
gastric pressure decreased from 8.4 + 1.0 to 7.5 + 1.1cmH,0
(n = 8). The i.v. injection of L-NAME (10 mgkg~!) increased
blood pressure by 30 + 5mmHg; intragastric pressure showed
a moderate increase (0.3 + 0.3cmH,0). After administration
of D-arginine and L-NAME, the vagally induced increase in
intragastric pressure was consistently enhanced (from
1.9+ 0.5 to 29 + 0.5cmH,0, n =8, P <0.01). The vagally
induced relaxation was decreased in 6 experiments out of 8
but slightly increased in the 2 others, yielding a mean response
of 2.6+ 08cmH,O (versus 4.1 + 0.5cmH,0 before b-
arginine and L-NAME, n = 8, P < 0.05, one tail).

Discussion

Recent in vitro data have provided evidence that NO and VIP
are co-transmitters of the inhibitory NANC neurones of the
rat gastric fundus (Li & Rand, 1990; Boeckxstaens et al.,
1991). In different mammals such as the guinea-pig (Ohta et
al., 1985), the cat (Martinson, 1964) and the dog (Jahnberg,
1977), it has been established that the vagal nerve carries 2
types of preganglionic fibres i.e. those that synapse with post-
ganglionic cholinergic neurones and induce an increase in
gastric tone upon stimulation and those that synapse with
postganglionic NANC neurones and induce a reduction in
gastric tone upon stimulation. The presence of both pathways
has also been shown in the rat (Delbro, 1989). The aim of the
present study was therefore to investigate in vivo the influence
of the NO biosynthesis inhibitor L-NMMA on the vagally
induced NANC relaxation of the rat stomach.

The inhibitory vagal fibres have a higher excitation thresh-
old than the excitatory ones (Martinson & Muren, 1963;
Jansson & Martinson, 1965). Our preliminary experiments
revealed that peripheral vagal stimulation at 10Hz, 10V and
1 ms induced a clear reduction of intragastric pressure even in
the absence of atropine. The train duration of stimulation was
limited to 20s as in vitro studies in the rat gastric fundus
showed that the short-lasting relaxation induced by this type
of stimulation of the inhibitory NANC neurones was greatly
reduced by the NO synthesis inhibitors (Boeckxstaens et al.,
1991). The major part of our experiments was done in the
absence of atropine to avoid the pronounced decrease in
gastric tone, that has been observed in other species and that
can interfere with the registration of inhibitory responses
(Martinson, 1964). However, the experiments with atropine
later showed that it only moderately decreased intragastric
pressure, suggesting that the intrinsic cholinergic neurones
contribute only moderately to the maintenance of rat gastric
tone in our experimental conditions. Atropine blocked the
initial increase in intragastric pressure, induced by vagal
stimulation, illustrating the cholinergic nature of this com-
ponent of the response, but did not influence the vagally
induced decrease in intragastric pressure; it also blocked the
rebound contraction. The relaxation also occurred in
reserpinized animals (Lefebvre, 1986), confirming the NANC
nature of the vagally induced gastric relaxation. The ganglion-
blocking agent, pentolinium (Taylor, 1990) greatly reduced or
abolished the vagally induced decrease in intragastric pres-
sure, confirming the presence of nicotinic synapses between



the preganglionic vagal fibres and the inhibitory NANC neu-
rones (Roman & Gonella, 1987). The gastric response to vagal
stimulation was perfectly reproducible after i.v. administration
of saline.

The i.v. injection of L-NAME increased the mean arterial
blood pressure as expected, although there was no clear dose-
dependency as reported by Rees et al. (1990) for L-NAME in
anaesthetized rats. The two higher doses of L-NAME (10 and
30mgkg™') reduced or abolished the vagally induced
decrease in intragastric pressure, suggesting that NO release is
essential for this response. This was confirmed by the study of
another inhibitor of NO-synthesis, L-NNA. When NO release
is blocked, the cholinergic contractile response becomes pre-
dominant during vagal stimulation. The fact that cholinergic
neurones are activated during the whole course of stimulation
at our parameters but are overruled by the simultaneously rel-
eased relaxant agent is also illustrated by the cholinergic
rebound contraction that occurred in many animals after
stimulation. The increase in mean arterial blood pressure is
not the mechanism by which L-NAME influences the vagally
induced gastric response, as the same pressor response as for
the highest dose of L-NAME evoked by phenylephrine infu-
sion had no such effect. Although L-NAME (1 mgkg™!) also
increased blood pressure, it had no influence on the vagal
gastric response. Similarly, it was reported that a lower dose
of L-NMMA increased arterial blood pressure but did not
reduce gastric mucosal blood flow while higher doses did
(Pique et al., 1989). The finding that pretreatment with an L-
arginine infusion reversed the action of L-NAME
(10mgkg™?!), both on blood pressure and on the vagally
induced gastric relaxation, provides further evidence that NO
is involved in the latter response. Neither bolus injections nor
infusion of L-arginine, however, prevented the pressor effect
and the reduction of the vagal gastric relaxation by
30mgkg~! L-NAME. It might be difficult to reverse the effect
of this high dose of L-NAME, which was shown to be the
most potent in increasing blood pressure amongst the NO
synthesis inhibitors available (Rees et al., 1990). In our hands,
a 300mgkg~! bolus plus a 100mgkg~'h~! infusion of L-
arginine prevented the effect of 10mgkg™' L-NAME but 1 h
after stopping the L-arginine infusion, the inhibitory effect of
10mgkg~! L-NAME was again observed. We have no expla-
nation as to why D-arginine prevented the influence of
L-NAME on vagally induced relaxation in 2 experiments.
Recently, it has been shown that the p-enantiomer of NS-
nitro-arginine can also interfere with the L-arginine/NO
pathway, although this effect was not prevented by D-arginine
(Wang et al., 1991).

L-NAME did not reduce the vagally induced gastric relax-
ation after injection of atropine. This seems to indicate that
another relaxant transmitter besides NO is released during
vagal stimulation. This seems also corroborated by the obser-
vation that in the absence as well as in the presence of
L-NAME, intragastric pressure stayed decreased after stop-
ping vagal stimulation. Vagal stimulation at our parameters
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L-NAME also abolished the vagal gastric relaxation in
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1976). The pressor effect of L-NAME (30mgkg~!) tended to
be higher (43mmHg) than in non-treated rats (25 mmHg).
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pressor effect of L-NMMA was attenuated in rats devoid of
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ducted acutely, while ours were performed 24h after
reserpinization.

The administration of L-NAME and L-NNA did not
increase intragastric pressure; it even tended to decrease it.
L-NMMA and L-NNA in vitro increase the resting tension of
rat gastric fundus strips, suggesting a tonic release of NO;
however, non-neurogenic sources of NO or a direct action of
L-NMMA and L-NNA at the smooth muscle cells could not
be excluded (Li & Rand, 1990; Boeckxstaens et al., 1991).

In conclusion, the present results are consistent with NO
being released and inducing gastric relaxation during vagal
stimulation: the NO synthesis inhibitor L-NAME reduced the
vagally induced gastric relaxation, and this effect of L-NAME
was prevented by pre-administration of L-arginine. This
finding provides in vivo evidence for NO being an inhibitory
NANC neurotransmitter at this site in the gastrointestinal
tract. The pathway might be involved in adaptive relaxation
of the stomach; it was recently shown in the guinea-pig iso-
lated stomach that adaptive relaxation, induced by stimu-
lation of ganglionic nicotinic receptors, is NO-dependent
(Desai et al., 1991).
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Effect of dihydropyridines on calcium channels in isolated
smooth muscle cells from rat vena cava

1J. Mironneau, T. Yamamoto, I. Sayet, S. Arnaudeau, L. Rakotoarisoa & C. Mironneau

Laboratoire de Physiologie Cellulaire et Pharmacologie Moléculaire, INSERM CIJF 88-13, Université de Bordeaux II,

3 place de la Victoire, 33076 Bordeaux, France

1 Whole-cell patch-clamp method was applied to single smooth muscle cells freshly isolated from the rat
inferior vena cava.

2 Depolarizing pulses, applied from a holding potential of —90mV, activated both Na* and Ca?*
channels. The fast Na* current was inhibited by nanomolar concentrations of tetrodotoxin (TTX). The
slow Ba?* current (measured in SmmM Ba?* solution) was inhibited by Cd?>* and modulated by dihy-
dropyridine derivatives. When the cells were held at a holding potential of —80mV, racemic Bay K 8644
increased the Ba2™* current (ED, = 10 nM) while racemic isradipine inhibited the current (IC4, = 21 nm).

3 The voltage-dependency of isradipine blockade was assessed by determining the steady-state avail-
ability of the Ca?* channels. From the shift of the inactivation curve in the presence of isradipine, we
calculated a dissociation constant of 1.11 nM for inactivated Ca* channels. Scatchard plots of the specific
binding of (+)-[*H]-isradipine obtained in intact strips incubated in 5.6mm or 135mM K* solutions
confirmed the voltage-dependency of isradipine binding.

4 Specific binding of (+)-[*H]-isradipine was completely displaced by unlabelled (+ )-isradipine, with an
IC,, of 15.1nm. This value is similar to the ICs, for inhibition of the Ba?* current (21 nM) in cells
maintained at a holding potential of —80mV.

5 Bay K 8644 had no effects on the Ba%* current kinetics during a depolarizing test pulse. The steady-
state inactivation-activation curves of Ba2* current were not significantly shifted along the voltage axis.

6 The present data suggest the existence of two distinct dihydropyridine binding sites which can be

bound preferentially by agonist or antagonist derivatives.
Keywords: Vena cava; isolated smooth muscle cells; Ca?* channel; Na* channel; dihydropyridines

Introduction

There is reported evidence of two types of Ca2* channels in
vascular smooth muscle cells (Bean et al., 1986; Friedman et
al., 1986; Loirand et al., 1986; Yatani et al., 1987; Benham et
al, 1987). However, some reports showed that the
dihydropyridine-sensitive, high-threshold Ca2?* channel or
L-type channel was predominant in several smooth muscles
(Inoue et al, 1989; Honoré et al., 1989). More recently,
tetrodotoxin-sensitive Na* currents have been described in
dissociated cells from visceral and vascular smooth muscles
(Amédée et al., 1986; Sturek & Hermsmeyer, 1986; Okabe et
al., 1988; Ohya & Sperelakis, 1989; Mironneau et al., 1990;
Martin et al., 1990).

Little is known about the electrophysiological properties of
smooth muscle cells from vena cava. Mekata & Nagatsu
(1982) have shown that there is no difference in the electrical
properties of outer and inner muscles of the dog inferior vena
cava, and that the resting membrane potential was approx-
imately —55 and —60mV in circular and longitudinal layers,
respectively. We used the whole-cell patch-clamp method to
identify the Na* and Ca2* channel currents in freshly isolated
smooth muscle cells of the rat inferior vena cava. The Ba?*
current was enhanced by Bay K 8644 and inhibited by isradi-
pine. The isradipine blockade of Ca®* channels was potential-
dependent as shown by both electrophysiological and
biochemical data. In contrast, the agonistic action of Bay K
8644 showed a weaker sensitivity to voltage. The results
suggest the existence of two distinct dihydropyridine binding
sites, an activator and a blocker site, which can be bound pref-
erentially by Bay K 8644 and isradipine, respectively.

1 Author for correspondence.

Methods

Single cells isolation procedure

The enzymatic dispersion procedure for isolating single cells
from rat vena cava was identical to that previously described
(Loirand et al., 1986) except that in this study, experiments
were carried out on freshly isolated cells within 10h of pre-
paring the cells.

Electrophysiological recordings

Cells attached to collagen-coated coverslips were placed in a
small experimental chamber which was mounted on the stage
of an inverted microscope. The whole-cell recordings (Hamill
et al., 1981) were performed with patch pipettes (resistance
2-3 MQ) connected to the headstage of a patch-clamp ampli-
fier (List LM/EPC7, Darmstadt, Germany). The data were fil-
tered with a 8-pole Bessel filter (Frequency Devices, Haverhill,
MA, U.S.A) at 1kHz and analyzed with an IBM PC micro-
computer. Currents were digitally corrected for leakage and
capacitive currents by subtraction of scaled current traces
obtained when hyperpolarizing or small depolarizing pulses
from the holding potential were applied to the cells. The exter-
nal physiological solution contained (mm): NaCl 130, KCl, 5.6,
CaCl, 2, MgCl, 0.24, glucose 11, HEPES 8.3 (pH 7.4 with
NaOH). In order to block outward currents the pipettes were
filled with (mMm): CsCl 130, Cs-pyruvate 5, Cs-succinate 5, Cs-
oxalate 5, EGTA 10, HEPES 10 (pH 7.3 with CsOH). In some
experiments, 30 mM CsCl was substituted by NaCl in order to
calculate a theoretical equilibrium potential for Na* ions. In
the external solution KCl and CaCl, were substituted by
5.6mM CsCl and 5mm BaCl,, respectively. To isolate the
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inward currents, the fast Na* current was recorded in the pre-
sence of 50 uM Cd?* while the slow Ca2* current was record-
ed in the presence of 10nM tetrodotoxin (TTX). The bath
solution was maintained at 30 + 1°C. The series resistances
measured at 10kHz was 4-6 MQ. At the peak of the inward
current (600pA), errors in potential measurements were
between 2.4 and 3.6 mV due to series resistance.

Measurements of (+)-[>H]1-isradipine binding to intact
strips

Studies of binding to intact strips of rat vena cava (0.5-1mg
wet weight) were performed under conditions similar to those
described previously (Dacquet et al., 1989; Rakotoarisoa et al.,
1990). Strips were incubated for 60 min at 37°C with various
concentrations of ligand for equilibrium studies or for varying
periods of time for kinetic studies. At the end of the incu-
bation period each strip was dried on filter paper, and then
weighed. Radioactivity was measured by dissolving the vein
strips in 100zl of a mixture of perchloric acid and H,0, (1:1)
and counting by liquid scintillation with an efficiency of 55%.
Nonspecific binding was determined in the presence of 2 uMm
nifedipine and subtracted from the total binding to give the
specific binding. The strips were incubated either in physio-
logical solution (normally polarized veins) or in 135mMm K*
solution obtained by equimolar substitution of NaCl with
KCl (depolarized veins). In the latter case, the radioligand was
added after a 10 min period in elevated K* solution in order
to allow a stable membrane potential. Nonspecific binding
was unaffected by increasing the external K* concentration
from 5.6 to 135 mMm.

Chemicals

(+)-[3H]-isradipine (specific activity, 80-85Cimmol~') was
from Amersham (Les Ulis, Franc). (+)-, (+)-and (—)-Isradi-
pine were from Sandoz (Rueil-Malmaison, France). Nifedipine
and Bay K 8644 (methyl 1,4-dihydro-2,6-dimethyl-3-nitro-
4-(2-trifluoromethylphenyl)-pyridine-5-carboxylate) were from
Bayer (Puteaux, France). Tetrodotoxin was from Calbiochem
(Meudon, France).

Statistical analysis

Radioligand binding data were analyzed by the nonlinear
least-square LIGAND programme for multiple binding sites
(Munson & Rodbard, 1980), with the assistance of an IBM
PC microcomputer. The experimental results were expressed
as means + s.e.mean and significance was tested by Student’s ¢
test; P values smaller than 0.05 were estimated to be signifi-
cant.

Results

Passive properties of isolated vena cava smooth muscle
cells

After the enzymatic isolation procedure, approximately 60%
of the cells were relaxed and had an elongated appearance in
2mMm Ca?*-solution. When recorded with patch pipettes filled
with 130mM KCI, the resting potential was —61 + 9mV
(n = 23) in 2mM Ca?*-solutions. From the electronic poten-
tial produced by passing a constant-current pulse through the
recording electrode the input resistance and the membrane
time constant were estimated. The value of the cell capac-
itance was calculated by dividing the membrane time constant
by the input resistance (24 + 0.4GQ, n = 17). Assuming a
specific membrane capacitance of 1 uF cm~2, the cell capac-
itance and the specific membrane resistance were
19.6 + 3.1 pF and 48.2 + 5.2kQcm ™2 (n = 17), respectively.

Identification of Na* and Ba*>* inward currents

Two types of inward current (fast and slow) were recorded in
single vena cava smooth muscle cells after minimizing
outward currents by intracellular Ca* loading. Figure 1
shows typical current traces of the fast and the slow inward
currents, evoked by command potentials to OmV from a
holding potential of —90mV. When 50umCd?* or 0.1 um
isradipine was added to the bathing solution to suppress the
Ca?* channel current, only the fast current was observed.
Removal of external Na* as well as addition of 10nM TTX
suppressed the fast (Na*) current. Peak amplitude of the iso-
lated fast and slow currents was plotted against the command
voltage in Figure 2a. The Na™* current had a threshold of acti-
vation at —47 + SmV, peaked at —10+3mV with a
maximal amplitude of 600pA and had an apparent reversal
potential at +31 + 3mV (with 30mmM Na* in the pipette solu-
tion, n = 7). In contrast, the Ba?* current had a threshold
potential at —32 + 4mV, peaked at +10+3mV with a
maximal amplitude of 300 pA, and had an apparent reversal
potential at +55 + 6mV (n = 11). To characterize further the
Na* and Ba2* currents, steady-state inactivation curves were
obtained by the double-pulse protocol (Figure 2b). The
steady-state inactivation curve for the Na™* current (in the pre-
sence of 50 uM Cd?*) was shifted in a negative direction, com-
pared with that for the Ba?* current (in the presence of 10nM
TTX). The potential for half-inactivation of the Na* current
was —54.5 + 3.5mV with a Boltzmann coefficient, k = 5.6 mV
(n=4). For the Ba’* current, the potential for half-
inactivation was —32.4 + 3.7mV with k = 1.

A single type of Ca** channel current

Two types of Ca2* current have been shown to coexist in a
variety of smooth muscle cells (Hirst et al., 1986; Loirand et
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Figure 1 Two types of inward current recorded from freshly disso-
ciated single vena cava smooth muscle cells by the patch pipette tech-
nique. Depolarizing steps (0mV) were applied from a holding
potential of —90mV in reference solution (a) and after adding
50 uM Cd2* to block Ca%* channels (b—). Tetrodotoxin (TTX, 10 nM)
inhibited the fast inward Na* current (c). The pipette solution con-
tained 100mM CsCl and 30mM NacCl instead of KCI. In this experi-
ment inward currents are not corrected for leakage and capacitive
currents. It should be noted that the current scale was 200 pA in (a)
and (b), and 100pA in (c). Cell capacitance = 28 pF. The external
Ba?* concentration was 5mM.
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Figure 2 (a) Current-voltage relationships obtained for the fast Na*
current in the presence of 50 uM Cd?* (@) and the slow Ba2* current
in the presence of 10nM tetrodotoxin (QO). Peak currents elicited from
a holding potential of —80mV were plotted against command poten-
tials. Data were obtained from the same cell. Cell
capacitance = 21 pF. (b) Steady-state inactivation curves for isolated
Na* (@) and Ba%* (Q) currents obtained as shown in inset. Condi-
tioning pulses (V,) for 30s of various amplitudes were applied before
a test pulse (V,) to —10mV (for Na* current) and +10mV (for Ba2*
current) was applied from a holding potential of —100mV. The
amplitude of the test current was normalized by its value in the
absence of a conditioning pulse (I/I,,,,). Two curves were obtained by
fitting data to Boltzmann distribution equation, I/I_,, = 1/[1 + exp
(Vm — Vh)/k] where Vm is the membrane potential, Vh is the mid-
potential and k is the Boltzmann coefficient. Each point is the mean of
4-9 experiments with s.e.mean shown by vertical lines. The external
Ba?* concentration was 5 mM.

al., 1986; Yatani et al., 1987). They are thought to arise from
two separate populations of Ca2* channels which can be dis-
tinguished in terms of their conductance, kinetics, voltage-
dependencies and sensitivities to pharmacological agents.

We examined whether the Ba2* current (in the presence of
10nM TTX) in single vena cava cells might be composed of
two components by applying depolarizing pulses to various
test potentials from two different holding potentials (—90 and
—40mV). As illustrated in Figure 3, neither change in kinetics
of inactivation nor shift in the activation threshold, maximal
peak current and apparent reversal potential was observed
between the two families of currents (n = 12).

These results suggest that vena cava cells are unlikely to
possess many of the channels responsible for the low-
threshold, rapidly-inactivating Ca2* current reported in some,
but not all, smooth muscle so far examined (Loirand et al.,
1986; Honoré et al., 1989; Marthan et al., 1989), unless they
have a virtually identical voltage sensitivity to the slowly inac-
tivating, dihydropyridine-sensitive (see below) Ca2* channel
currents recorded.

Effects of (+)-isradipine on the Ca>* channel current

The effects of one of the most potent dihydropyridine inhibi-
tors, isradipine, were tested on the Ba?* current. Figure 4a
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b .
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Figure 3 Comparison of Ba* currents elicited from holding poten-
tials of —90mV (@) and —40mV (Q) in the presence of 10nM
(tetrodotoxin). (a) The currents did not superimpose at the end of the
pulse. Current trace obtained at —40mV was superimposed by
appropriate magnification so as to match the peak with the current
obtained at —90mV. No difference was found in inactivation kinetics.
Cell capacitance = 18 pF. (b) Current-voltage relationships for the
peak current elicited from —90mV (@) and from —40mV (Q). No
shift in the maximal peak Ba2* current was observed. The external
Ba?* concentration was SmM.

illustrates the effect of 50nM (3)-isradipine on the current-
voltage relationship for the Ba?* current. No significant
change in the peak current against voltage as well as in the
inactivation kinetics (not shown) was recorded with 50 nm
isradipine (n = 7). When the cell was held at —80mV, the
concentration of (+)-isradipine required to produce 50% inhi-
bition of the current (ICs,) was 21 + 3nM (n = 4). In order to
investigate whether isradipine bound with a higher affinity to
depolarized cells, we studied the effects of 20 nm (+)-isradipine
on the voltage-dependence of the Ba?* current (Figure 4b).
The inactivation curves were normalized to currents measured
with the most negative conditioning potential whose duration
was 30s. In the presence of isradipine the inactivation curve
was shifted to more negative membrane potentials by
16 £ 3mV (n = 5). Thus, it is clear that depolarization intensi-
fied the isradipine blockade of the Ba?* current. From the
mean shift in the inactivation curve, it is possible to estimate
the dissociation constant for isradipine binding in the resting
and inactivated state by using an approach described by Bean
et al. (1983) assuming one-to-one binding of drug to the
resting and inactivated states. The dissociation constant for
binding to the inactivated state (K;) can be calculated using
the equation:

AVh =k In [(1 + [NV/K)/(1 + [NY/KR)]

where AVh is the shift of the mid point of the steady-state
inactivation curve, k is the slope factor of the inactivation
curve, [N] is the isradipine concentration used and Kj is
determined as the potency of isradipine for the resting channel
(measured at a holding potential of —80mV). With
AVh = 16mV, k = 7.1mV, K = 21 nM and [N] = 20nMm, we
found K; = 1.11nm. The mean K; value was 0.95 + 0.25nm
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Figure 4 Effects of (+)-isradipine on the Ba?* current in the pre-
sence of 10nM tetrodotoxin. (a) Current-voltage relationships for the
peak current obtained from a holding potential of —80mV in control
(@) and after addition of 50 nM isradipine (Q). No shift in activation
threshold, maximal peak current and apparent reversal potential was
observed. Cell capacitance = 26 pF. (b) Steady-state inactivation of
the Ba2* current in control (@) and after addition of 20 nm isradipine
(O). The amplitude of test current was normalized by its value in the
absence of a conditioning pulse (I/1,,,,). The solid lines were drawn as
in Figure 2. Each point is the mean of 3-4 experiments with s.e.mean
shown by vertical lines. The external Ba2* concentration was SmM.

(n =5). When Ca?* channels were opened by a conditioning
depolarizing pulse sequence (applied at 0.05 Hz), the inhibitory
effect of isradipine was similar to that obtained in the absence
of stimulation (not shown). This observation is similar to data
previously obtained on the effects of dihydropyridines on
Ca2* channels (Terada et al., 1987; Honoré et al., 1989).

Binding characteristics of (+)-[*H]-isradipine in intact
vena cava Strips

Figure 5 illustrates the equilibrium binding of (+)-[3H]-isra-
dipine to intact vena cava strips incubated in 5.6 and
135.6mM external K* solutions, at various concentrations of
labelled isradipine. Specific bindings were hyperbolic functions
of (+)-[*H]-isradipine concentration and Scatchard plots of
the data were linear. The K, and B, values were
0.26 + 0.02nM and 5.9 + 0.4fmolmg™! wet weight in 5.6mm
K* solution (n=35) and 0083+0.009nM and
6.0 + 0.3fmolmg~! wet weight in 1356mMm K* solution
(n = 4). Thus, the B,,,, value was not significantly affected by a
high K* concentration in the medium while the K, value was
significantly decreased.

Specific binding of (+)-[*H]-isradipine was also determined
as a function of the incubation time in 5.6mMK™ solution.
Association reached a plateau after a 60min incubation at
37°C (Figure 6a). The data for association were plotted
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Figure 5 Specific binding of (+)-[*H]-isradipine to rat vena cava
strips. Saturation binding experiments were carried out by incubating
strips of vena cava with increasing concentrations of (+)-[*H]-isradi-
pine in 5.6mM (@) and 135.6mm (A) K*-containing solutions for
60min at 37°C. Specific binding was defined as the binding displace-
able by 2uM nifedipine and accounted for 55 to 60% of the total
binding at a concentration close to the K, value. Each point rep-
resents the mean response in 5 experiments with the s.e.mean shown
by vertical lines. Inset, Scatchard analysis of specific binding values
was done with the non linear least-square LIGAND programme
(Munson & Rodbard, 1980). B/F, bound/free.

according to a first-order equation (Weiland & Molinoff,
1981):

In [LRe])/[LRg] — [LR] = k,t. [Ly][Ry]/[LRg]

were [Ly] is the total concentration of (+)-[3H]-isradipine,
[Ry] is the total concentration of specific binding sites, [LRg]
is the concentration of the complex at equilibrium and [LR] is
the concentration of the complex at time t. The slope of this
plot, k.,,, was estimated in 3 different experiments to be
0.055 + 0.010min~'. The binding of labelled isradipine to
intact strips of vena cava was a reversible process. After equi-
librium was reached, dissociation of the complex was initiated
by a 50 fold dilution of the medjum with the solution (Figure
6b). The data were plotted according to a first-order kinetics:
In [LR]/[LRg] = —k_, t. The rate constant for dissociation

o 1009 _0—g—0—0—0
g ~¢
8o ¢t
k] £ P 3 °
G2 5 e
=g %01 ‘/ 3 ¢
Fe =R ')
L3 L 4 o /
+ Q [ -
-0 5 £ od p———
N d 0 20 40 60 Time
0 T T 1
0 30 60 20
Time (min)
b 0 20 40 60 Time
100 = 0
o \
g. o .\ Sw .‘s¢
5 E % z-15 ~¢
2B °~ b= e
8L £
~—98 50+ % -3
I o .s
& ¢
] ~
+ o ’\
- \
R® 0 —o_
1 | L
0 30 60 90
Time (min)

Figure 6 Association and dissociation kinetics of (+)-[*H]-isradi-
pine in intact vena cava strips incubated in 5.6mM K*-containing
solution. (a) Association was initiated by adding 0.15nM (+)-[*H]-
isradipine to intact strips. Specific binding was determined at the
times indicated. Inset, semilogarithmic plot of association data. (b)
Dissociation was initiated, after equilibrium had been reached, by a 50
fold dilution of the medium. Inset, semilogarithmic plot of disso-
ciation data. Non-specific binding was determined in the presence of
2 uMm nifedipine. Each point represents the mean response of 3 experi-
ments with the s.e.mean shown by vertical lines.
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was calculated to be 0.035 + 0.002min~! (n = 3) Using the
equation k,, = (ks — k_)/[L¢], the association rate con-
stant was 0.130 + 0.010min~! M ™! (n = 3). The ratio k_,/k,
gave a K, value of 0.27 nM which is similar to that, 0.26 nm,
determined from equilibrium binding.

Increasing concentrations of unlabelled (1), (+)- and (—)-
isradipine inhibited the (+)-[*H]-isradipine binding. The con-
centration producing half-maximal inhibition (IC,), the inhi-
bition constant (K;) and the Hill coefficient are listed in Table
1. These results show that the IC;, value for (+)-isradipine
obtained from ligand experiments (15.10 nm) is similar to that
obtained from electrophysiological experiments (21 nM) in nor-
mally polarized vena cava cells.

Effects of (+)-Bay K 8644 on Ca** channel current

In cardiac myocytes changes in Ba?* current induced by dihy-
dropyridine Ca®* channel agonists include an increase in
peak current, a faster decay of the current, a slower deactiva-
tion and a shift of the current-voltage relationship towards
hyperpolarizing potentials (Sanguinetti et al., 1986; Hamilton
et al., 1987; Kamp et al., 1989). In smooth muscle cells, an
increase in Ca2* channel current with Bay K 8644 is generally
reported but there are still unresolved problems concerning
the interpretation of the stimulatory effects of Bay K 8644 on
whole-cell currents. Shifts in the peak current-voltage relation-
ship to more hyperpolarized potentials have been shown in
arterial (Caffrey et al., 1986; Aaronson et al., 1988 ; Matsuda et
al., 1990), tracheal (Hisada et al., 1990) and intestinal myocytes
(Yoshino et al., 1988). In some of these papers, the amplitude
of the peak Ba2* current in control conditions was rather low
(60-80 pA) so that large increases of current induced by Bay K
8644 might produce a significant loss of voltage control. In
contrast, there are some reports showing the absence of
voltage-dependent modulation of Ca?* channel current by
Bay K 8644 in intestinal (Droogmans & Callewaert, 1986) and
venous myocytes (Yatani et al., 1987).

In isolated cells of vena cava held at —80mYV, (+)-Bay K
8644 caused a concentration-dependent increase of the Ba2*
current through slow Ca2* channels (Figure 7a). The concen-
tration of Bay K 8644 required to produce half-maximal
current was 10 + 3 nM (n = 5). In contrast to cardiac cells, Bay
K 8644 had no significant effect on the current decay during
the test pulse (Figure 7b). The time corresponding to half-
maximal amplitude of the Ba%* current was 72 + 4ms in
control and 71 + 3ms in the presence of 1um Bay K 8644
(n =14, P > 0.05). Similarly, the deactivation of the Ba’*
current when the cell was repolarized to —80mV was
unchanged (n = 14). In all experiments there were no measur-
able changes in the time to peak of maximal Ba?* currents.
As shown in Figure 8a, 1 um Bay K 8644 increased the Ba2*
current at all potentials tested without significant variation in
the apparent reversal potential (n =5). The peak of the
current-voltage relationship was only slightly shifted in the
hyperpolarizing direction in the presence of Bay K 8644 in
this experiment, but the variation was not significant
(10.0 + 3.0mV in control; 4.5+ 3.5mV in Bay K 8644,
n= 11, P > 0.05).
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Figure 7 Effects of (1)-Bay K 8644 on the Ba?* current in the pre-
sence of 10nM tetrodotoxin. (a) Concentration-response curve for the
stimulatory effect of Bay K 8644. The current elicited from a holding
potential of —80mV to +10mV was expressed as a fraction of the
current in the absence of Bay K 8644 (I/I.). The concentration
producing half-maximal current was 10 + 3nM (n = 5). Each point is
the mean of 5§ determinations with s.e.mean shown by vertical lines.
(b) Current traces obtained in the absence (i) and presence of 1 um Bay
K 8644 (ii) were superimposed by appropriate magnification so as to
match their peaks (iij). No difference was observed in inactivation
kinetics. Cell capacitance = 21 pF. The external Ba?* concentration
was 5mMm.

The onset of action of Bay K 8644 was examined under two
different conditions shown in Figure 8b. First, the onset was
examined when the holding potential was held at —80mV
with depolarizing test pulses to +10mV (150ms in duration)
applied every 20s. It can be seen that 1 um Bay K 8644 caused
a rapid increase in the peak Ba?* current which reached a
steady-state within 2 min. This effect was rapidly reversed after
a washing period of 3-4min. Therefore, we determined
whether the presence of depolarizing pulses during exposure
of the single cell to Bay K 8644 affected the onset of action.
When ‘Bay K 8644 was perfused for 2min in the absence of
stimulation, the steady-state agonist effect was observed at the
first post-rest stimulation. Independently of the holding poten-
tial (—90mV to —40mV) Bay K 8644 produced unequivocal
Ba?* current increases (n = 24).

In order to examine accurately the effects of voltage on the
effects of Bay K 8644 in smooth muscle cells, both activation
and inactivation curves were obtained in the absence and pre-
sence of 1 uM Bay K 8644. In these experiments leak currents
were measured in the presence of both 10nm TTX and 50 uMm

Table 1 Inhibition of (+)-[*H]-isradipine binding to vena cava strips incubated in 5.6 mm Kb+ solution

Ligand ICsq

nm
(+)-Isradipine 045 + 0.01
(%)-Isradipine 15.10 + 2.00
(—)-Isradipine 127.10 + 60.00

Maximal

K; n Hill inhibition
nM %
0.27 £+ 0.01 0.90 + 0.10 100
9.65 + 1.20 095 + 0.04 100
85.00 + 20.10 0.93 1+ 0.06 100

Each value is mean + s.emean of 3—4 experiments in which each determination is made in duplicate. K, values were calculated for
competitive inhibitors from inhibition curves according to the equation of Cheng & Prusoff (1973).
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Figure 8 (a) Current-voltage relationships for the peak Ba2* current
in the presence of 10nM tetrodotoxin obtained before (@) and after
addition of 1M Bay K 8644 (O). Holding potential = —80mV. The
peak current is increased at any membrane potential with no signifi-
cant shift in maximal peak current against voltage. (b) Effects of Bay
K 8644 (1 um) with (@) and without (V) repetitive applications of
command pulses (20s intervals). The membrane was stepped to
+ 10mV from a holding potential of —80mV. Steady-state effect of
Bay K 8644 was obtained within 1 min. The current was expressed as
a fraction of the current in the absence of Bay K 8644 (I/I ). Similar
results were obtained in 4 other cells. The external Ba?* concentra-
tion was SmM.

Cd?*. The leak corrected Ba?* currents were used to calcu-
late the conductance (G) at each test potential by dividing the
peak Ba2* current by the driving force (V — V,,,). In Figure 9,
the normalized conductance (G/G,,,,) is plotted as a function
of membrane potential. In control conditions we found a half-
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Figure 9 Steady-state activation and inactivation curves for the
Ba2* current in the presence of 10mM tetrodotoxin, before (@) and
after addition of 1uM Bay K 8644 (O). Data were fitted to a Bolt-
zmann distribution equation as indicated in Figure 2. Holding
potential = —90mV. The potentials for half-activation and half-
inactivation as well as the Boltzmann coefficients are not significantly
modified after addition of Bay K 8644. Each point is the mean of 48
experiments with s.e.mean shown by vertical lines. The external Ba**
concentration was 5 mM.

activation potcntial of —3.5 + 2.5mV (n = 8). In the presence
of 1 uM Bay K 8644, the half-activation potential was not sig-
nificantly modified (—6.4 + 3.1mV, n = 6, P > 0.05). It is also
important to note that no change in the slope of the curve
under the two conditions was observed (k = 6.5mV). The
effects of Bay K 8644 were also studied on the inactivation
curve of Ca2* channels as described in Figure 2b. In the pre-
sence of 1 uMm Bay K 8644 the inactivation curve was slightly
shifted to more negative membrane potential with a half-
inactivation potential of —37.6 + 4.5mV (n = 6). This was not
significantly different from the value obtained in control con-
ditions (—324 + 3.7mV, n=4, P> 005). There was no
change in the slope of the curves (k = 7.2mV). These results
indicate that in smooth muscle cells Bay K 8644 may increase
the Ba2* current without altering the voltage-dependency of
the gating parameters.

Discussion

In the present study, we have obtained evidence for the exis-
tence of both fast Na* and slow Ba2* inward currents in the
membrane of freshly isolated smooth muscle cells of rat infe-
rior vena cava. The following data suggest that the permeant
ion through the fast channel is mainly Na* as (1) the ampli-
tude of the fast current was dependent on the extracellular
Na* concentration; (2) the fast current was insensitive to
Cd?* and isradipine; (3) TTX (10nM) inhibited the fast
current; (4) steady-state inactivation curve had a half-
inactivation potential at —55mV, a value similar to that
obtained for Na* current in other smooth muscle cells (Okabe
et al., 1988; Ohya & Sperelakis, 1989; Mironneau et al., 1990).
In the present experiments the peak amplitude of the Na*
current was observed nearly 1-2ms after application of the
command pulse. As the unsubtracted component of the capac-
itative current may interfere with accurate measurements of
the Na* current, the amplitude measured may be an under-
estimate. This may account for the small discrepancy between
the theoretical Na* equilibrium potential (39mV) and the
apparent reversal potential measured in these experiments
(31mV). The physiological role of Na* channels in smooth
muscle is unknown. As about 70% of the Na* channels are
available at the resting potential (—60mYV), the fast Na*
current may play an important role in cell-to-cell conduction
and in modulation of neuromediator responses.

The major population of Ca2* channels observed in the
freshly isolated smooth muscle cells from rat vena cava was, of
the slow, L-type, relatively high-threshold Ca2* channel. This
conclusion was based on the following observations: (1)
failure to separate fast and slow components of current by
changing the holding potential between —90 and —40mV; (2)
membrane potential for mid-inactivation at —32mV; and (3)
high sensitivity to dihydropyridines.

The dihydropyridine blockade of L-type Ca%* channels in
vascular and visceral cells is enhanced by depolarizing the
holding potential. We found that ()-isradipine not only
bound to the resting, available state of Ca%* channels, but
also that it had a higher affinity for the inactivated state.
These results are in agreement with the classical mechanism of
action for dihydropyridines on Ca2* channels (Bean, 1984;
Sanguinetti & Kass, 1984; Terada et al., 1987; Loirand et al.,
1989). At the resting state (holding potential of —80mV)
where most Ca2* channels were thought to be in the closed,
available state the concentration of (& )-isradipine inhibiting
50% of the Ba?* current (ICs,) was 21nM. As isradipine
shifted the steady-state inactivation curve of Ca%* channels to
more negative membrane potentials, we calculated a disso-
ciation constant for binding to the inactivated state (K; of
about 1 nM indicating that isradipine inhibition of Ca2* chan-
nels was voltage-dependent. In addition, the high-affinity
binding site for (+)-isradipine has been identified in intact
strips of rat vena cava incubated in either 5.6mM K* or
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135mMm K* solution. In 5.6mMm K* solution the dissociation
constant obtained from equilibrium binding data (Kp =
0.26 nm) was identical to that calculated from association and
dissociation kinetics (K, = 0.27 nM). When intact strips were
incubated in 135mM K* solution, the Ky, value was decreased
to 0.08nM confirming, at the molecular level, the voltage-
dependency of isradipine binding to Ca?* channels. Inter-
estingly, the concentration of (£ )-isradipine inhibiting 50% of
specific (+)-[*H]-isradipine binding in strips incubated in
56mM K* solution (15.1nM) was similar to the IC,, value
obtained from inhibition of the Ba?* current when the cell
was held at —80mV (21 nm). These results clearly establish
that the electrophysiological experiments on the inhibitory
effects of (t)-isradipine are comparable to radioligand
binding data in intact vena cava strips.

The molecular mechanisms of action of the dihydropyridine
Ca?* channel agonist, Bay K 8644, have been studied inten-
sively in myocardial cells and several models have been pro-
posed (Hess et al., 1984; Sanguinetti et al., 1986; Markwardt
& Nilius, 1988; Lacerda & Brown, 1989). The effects of Bay K
8644 in vena cava smooth muscle cells differ considerably
from those obtained in cardiac cells since: (1) Bay K 8644
does not shift either activation or inactivation of Ba?* current
towards hyperpolarizing potentials (2) Bay K 8644 does not
affect either time to peak or inactivation kinetics of Ba?*
current during a depolarizing test pulse. These results suggest
that Bay K 8644 increases the amplitude of Ba2* current in
vena cava smooth muscle cells by promoting gate opening in
Ca?* channels. In bovine chromaffin cells, a long-lived open
state, which is not seen in control records, is obtained in the
presence of Bay K 8644 (Hoshi & Smith, 1987). Similarly, in
ventricular myocytes, Bay K 8644 promotes mode 2 gating of
Ca?* channels, which is characterized by prolonged open
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M-currents in frog sympathetic ganglion cells: manipulation of

membrane phosphorylation

Hsinyo Chen & !Peter A. Smith
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1 The inward current and the M-current (I suppression produced when muscarine is applied to frog
sympathetic ganglion cells was recorded by means of the whole-cell patch-clamp technique. The holding
potential was —30mV and [K*], was 6 mm.

2 The steady-state I, was maintained for at least 20min when the patch pipette contained neither
adenosine 5'-triphosphate (ATP) nor adenosine 3':5'-cyclic monophosphate (cyclic AMP). Inclusion of
these substances or the ATP antagonst, f,y-methyleneadenosine 5'-triphosphate (8,y-MethATP; 1 or
2nM) (failed to alter the rate of Iy ‘run down’. By contrast, inclusion of adenosine-5'-O-(3-thiotriphos-
phate) (ATP-y-S, 1 or 2 mm) resulted in a 60% reduction of the current within 18 min.

3 Despite the inability of ATP-y-S to maintain steady-state I, it had no effect on the ability of
muscarine (2-100 uM) to suppress a constant fraction of the available current. ATP-y-S and B,y-MethATP
increased the rise time and duration of the response to muscarine.

4 Inclusion of a phosphatase inhibitor, diphosphoglyceric acid (DPG, 1-2.5 mm) or alkaline phosphatase
(100 ug ml~!) failed to affect the amplitude of muscarinic responses.

5 These results question the role of the phosphorylation and/or dephosphorylation reactions in the
transduction mechanism for muscarine-induced I, suppression but are consistent with the possibility that

M-channels are ‘directly coupled’ via G-protein to the muscarinic receptor.

Keywords: Adenosine nucleotides; potassium channel; muscarinic receptor; autonomic ganglia; M-current; adenosine-5'-O- (3-
thiotriphosphate); protein phosphatase; f,y-methyleneadenosine 5'-triphosphate; protein kinase; diphosphoglyceric

acid

Introduction

Muscarine-induced depolarization of B-cells in amphibian
paravertebral sympathetic ganglia results, in part, from the
suppression of a voltage-dependent, non-inactivating K*
current, called the M-current (I; Brown & Adams, 1980,
Adams et al., 1982a,b; Akasu et al, 1984; Selyanko et al.,
1990). Despite extensive investigation, the transduction
mechanism which underlies M-channel closure following
receptor activation remains to be elucidated (Adams et al.,
1986; Hille, 1989; see also Owen et al., 1990). Although experi-
ments with non-hydrolysable guanosine 5'-triphosphate
(GTP) analogues support the involvement of a (pertussis
toxin-insensitive) G-protein (Pfaffinger, 1988; see also Brown
et al., 1989), experiments designed to test the role of known
cytosolic second messengers have yielded negative or equivo-
cal results. For example, the involvement of cyclic nucleotides
seems unlikely (Busis et al., 1978; Weight et al., 1978; Adams
et al., 1982b; Selyanko et al., 1990) and although suppression
of I, can be mimicked by the application of protein kinase C
(PKC) activators, e.g. phorbol esters (Brown & Adams, 1987;
Pfaffinger et al., 1988; Bosma & Hille, 1989; Selyanko et al.,
1990), results with PKC inhibitors (Bosma & Hille, 1989;
Selyanko et al., 1990) provide evidence against involvement of
the diacyl glycerol/protein kinase C mechanism. In addition, it
had been demonstrated that the agonist-induced reduction of
Iy is unlikely to be mediated by inositol trisphosphate
(Pfaffinger et al., 1988; Hille, 1989; Selyanko et al., 1990; sec
also Brown et al., 1989) and the possible involvement of
changes in intracellular Ca2* concentration remain to be clar-
ified (Kirkwood et al., 1991; Beech et al., 1991; Marrion et al.,
1991). The involvement of arachidonic acid metabolites as
second messengers for Iy suppression is also unlikely (Hille,
1989; Yu et al., 1991).

! Author for correspondence.

Experiments on rat cultured sympathetic ganglion cells with
single-channel recording techniques (Owen et al., 1990) have
also failed to resolve the question of whether cytosolic second
messengers are involved. Had it been possible to record a
response in the cell-attached mode when muscarine was
applied outside the pipette, this would have been consistent
with the involvement of cytosolic second messengers in Iy,
suppression. If a response had been recorded in an outside-out
patch, this would be consistent with ‘direct G-protein coup-
ling’ as has been suggested for atrial muscarinic receptors
(Pfaffinger et al, 1985). Unfortunately, neither type of
response has hitherto been reported (Owen et al., 1990).

Many of the effects of the above second messengers are
exerted via activation of protein kinases which phosphorylate
membrane proteins, such as ion channels (Levitan, 1985 but
see also DiFrancesco & Tortora, 1991). The present study was
therefore designed to examine the role of phosphorylation and
dephosphorylation processes in the transduction mechanism
which underlies muscarine-induced Iy, suppression. A prelimi-
nary report of some of these data has appeared (Zidichouski
et al., 1990).

Methods

Medium size leopard frogs (Rana pipiens <8cm ‘nose to tail’)
were purchased from a biological supply house and stored in
running water at room temperature (20°C). Each frog was
killed by pithing and the VIth to Xth paravertebral sympa-
thetic ganglia removed and dissociated with trypsin and col-
lagenase as described by Selyanko et al. (1990). Dissociated
cells were left to adhere to the bottom of plastic petri dishes
for about 80min before electrophysiological analysis. Disso-
ciated neurones were observed under a Nikon ‘Diaphot’
microscope and all experiments were carried out at room tem-
perature (20°C). Some experiments were carried out on small
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bullfrogs (Rana catesbiana <10cm ‘nose to tail’) when Rana
pipiens was unavailable.

Since detailed methods for whole-cell patch-clamp record-
ing from amphibian autonomic neurones have been published
(Selyanko et al., 1990), only a brief description will be given-
here. Recordings were made with an Axopatch 1B amplifier, a
Labmaster interface and an IBM-XT computer running
‘Pclamp’ software (Axon Instruments, Foster City, CA,
U.S.A). Data were stored for off-line analysis on a removable
hard disk system and permanent records obtained from an x-y
plotter. On-line records were obtained with a d.c. rectilinear
pen recorder (Gould-Brush 2400; pen rise time <8ms). The
corner frequency of the filter on the Axopatch amplifier was
set to 200 Hz for voltage-ramp experiments and to 500 Hz for
voltage-jumps. Current was zeroed at resting membrane
potential (r.m.p.) and the holding potential was set to
—30mV. An estimate of the cell size was obtained from the
input capacitance (C,,) and experiments were only done on
the ‘large’ cells (C;, > 30 pF) which exhibited inward current
responses to muscarine (at —30mV with [K*], = 6 mm).

Since the currents to be recorded were <0.4nA, no correc-
tions were made for the voltage-drop across the series resist-
ance which was always <10MQ (i.e. the maximum voltage
error due to series resistance was <4mV). Whole-cell M-
channel conductance (G,) was examined using a 5s ramp
command from the holding potential of —30mV to —110mV
(16mVs~! see Figure 1). The high conductance part of the
resulting I-V relationship (i.e. above —75mV) represents
current through M-channels plus leak current (Selyanko et al.,
1990). Total Gy, at —30mV was estimated after digitally-
subtracting the leak current predicted by the slope between
—75 and —90mV. In order to document the mean change in
Iy which occurred with time, I in each cell was measured at
arbitrary time intervals and mean values for a series of cells at
3 min intervals estimated by extrapolation.

The physiological salt solution contained (mm): NaCl 113,
KCl 6, MgCl, 2, CaCl, 2, HEPES/NaOH (pH 7.2) 5 and p-
glucose 10. Patch pipettes (10-20 MQ) were pulled from boro-
silicate glass and coated with Sylgard elastomer. The solution
used to fill the pipettes contained (mm): KCl 110, NaCl 10,
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Figure 1 Response of a bullfrog sympathetic ganglion cell to muscarine (10 uM applied via U-tube), pipette contained 1 mm ATP (a)
Upper record; voltage commands, comprising steps to —50, —80 and —110mV or 5s ramps to —110mV, from the holding
potential of —30mV. Lower record; steady-state current response, muscarine produces an inward current associated with decreased
membrane conductance followed by an outward current (over-recovery). (b) Current responses to voltage steps before, during and
after response to muscarine shown on a faster time scale. Arrows represent control current level prior to the application of the drug.
I,, relaxations are suppressed during response to muscarine and steady-state outward current is apparent during the ‘over-recovery’. (c)
Current responses to the ramp commands shown on a faster time scale. Note biphasic nature of the current prior to the application
of muscarine and suppression followed by enhancement of conductance in the I, range in response to muscarine. 500 pA/30s
calibration refers to records in (a) which were from a rectilinear pen recorder. 500 pA/0.5s calibration refers to records in (b), which

like the records in (c) were from an x — y plotter.
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MgCl, 2, CaCl, 0.4, EGTA 4.4, HEPES/KOH (pH 6.7) 5 and
D-glucose 10. The pCa of this solution, measured with a Ca2*-
electrode, was about 7. The Na* salts of ATP (1 mm), B,y-
methyleneadenosine 5'-triphosphate (f,y-MethATP), aden-
osine 3':5'-cyclic monophosphate (cyclic AMP) or the tetra-
lithium salt of adenosine-5-O-(3-thiotriphosphate) (ATP-y-S;
1 or 2mM) were included in the internal solution. It was
assumed that all of these substances would readily enter the
cytoplasm because application of ATP analogues via a patch
pipette has already been shown to exert pharmacological
effects on these neurones (Simmons et al., 1990). Also, we have
observed prolongation of agonist-induced responses when
GTP-y-S is applied by this route (Selyanko et al, 1990).
Robust and repeatable responses to muscarine were recorded
without the inclusion of guanosine triphosphate (GTP) in the
patch pipette.

Muscarine was applied either by pressure ejection, using a
‘Picospritzer’ (General Valve, Fairfield, NJ, USA) or using the
U-tube technique (Krishtal & Pidoplitchko, 1980; Selyanko et
al., 1990). The fluid exchange time for the U-tube was about
0.2s. The rise time of the muscarine-induced current was
defined as the time taken from the onset of the response to the
time when the response had reached 63% of its maximum
amplitude. All chemicals and drugs were from Sigma, St.
Louis, MO, U.S.A. except for ATP-y-S which was from Boehr-
inger, Mannheim, Germany. Data are expressed as
mean + s.e.mean and significance of differences were esti-
mated by Student’s two-tailed, unpaired ¢ test.

Results

The steady-state inward current and the pronounced I, sup-
pression produced by ‘U-tube’ application of 10 uM muscarine
are illustrated in Figure 1. Prior to the application of the drug,
hyperpolarizing voltage commands from the holding potential
of —30mV produce inward relaxations which reflect I, deac-
tivation. At command potentials negative to the potassium
equilibrium potential (— 73 mV), I, deactivation is accelerated
and the relaxations are reversed in polarity (Adams et al.,
1982a). The current response to a ramp to —110mV (I-V
relationship) is biphasic and displays a region of increased
conductance due to activation of M-conductance (gy) at
potentials positive to —75mV (Selyanko et al, 1990).
Muscarine evokes a steady-state inward current which is
associated with decreased membrane conductance. The ampli-
tude of I, relaxations are reduced and the high conductance
region of the I-V relationship is almost completely eliminated.
Iy over-recovers following the removal of muscarine (cf. Pfaf-
finger, 1988). Application of 10uM muscarine from the ‘U-
tube’ almost completely eliminated Iy, in all cells tested and
since robust, submaximal responses could be elicited with 2 uM
muscarine, this concentration was used for the majority of
experiments in the present study. Since ‘Picozpritzer’ applica-
tion was less efficient than ‘U-tube’ application, it was neces-
sary to use 10 or occasionally 100 uM muscarine to produce
robust, submaximal responses when this method of drug
application was employed.

Dependence of 1, on intracellular nucleotides

Although previous work has suggested that Iy tends to ‘run
down’ during whole-cell recording unless ATP or cyclic AMP
is included in the patch pipette (Pfaffinger, 1988; Selyanko et
al., 1990), the current recorded in the present series of experi-
ments was maintained for at least 20min in the absence of
adenosine nucleotides (Figure 2a and b). The effect of 1 mm
ATP on the maintenance of the current was examined in
10 neurones and Figure 2c and d show that Iy was unat-
tenuated during the first 18 min of recording in the presence of

the nucleotide but that some slight ‘run-down’ of the current
occurred after 24 min. I was also well-maintained when cyclic
AMP (100 uMm) or lower concentrations of ATP (100 uM) were
included in the patch pipette (data not shown). Surprisingly,
the ATP-antagonist, f,y-MethATP (1 or 2mm) failed to
promote ‘run-down’ of the current (data from 9 cells, Figure
2e and f). By contrast, ATP-y-S (1 or 2 mM), which is a sub-
strate for protein kinase A and forms stable protein thiop-
hosphates (Eckstein, 1985) was unable to maintain I, and the
current declined to 31.5 + 7.5% (n = 8) of control in 21 min
(Figure 2g and h).

Effects of intracellular nucleotides on the response to
muscarine

Despite the differing abilities of the various adenosine nucleo-
tides to support steady-state I,,, the ability of muscarine to
suppress a constant fraction of the available current was inde-
pendent of nucleotide content. For example, 2 uM muscarine
produced 60.1 + 10.9% suppression of the available I, in neu-
rones studied after 3 min with intracellularly applied ATP-y-S
(n=35). After 18min, the available I,, had decreased to
38.0 + 6.0% of its control level (n = 8) but muscarine still pro-
duced about the same fraction suppression (644 + 7.2%
n =35, P > 0.7) of the remaining I,;. These data are illustrated
in Figure 2g and the effects of other nucleotides on the
response to muscarine are shown in Figure 2c and e. The rise
time of the muscarine response in neurones filled with ATP-y-
S was about 50% greater than in neurones filled with cyclic
AMP. The duration of the response was increased even for
relatively short periods of recording (i.e. <15min) and little or
no recovery of the muscarine-evoked inward current was
observed in 9 out of 23 cells tested. There was also a progres-
sive increase in duration of successive muscarine responses
during recording with intracellularly-applied ATP-y-S and the
amplitude of successive responses decreased with time. These
data are summarized in Table 1 and a typical experiment is
illustrated in Figure 3.

The rise time of muscarine responses increased about 3 fold
when the pipette contained f8,y-MethATP rather than cyclic
AMP. The presence of this ATP antagonist also increased
response duration by about 50% but failed to exhibit any sig-
nificant effect on response amplitude (Table 1).

Effect of the phosphatase inhibitor, diphosphoglyceric
acid

There is evidence that at least in heart, muscarinic agonists
can activate protein phosphatases (Ahmad et al., 1989). If this
mechanism were involved in muscarine-induced I,, suppress-
ion in frog ganglia, such that channel closure would require
dephosphorylation (cf. Pfaffinger, 1988), the response should
be blocked by phosphatase inhibitors such as diphospho-
glyceric acid (DPG; Downes et al., 1982). If, on the other
hand, M-channel closure involved phosphorylation, the action
of a protein phosphatase might be required for the termina-
tion of the response. If this were the case, irreversible
responses to muscarine would be expected in the presence of
DPG. However, when DPG (1-2.5mM plus 100uM cyclic
AMP) was added to the intracellular solution, muscarine
responses exhibited normal rise times and amplitudes.
Although the responses were always reversible, their duration
was increased by about 50% (Table 1).

As a final test for the involvement of phosphorylation
and/or dephosphorylation reactions, alkaline phosphatase
(100ugml~! plus 100um cyclic AMP or 1mM ATP) was
included in the patch pipette. This enzyme, which should dep-
hosphorylate membrane proteins, failed to alter amplitude of
responses to muscarine for periods of up to 83min. The
average duration of the response was increased by about 20%
(Table 1).



332

H. CHEN & P.A. SMITH

—
—

c
120

T T - 1
1ooL—"—: - 1\7/1*\.\ -100
o |

120

80 1180
60 60
1 - - x
= 40 1 b < 140
S
§ 20 20
e -
S 120 B,y-MethATP 120
2 |
=

100g—e—* b3 g o100

% suppression of available Iy by muscarine

80 , {80
0
60| . T ' | 6
v i
a0} S ! 1 ‘40
1 1
20— - 20
g oy
120° ATI’-ySW,|20
100¢_ ; 100
v
80} N 80
1 g ! !
60 i T\\] 1 1160
T
40 SR
1
20 ! 20
0 5 10 15 20 25
Time (min)

b
1500
15'60" 18'50"
12'10”
5'20" 1°
J ~250
d ATP
1500
3'39"
7 4120n 40
-250
f B.,v-MethATP
11000
330"
7’30[[
18'30"
. 1"
12'30" 23'30 g
h -
ATP-y-S 1100
30"
1o
7'10" 5'30"
J_200
—30 270 110
mV

Figure 2 Effects of pipette content on maintenance of I, and on the ability of muscarine to suppress I, (Except where otherwise
indicated, all data are from Rana pipiens cells). (a) Persistence of I, when no adenosine nucleotides were included in the pipette (data
averaged from 7-9 cells; not all cells were studied for the full 25 min period). (b) Original data records to show persistence of I,. (c)
(@) Persistence of I, when 1 mM ATP was included in the patch-pipette (O). Percentage suppression of the available I, by muscarine
(10 uM, applied from Picospritzer) (data from 10 cells). (d) Original data records of I, recorded with 1 mM ATP in the patch pipette. (¢)
(@) Persistence of I,, when 1 or 2mM f,y-methyleneadenosine S'-triphosphate (8,y-MethATP) was included in the patch-pipette (O).
Percentage suppression of the available I, by muscarine (100 uM, applied from Picospritzer) (Data from 9 cells). (d) Original data
records of persistance of I, in a bullfrog neurone with 2mM S,y-MethATP in the patch pipette. (g) (@) Lack of persistence of I,, when
adenosine 5'-O-(3-thiotriphosphate) (ATP-y-S, 1 or 2mM) was included in the patch-pipette (O). Percentage suppression of the
available I, by muscarine 2 uM, applied from U-tube (Data from 5-8 cells) (h). Original data records of the effect of 2mm ATP-y-S on
persistance of I,;. Current responses shown in (b), (d), (f) and (h) are evoked from Ss hyperpolarizing ramp commands as shown in
Figure 1. These data are x-y plots of digitally-stored data. Percentage suppression of I, in (a), (c), (¢) and (g) is not the same because
different concentrations of muscarine and different methods of application were used in each series of experiments.

Discussion

If a phosphorylation process were involved in the suppression
of I,, by muscarine, ATP antagonists such as f,y-MethATP
would be expected to block the response. If a dephosphoryla-
tion process were involved (cf. Pfaffinger, 1988), the re-opening
of the channels during recovery from muscarine would require
phosphorylation so that §,y-MethATP would be expected to
promote irreversible responses. However, responses recorded
with intracellular B,)-MethATP were neither irreversible nor
were they any smaller than those recorded with cyclic AMP.
Although ATP-y-S promoted I, run-down, muscarine still
caused the same fractional depression of the remaining current
even after 20 min. These results, as well as the lack of blockade

by DPG and alkaline phosphatase argue strongly against
involvement of phosphorylation and/or dephosphorylation
mechanisms in the transduction process for muscarinic
responses. This conclusion is supported by previously
published data on the lack of effect of kinase inhibitors such
as 1-(5-isoquinolinyl-sulphonyl)-2-methyl piperazine (H-7),
staurosporine and gold sodium thiomalate (Bosma & Hille,
1989; Selyanko et al., 1990).

Three other observations which may be interpreted to
support the involvement of a phosphorylation/dephosphory-
lation mechanism fail to provide unequivocal evidence for this
hypothesis.

Firstly, ATP-y-S causes progressive reduction and pro-
longation of responses. If I, suppression required membrane
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U-tube application (Rana pipiens) [Musc] = 2 um

Pipette content

Cyclic AMP (0.1 mm) (Control)
ATP-y-S (<15min; 1 or 2mm)

Rise time (s)

102 + 0.8 (n = 26)
158 £ 20 (n = 14)

Duration (s) Amplitude (pA)

125.5 + 6.3 (n = 26)
Not determined.

127.3 £ 9.3 (n = 26)
1311 + 179 (n = 14)

P < 0.001 P>08
Diphosphoglyceric acid 94+ 03(n=27) 1733+ 112 (n=27) 1244+ 118 (n = 27)
(1-2.5mM + 100 M cyclic AMP) 01>P>005 P < 0.001 P>08
U-tube application (Bullfrog) [Musc] = 2 um
Pipette content Rise time (s) Duration (s) Amplitude (pA)

Cyclic AMP (0.1 mm) (Control)
B.y-MethATP (1 or 2mm)

37408 (n = 10)
142 1 1.3 (n = 26)

133.8 + 80 (n = 10)
198.1 + 11.6 (n = 26)

304.0 + 24.7 (n = 10)
243.1 + 14.8 (n = 26)

P < 0.001 P < 0.001 P <005
Picospritzer application (Rana pipiens) [Musc] = 10 um
Rise time (s) Duration (s) Amplitude (pA)

Pipette content

ATP (1 mm) (Control)
Alkaline phosphatase (100 zugml~! +
0.1 mM cyclic AMP or 1 mM ATP).

6.5+ 04 (n=135)
594051 =233
P>02

94.3 + 62 (n = 35)
1130 1 59 (n = 33)
005> P < 0025

168.6 + 15.3 (n = 35)
1342 + 151 (n = 33)
P>0.1

Since different methods of drug application, drug concentration and species of frog were used, data are compared to the control situation
in each group where the cells contained adenosine 3':5'-cyclic monophosphate (cyclic AMP) or ATP. It was not possible to determine the
mean duration of responses recorded with intracellularly-applied adenosine 5'-O-(3-thiotriphosphate) (ATP-y-S) because the response
failed to recover in 7 out of the 20 Rana pipiens cells which were tested. All data were collected within the first 15min of whole-cell
recording. Musc = muscarine; f,y-MethATP = f,y-methyleneadenosine 5'-triphosphate.
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Figure 3 Effect of 2 uM muscarine (Musc) applied from U-tube onto
a Rana pipiens sympathetic ganglion cell. Pipette contained adenosine
§'-O-(3-thiotriphosphate) (ATP-y-S, 2mM). I, was assessed using 5s
hyperpolarizing ramp commands as in Figures 1 and 2. Note decrease
in amplitude and elongation of responses with time. Percentages refer
to the percentage depression of the available I, produced by each test
application of muscarine. Note that the percentage depression of the
available current changes little with time. 200pA/60s calibration
refers to left-hand series of traces which were from rectilinear pen
recorder. —100/0/+ 100pA calibration refers to all right hand traces
which are from x-y plotter. Zero current levels are indicated at the
extreme right of each trace.

phosphorylation and the recovery of the current following
muscarine removal required dephosphorylation, a response
recorded in the presence of ATP-y-S would be expected to be
irreversible. This is because ATP-y-S forms non-hydrolysable
protein thiophosphates (Eckstein, 1985). An alternative expla-
nation for the effect of ATP-y-S is that the thiophosphate
moiety is transferred from ADP to GDP resulting in the for-
mation of GTP-y-S. This type of reaction has been reported to
occur both in atria (Otero et al., 1988) and in nodose ganglion
cells (Gross et al., 1990). GTP-y-S would promote persistent
G-protein activation (Pfaffinger, 1988; Elmslie et al., 1990)
which would explain the progressive prolongation and
reduction of muscarine responses. Furthermore, the progres-
sive suppression of Iy, as more of the available pool of G-
proteins became irreversibly activated would explain the
observed run-down of I, seen only with ATP-y-S. Another
explanation for prolongation of muscarine responses by
ATP-y-S is that it inhibits the desensitization process
(Simmons et al., 1990).

Secondly, the prolongation of responses by f,y-MethATP
may imply that recovery requires ATP-dependent phos-
phorylation so that I, suppression may have involved dep-
hosphorylation. An alternative explanation for this effect is
that it reflects inhibition of the desensitization process in a
fashion similar to ATP-y-S (Simmons et al., 1990).

Thirdly, the prolongation of responses by DPG may imply
that I, recovery requires dephosphorylation so that
muscarine-induced M-channel closure would require phos-
phorylation. If this were the case, it is impossible to explain
the inability of the ATP antagonist, §,-MethATP to block
the response.

Since almost all of the present data support the view that
muscarine-induced I, suppression is independent of phos-
phorylation and/or dephosphorylation reactions, other pos-
sible transduction mechanisms for I, suppression by
muscarine must be considered. One possibility is that a novel
or even a conventional second messenger, which exerts its
effects independently of protein kinases, could be involved. In
fact, it has recently been suggested that cyclic AMP may be
able to directly gate ion channels (Di Francesco & Tortora,
1991). This substance is, however, unlikely to be involved in
the transduction mechanism for agonist-induced I, suppress-
ion because it fails to mimic the effect of muscarine when
applied intracellularly or when membrane permeable ana-
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logues are applied extracellularly (Busis et al., 1978; Weight et
al., 1978; Adams et al., 1982b; Selyanko et al., 1990). Alterna-
tively, the muscarinic receptor could be ‘directly G-protein
coupled’ to the M-channel. Although it is impossible at
present to decide between these possibilities, the latter mecha-
nism is more attractive because several examples of ‘direct G-
protein coupling’ of agonist-binding site to ion channel have
now been documented (Pfaffinger et al., 1985; Yatani et al.,
1987; North, 1989; Yatani et al., 1990). Confirmation of this
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Effects of cromakalim on the contraction and the membrane
potential of the circular smooth muscle of guinea-pig stomach
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1 The effects of cromakalim on mechanical and electrical activities of the circular smooth muscles of
guinea-pig stomach antrum were observed.

2 Cromakalim (>1 x 10~7 M) decreased the amplitude of spontaneous rhythmic contractions and also
the acetylcholine-enhanced spontaneous contractions. Cromakalim was less effective against the 25.9 mM
and 35.9mm K *-induced tonic contractions.

3 Glibenclamide (1 x 10~ ) itself caused no detectable change in the spontaneous contractions, those
potentiated by acetylcholine or tonic contractions induced by high K* solutions, but attenuated the
actions of cromakalim. On the other hand, charybdotoxin (3 x 10~®M) increased the amplitude of sponta-
neous contractions but failed to affect the actions of cromakalim.

4 Cromakalim (>1 x 107 M) decreased the amplitude and duration of slow waves, and hyperpolarized
the membrane. These actions of cromakalim were completely antagonized by 1 x 10~ ¢M glibenclamide,
whereas part of the effects of cromakalim on mechanical activity was resistant to glibenclamide.

5 The results suggest that the inhibition by cromakalim of the electrical activity and the hyperpolar-
ization, which may be associated with the opening of glibenclamide-sensitive K* channel, are responsible
for its inhibitory action on circular smooth muscle of guinea-pig stomach. Further, some effects indepen-

dent of glibenclamide-sensitive K* channel may also be responsible for the mechanical effect.
Keywords: Cromakalim; guinea-pig stomach; membrane potential; contraction; glibenclamide; charybdotoxin; K channel

Introduction

It has been postulated that cromakalim relaxes many types of
smooth muscle by hyperpolarizing the membrane through
activation of K* channels (Hamilton et al., 1986; Allen et al.,
1986; Hollingsworth et al., 1987; Standen et al., 1989). The
nature of cromakalim as a ‘K* channel opener’ was con-
firmed not only by electrophysiological experiments but also
by 8Rb* efflux experiments (Hamilton et al., 1986; Weir &
Weston, 1986; Standen et al., 1989; Masuzawa et al., 1990a,b).
Despite its classification as a K* channel opener, it is ques-
tionable whether its relaxing action on smooth muscles is
solely due to membrane hyperpolarization, since the threshold
concentration required for muscle relaxation is usually lower
than that required for the hyperpolarization or for the stimu-
lation of 8Rb* or “2K* efflux (Hamilton et al., 1986; Hol-
lingsworth et al., 1987; Quast, 1987; Shetty & Weiss, 1987;
Gillespie & Sheng, 1988). Such discrepancies are prominent
mainly in spontaneously active muscles such as portal vein
(Hamilton et al., 1986), uterus (Hollingsworth et al., 1987),
trachea (Allen et al., 1986) or urinary bladder (Foster et al.,
1989).

We have now investigated the effects of cromakalim on the
mechanical and electrical properties of circular smooth muscle
of the guinea-pig stomach. This smooth muscle exhibits two
types of spontaneous electrical activity, composing slow waves
and spike potentials (Tomita, 1981). Tomita & Brading (1990)
briefly reported that cromakalim inhibited gastric mechanical
activity with no significant effects on the electrical activity of
this tissue. The objective of the present study was, therefore, to
study further the relationship between electrical and mechani-
cal responses during cromakalim-induced relaxations.

1 Author for correspondence

The effects of two types of K* channel blocker, glibencla-
mide and charybdotoxin, on the actions of cromakalim were
also investigated, to determine the types of K* channel
involved in the actions of cromakalim. Putatively glibencla-
mide inhibits ATP-sensitive K* channels (Schmid-Anto-
marchi et al, 1987; Standen et al, 1989), whereas
charybdotoxin blocks the Ca2*-activated K* channels (Miller
et al, 1985; Talvenheimo et al., 1988; Carl et al., 1990a),
although the selectivity of these agents for particular smooth
muscle K* channels has not been determined.

Methods

Adult male guinea-pigs (200-250g) were stunned and bled.
Small strips of circular muscle were dissected from the antral
region of the stomach as described by Ono & Suzuki (1987).
For microelectrode studies the preparation (2mm wide,
4mm long) was mounted in a superfusion chamber (fluid
volume about 2ml) with tiny insect pins and superfused with
the Krebs solution (35°C) gassed with 95% O, and 5% CO,
at a flow rate of 2mimin~!. The membrane potential was
measured with a glass microelectrode of a tip resistance 40—
80mQ when filled with 3M KCl, and the electrode was inserted
into a cell from the mucosal side. The signal was amplified by
a microelectrode amplifier (Nihon-Kohden MEZ-8101), dis-
played on an oscilloscope (Nihon-Kohden VC-9) and record-
ed on a pen-writing oscillograph (NEC-Sa’nei Recti-Horiz)
and video cassette tape using a PCM processor (Sony
PCM-501 ES). For tension recording the preparation (2mm
wide, 10mm long) was suspended in a vertical position in a
Magnus bath containing Sml Krebs solution (37°C) gassed
with 95% O, and 5% CO,, with the upper end of the muscle
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connected to an isometric transducer (Nihon-Kohden SB-1T).
In some experiments one end of a preparation (2mm wide,
4mm long) was fixed in the superfusion chamber for the
microelectrode study with insect pins and the other end was
connected to a transducer in a horizontal direction. A basal
tension of 1g was maintained throughout the tension experi-
ment.

The Krebs solution used had the following composition
(mm): Na* 1374, K* 59, Ca®* 2.5, Mg?* 1.2, HCO; 155,
H,PO; 1.2, ClI~ 1340, glucose 11.5 (pH 7.4). The high K*
solution was hypertonic and prepared by adding KCl to the
Krebs solution to give a final concentration of 259 mM or
359mm K*. Drugs used were cromakalim (Beecham), gliben-
clamide (Sigma), charybdotoxin (Peptide Institute), acetyl-
choline (ACh, Nakarai Chemicals), tetrodotoxin (Sankyo) and
atropine (Tokyo Kasei). Cromakalim and glibenclamide were
dissolved in ethanol as described elsewhere (Masuzawa et al.,
1990a). Other substances were dissolved in distilled water.

Data are expressed as mean + s.e.mean. To determine the
pD, value of cromakalim, the EC;, was calculated from the
log dose-response relationship in each muscle as the concen-
tration required to inhibit a contraction to 50% of the control
level and the mean + s.e.mean of its negative log (pD,) was
calculated. When the antagonism of glibenclamide to
cromakalim-induced inhibition of mechanical activity was
tested, the control response to cromakalim was observed and
after 1h rinsing of muscles the response was again observed in
the presence of glibenclamide. Statistical significance was
assessed for responses before and after glibenclamide by
Student’s ¢ test (paired ¢ test).

Results

Effects of cromakalim on the mechanical activity

Circular smooth muscles of the guinea-pig stomach antrum
exhibited spontaneous rhythmic contractions under a basal
tension of 1g. When applied cumulatively, cromakalim
(1 x 10771 x 1075m) decreased the amplitude of sponta-
neous contractions in a concentration-dependent manner with
a PD, of 6.65 + 0.06 (n = 9, Figure 1). However, cromakalim
did not significantly affect the frequency of the spontaneous
contractions as long as the contractions could be observed, i.e.
the frequency was 4.3 + 1.8 contractions min~! before the
application of cromakalim whereas it was 4.5 + 1.3 contrac-
tions min~?! in the presence of 3 x 10™°M cromakalim. In a
different group of muscles the effect of ethanol, which was
used to dissolve cromakalim and glibenclamide, was observed.
Ethanol in concentrations which were the same as those
added with cromakalim did not affect the spontaneous con-
tractions (Figure 1). This result also shows that spontaneous
contractions remained constant over the time course of the
experiment.

When 1 x 10~¢M ACh was applied, the basal tension was
elevated (tonic contraction) following a transient large con-
traction and the spontaneous contractions were augmented to
990 + 155% (n = 8) of the predrug level. Addition of croma-
kalim decreased the amplitude of enhanced spontaneous con-
tractions and the tonic contraction with a PD, of 6.38 + 0.08
and 6.27 + 0.20 (n = 8), respectively (Figure 2). The vehicle
(ethanol) for cromakalim, which was added with the same
interval as cromakalim, did not affect the ACh-enhanced con-
tractions over the time course of the experiment. Addition of
K* (final [K*],=259mM and 35.9mM) elevated the basal
tension which consisted of a transient component followed by
a sustained one. The tonic contraction was obviously larger in
359mm [K*], than in 259 mm [K*],. Often in the presence
of 259mMK™*, the augmented spontaneous contractions were
superimposed on the tonic response, the frequency of tension
waves was not different from that in normal [K*],. With
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Figure 1 The effect of cromakalim on spontaneous contractions of
the circular smooth muscle of guinea-pig stomach in the absence (O)
and presence (@) of glibenclamide 1 x 107°M. Ordinate scale:
100% = the amplitude of the spontaneous contractions prior to appli-
cation of the drugs. When used, glibenclamide was applied 10min
before the addition of cromakalim. Broken line represents the effect of
vehicle (ethanol), which was added at the same time intervals as cro-
makalim. Data represent the means with the s.e.means (vertical lines)
of 9 experiments. The effect of glibenclamide plus cromakalim was
significantly different from cromakalim alone (* P < 0.05, paired ¢
test).
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