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SPECIAL REPORT

Regulation of muscle glycogen metabolism by CGRP and
amylin: CGRP receptors not involved

'Kevin Beaumont, Richard A. Pittner, Candace X. Moore, Deborah Wolfe-Lopez, Kathryn S.

Prickett, Andrew A. Young & Timothy J. Rink

Amylin Pharmaceuticals, Inc., 9373 Towne Centre Drive, San Diego, CA 92121, U.S.A.

The aim of the present study was to determine whether amylin and calcitonin gene-related peptide
(CGRP) act through shared or distinct receptors to inhibit insulin-stimulated incorporation of ['*C]-
glucose into glycogen. Rat amylin was 3 fold more potent than either rat *CGRP or rat SCGRP at
reducing glycogen synthesis from ['“C]-glucose in insulin-treated rat soleus muscle. This action was
blocked by peptide antagonists, with the rank order of potency being AC187>salmon calcitoning.;;
(sCTs.3)>h-aCGRPg 3, for antagonism of either amylin or CGRP. The antagonist potency order
correlated with affinity for amylin receptors measured in rat nucleus accumbens but not CGRP receptors
measured in rat L6 muscle cells. Inhibition of glucose incorporation into glycogen by amylin and CGRP
appears to be mediated by shared receptors that have the pharmacological characteristics of amylin
receptors, and are distinct from previously described CGRP receptors.
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Introduction Amylin is a 37 amino acid peptide that is
released from pancreatic f-cells in response to feeding, and
has been proposed as an endocrine partner to insulin in the
regulation of carbohydrate disposal and storage (Pittner et
al., 1994). It shares 41 —51% sequence identity with calcitonin
gene-related peptide (CGRP), a neuropeptide that is widely
distributed in peripheral motor and sensory nerves. Both
human amylin and rat aCGRP potently inhibit insulin-
stimulated glycogen synthesis in rat skeletal muscle (Leighton
& Cooper, 1988). However, amylin is 100 fold less potent
than CGRP in competing for [>I-CGRP binding sites in
membranes from rat skeletal muscle (Chantry et al., 1991) or
rat L6 skeletal muscle cells (Poyner et al., 1992).

We have identified amylin receptors in rat brain,
concentrated in the nucleus accumbens, which have a binding
profile that is quite distinct from CGRP receptors (Beaumont
et al., 1993). These amylin receptors have high affinity for
ACI187 (Acetyl-[Asn*,Tyr*]-sCTs.1,), a potent and selective
antagonist of amylin-induced hyperglycaemia and hyperlac-
taemia (Young et al., 1994), and have moderate affinity for h-
«CGRPg 3;, which antagonizes actions of both amylin and
CGRP (Wang et al., 1991).

In the studies described here, we addressed the question of
whether amylin and CGRP act through common or distinct
receptors to inhibit muscle glycogen synthesis.

Methods Receptor binding Binding of ['*’I]-BH-rat amylin
(Bolton-Hunter labelled at the N-terminal lysine) to
membranes from the nucleus accumbens of male Harlan
Sprague Dawley rats (180-250 g) was measured as pre-
viously described (Beaumont et al., 1993), in a modified
binding buffer consisting of 20 mM NaHEPES, pH 7.4, 1 mM
MgCl,, 1 mg ml~! bacitracin, 1 mg ml~! BSA, 1 ug ml™!
phosphoramidon, and 5 ug ml~! bestatin. To measure CGRP
receptor binding, rat L6 cell membranes were incubated with
28 pM [***I)-h-«CGRP ('*I-labelled at his;o) and unlabelled
peptides, with buffer and experimental methods as described
for amylin receptor binding.

! Author for correspondence.

Radioiodinated peptides were from Amersham (Arlington
Heights, IL, U.S.A.). Amylin, CGRP, and h-«CGRP; ;; were
from Bachem (Torrance, CA, U.S.A.). AC187 and sCTs.3;
were synthesized as described (Young et al., 1994).

[1*C]-glucose incorporation into muscle glycogen Incor-
poration of [*C]-glucose into glycogen in soleus muscle strips
from fasted rats was measured essentially as previously
described (Young et al, 1992). A 4-parameter logistic
function was fitted to the data by a curve-fitting programme
(InPlot, GraphPad Software, San Diego, CA, U.S.A)) to
derive ICsps and 95% confidence intervals (Cls). Incubations
were performed in quadruplicate with muscles randomly
assigned from separate animals. Results are means +s.e.mean
of data from 4-36 muscle strips measured in the indicated
number of experiments. Data were analyzed for statistical
significance by analysis of variance (ANOVA) and post-hoc
Bonferroni test.

Results Amylin receptor binding To determine amylin
receptor affinity, we measured the ability of peptides to
inhibit binding of ['*I]-BH-rat amylin to rat nucleus
accumbens membranes. As reported previously (Beaumont
et al., 1993), rat amylin was more potent than rat «CGRP or
rat BCGRP in competing for ['ZI]-BH-rat amylin binding
(Table 1). Among the antagonists, AC187 was the most
potent inhibitor of ['*I]-BH-amylin binding, with an
I1Cs,=0.48 nM (Table 1).

CGRP receptor binding To determine CGRP receptor
affinity, we measured the ability of peptides to compete for
['*1)-h-«CGRP binding to rat L6 cell membranes (Poyner et
al., 1992). Rat amylin was considerably less potent than rat
aCGRP or rat BCGRP in competing for ['%’I)-h-«CGRP
binding (Table 1). Of the antagonists, h-«CGRP;;; was by
far the most potent inhibitor of CGRP receptor binding with
an ICs=1.1 nM. For all peptides, ICsos for inhibition of
[***I)-h-aCGRP binding differed significantly from ICss for
inhibition of ['>’I]-BH-rat amylin binding (P <0.05, Student’s
unpaired ¢ test).

Functional responses to amylin and CGRP in soleus muscle
Rat amylin (EC5=5 nM, 95% CI=2.2-11 nM, n=9) was 3
fold more potent than rat aCGRP (ECs5,=15nM, 95%
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Table 1 Inhibition by peptides and antagonists of ['2’I]-BH-rat amylin binding to rat nucleus accumbens membranes and of ['*’I}

hCGRP-« binding to L6 cell membranes

[*%1]-BH-rat amylin [**’1]-hCGRP-
rat n. accumbens rat L6 cells

Compound (ICsp nM) ICsp nM)
Agonists
Rat amylin 0.054+0.021 (3) 4.2+0.5 (3)
Rat «CGRP 0.656+0.130 (3) 0.092+0.021 (3)
RatfCGRP 0.105+0.015 (3) 0.030+0.011 (3)
Antagonists
AC187 0.48+0.16 (5) 73+20 (3)
sCTg 32 1.9+0.37 (7) 2700+ 1400 (3)
h-aCGRP;.3; 13+6.2 (4) 1.1+£0.22 (3)

Results are means +s.e.mean for the indicated number of separate experiments.

CI=7-32nM, n=3) or rat BCGRP (ECs,=14 nM, 95%
CI=12-16 nM, n=13) at reducing the incorporation of ['*C]-
glucose into glycogen in insulin-treated soleus muscles from
fasted rats (Figure 1).
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Insulin-treated soleus muscles were incubated with 100 nM
rat amylin or 100 nM rat «CGRP in the presence of
increasing concentrations of antagonists, resulting in reversal
of the inhibition of ['*C]-glucose incorporation into glycogen
(Figure 1). ICss (with 95% confidence intervals) for
antagonizing rat amylin were ACI187=0.10 uM (0.043-
0.23 uM, n=4), sCT.3,=0.78 uM (0.22—2.8 uM, n=2), and
h-aCGRP;.3;=5.7 uM (3.2-9.9 uM, n=6). ICss for antag-
onizing rat «CGRP were AC187=0.26 uM (0.030-2.3 uM,
n=2), SCT3.32= 1.6 UM (0.23- 12 UM, n=2) and h-aCGRPg_”
=30 uM (12-78 uM, n=2). The antagonists had similar rank
order potencies (AC187>sCTs.3,>h-aCGRP;g37) in blocking
either rat amylin or rat *CGRP. This rank order of potency
corresponded to the rank order for inhibiting amylin binding
sites in rat nucleus accumbens, and was quite distinct from
the rank order for inhibiting CGRP receptor binding in rat
L6 cells.

Discussion These results indicate that amylin and CGRP act
through a common receptor population to alter glycogen
metabolism in rat skeletal muscle. The evidence for this
conclusion is pharmacological, based on the similar potencies
of antagonists at inhibiting the actions of either rat amylin or
rat «CGRP. The relative potency of antagonists strongly
suggests that CGRP receptors do not mediate the effects of
either CGRP or amylin on muscle glucose metabolism.
Instead, the effects of both amylin and CGRP are mediated
by receptors that have high affinity for AC187 and sCTs.3,
like the amylin receptors concentrated in the nucleus
accumbens region.

Data available from functional studies are consistent with
the idea that the effects of amylin on glycogen phosphorylase
and glycogen synthase are produced through stimulation of
an adenylyl cyclase-coupled receptor. Amylin stimulates
increased cyclic AMP in intact rat soleus muscle with an
ECs5=0.3 nM (Pittner et al., 1994).

The pharmacological evidence described here indicates
that CGRP receptors measured by [>’I]-CGRP binding to rat
muscle membranes (Chantry et al., 1991) do not regulate
muscle glucose metabolism. One function that has been
proposed for CGRP receptors in skeletal muscle is regulation
of nicotinic cholinoceptor expression and sensitivity (New &

Figure 1 (a) Inhibition of insulin-stimulated [**Cl-glucose incorpora-
tion into glycogen in isolated soleus muscles by rat amylin (O), rat
®CGRP ([J), or rat BCGRP (A). Rat amylin differed significantly
(P<0.05, ANOVA) from rat «CGRP at 3, 10, and 100nM and from
rat BCGRP at 10 and 100nM. Inhibition of the effects of (b) 100 nmM
rat amylin or (c) 100nM rat xCGRP on [“C]-glucose incorporation
into soleus muscle glycogen by AC187 (O), sCTss; (), or h-
aCGRPg.3; (A). AC187 differed significantly (P<0.05, ANOVA)
from h-«CGRPg 37 at 0.1 and 1uM. Means +s.e.mean of at least 4
soleus muscle strips.
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Mudge, 1986). CGRP receptors may also be present in
vascular elements in membranes prepared from skeletal
muscles.

In conclusion, inhibition of muscle glycogen synthesis by
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Release of endothelium-derived hyperpolarizing factor (EDHF)
by M3 receptor stimulation in guinea-pig coronary artery

Anna K.M. Hammarstrém, 'Helena C. Parkington & Harold A. Coleman

Department of Physiology, Monash University, Clayton, Victoria, 3168, Australia

1 The muscarinic receptor subtype(s) involved in the release of endothelium-derived hyperpolarizing
factor (EDHF) were studied in the guinea-pig coronary artery by recording the membrane potential in
the smooth muscle cells with intracellular microelectrodes.

2 Acetylcholine (ACh, pD, 6.68) was 10 times more potent than the M, agonist, oxotremorine (pD,
5.65) and 500 fold more potent than the M, agonist, McN-A-343 (pD, 3.95) in evoking the EDHF

hyperpolarization.

3 The M; muscarinic antagonist, 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) was the
most potent (pA, 9.5) in inhibiting the release of EDHF evoked by ACh, being more potent than
pirenzepine (pA, 6.7), and AFDX-116 (pA, 6.1) which preferentially block M; and M, receptors,

respectively.

4 These results suggest that EDHF is released from the endothelium of the guinea-pig coronary artery
upon the activation of the muscarinic M; receptor subtype.

Keywords: Coronary artery; endothelium; hyperpolarization; EDHF; muscarinic receptors; M; receptors

Introduction

Stimulation of muscarinic receptors on the endothelium in
most vascular beds produces muscle relaxation upon the re-
lease of up to three relaxing agents; endothelium-derived re-
laxing factor (EDRF), identified as nitric oxide (NO),
prostacyclin (PGI,) and endothelium-derived hyperpolarizing
factor (EDHF), all of which are also capable of hyperpolar-
izing the underlying smooth muscle (Parkington et al., 1993).
Pharmacological and radioligand binding studies suggest that
the muscarinic receptor involved in the release of both NO and
PGI, is of the M3 subtype (see review Eglen & Whiting, 1990,
Jaiswal & Malik, 1990; Adeagbo & Triggle, 1993). The mus-
carinic receptor involved in the release of EDHF is still con-
troversial. It has been proposed that EDHF is released upon
M, receptor stimulation because atropine, a non-specific ago-
nist, was as effective as pirenzepine at inhibiting the hyperpo-
larization induced by acetylcholine (ACh) but was 100 times
more potent at inhibiting the ACh-induced relaxation in rabbit
saphenous artery (Komori & Suzuki, 1987b). These same au-
thors (Komori & Suzuki, 1987a) found that oxotremorine did
not evoke membrane hyperpolarization in the rabbit saphe-
nous artery, suggesting that M, receptors were not involved in
initiating the endothelium-dependent hyperpolarization. In
another study, atropine was found to be more potent than
pirenzepine at inhibiting the ACh-evoked hyperpolarization in
the guinea-pig circumflex coronary artery, suggesting that M,
receptors were not involved in the endothelium-derived hy-
perpolarization in this artery (Keef & Bowen, 1989). In the
perfused rat mesenteric arterial bed, p-F-HHSiD (a M; re-
ceptor antagonist) was more potent than pirenzepine at in-
hibting the EDHF-induced, L-NAME-and indomethacin-
insensitive dilatation, suggesting that EDHF release occurs
through M; receptor stimulation (Adeagbo & Triggle, 1993).
However, it has been suggested that p-F-HHSiD may not be a
suitable probe with which to distinguish between M; and M,
receptors with any degree of confidence (Eglen et al., 1990).
The aim of the present study was to clarify the nature of the
muscarinic receptor(s) involved in the release of EDHF. The
release of EDHF cannot be studied directly since its chemical
identity remains elusive. The hyperpolarization it induces is
particularly large in the guinea-pig coronary artery which

! Author for correspondence.

makes this a suitable tissue in which to investigate this factor.
The component of hyperpolarization evoked by EDHF is
clearly distinguishable from the components induced by NO
and PGI,, whereas the relaxations merge into one (Parkington
et al., 1995). The relationship between the hyperpolarization
and relaxation in guinea-pig coronary artery has been studied
in detail (Parkington et al., 1995). NO and PGI, can produce
relaxation in the absence of hyperpolarization. In contrast, the
relaxation evoked by EDHF appears to be elicited through
hyperpolarization of the smooth muscle cells. Thus, the hy-
perpolarization response to EDHF was studied in preference
to the relaxation because it was clearly separable and closely
associated with relaxation.

The responses to three muscarinic agonists; ACh, (non-
specific), McN-A-343, M, and oxotremorine, M, were studied.
The effect of three antagonists; pirenzepine, M;, AFDX-116,
M, and 4-DAMP, M; on the hyperpolarizations induced by
ACh were assessed in guinea-pig coronary artery. Some of
these results have been presented in abstract form (Hammar-
strom et al., 1993).

Methods

Preparation

Guinea-pigs of either sex, 250—800 g, were killed by decap-
itation and their hearts removed. The left descending main
coronary artery, from the coronary sinus to its entry into the
cardiac muscle underneath the pulmonary artery, was dis-
sected free. Ring segments of artery (1-2 mm in length) were
threaded with a pair of wires (40 um in diameter) and fixed in
two supports in a myograph. One support was attached to a
micrometer screw and the other to a force transducer (Mul-
vany & Halpern, 1977). Segments were continuously super-
fused with physiological saline solution (PSS) (mM): NaCl 120,
KCl 5, CaCl, 2.5, MgSO, 1.2, KH,PO, 1, NaHCO; 25, glucose
11, bubbled with O, : CO,, 95% : 5% and maintained at 35°C.
The flow of PSS was at a rate of 3.6 ml min~! in the bath the
capacity of which was approximately 0.5 ml. The segments
were stretched incremently until their tension was equivalent to
a transmural pressure of 60 mmHg, the mean arterial pressure
in guinea-pigs. Membrane potential recordings were made with
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conventional glass intracellular microelectrodes filled with 1 M
KCIl and having resistances of 80—100 MQ as described by
Parkington et al. (1993).

Agonist potency (pD;)

The peak amplitude (in mV) of the transient component of the
hyperpolarization, attributable to EDHF, recorded in response
to each agent was plotted against the concentrations of ago-
nist. A sigmoid curve was fitted to the concentration-response
curves by a least-squares method in the computer software
package InPlot (GraphPad Software Inc.). The concentration
of agonist which was effective in producing a response that was
50% of maximal hyperpolarization (ECs) was determined
from the curve. The ECs, and slope of the concentration-re-
sponse curve (20—80%) obtained for each preparation were
used to generate an averaged curve that was representative of
all preparations in each group. pD, (—log ECs), has been
used as a measure of agonist potency throughout this study.
The maximum amplitude of the hyperpolarization for each
agonist has been designated V., according to convention.

Antagonist potency (pA;)

The concentration-response curves to ACh were repeated in
the presence of three concentrations of each antagonist. Only
1-2 concentrations of antagonist were tested in each pre-
paration. When two concentrations were applied to the same
preparation, the antagonist was washed out and a new control
concentration-response curve was established before the sec-
ond antagonist concentration was applied. Antagonists were
allowed to equilibrate for 20 min before repeating the con-
centration-response curve to ACh. The method of Arunlak-
shana & Schild (1959) was used to determine pA; values. The
highest concentration of AFDX-116 caused a depolarization
of the smooth muscle (5+1 mV, n=8). This made the hy-
perpolarizations appear larger than in the absence of AFDX-
116 due to an increase in the driving force for potassium, to
which the conductance increases during the hyperpolarization
(Bolton et al., 1984). The peak amplitudes of these hyperpo-
larizations in the presence of high concentrations of AFDX-
116 were therefore corrected for these changes in driving force
which involved scaling the data according to the Goldman-
Hodgkin-Katz equation for a potassium current to give the
value expected with an unchanging membrane potential. In
these calculations an equilibrium potential for potassium of
—90 mV was assumed (Hirst & Edwards, 1989). These cal-
culations had no significant effect on the pD, values.

Statistical analysis of data

The mean + standard error of the mean (s.e.mean) of responses
are quoted throughout. The n values quoted represent the
number of preparations studied. Unpaired ¢ tests were used to
test and a significance level of P <0.05 was used throughout.

Solutions

Acetylcholine, oxotremorine, McN-A-343, L-NAME, pir-
enzepine and 4-DAMP were all dissolved in distilled water, to
a stock of 102 M, and diluted to final concentrations in PSS.
Indomethacin (10~2 M) was dissolved in 0.1 M Na,CO; and
diluted in PSS. Preparations were allowed to equilibrate for at
least 20 min with L-NAME before and during the time that
any agonists were applied. AFDX-116 was dissolved in di-
methyl sulphoxide (DMSO). DMSO, 3 : 1000 dilution, had no
effect on either membrane potential or on the amplitude of the
hyperpolarizations induced by ACh (n=2).

Drugs

The following were used: acetylcholine Cl (Merck) (ACh);
oxotremorine sesquifumerate salt; 4-(N[3-chlorophenyl]-

carbamoyloxy)-2-butynyltrimethylammonium chloride (McN-
A-343); N©®-nitro-L-arginine-methyl-ester (L-NAME); in-
domethacin and pirenzepine dihydrochloride (all from Sigma),
11— ([2-{(diethylamino)methyl} -1- piperidinyljacetyl) -5,11-di-
hydro-6H-pyrido[2,3-b][1,4]benzodizepine-6-one (AFDX-116,
a gift from Boehringer Ingleheim), 4-diphenylacetoxy-N-me-
thylpiperidine methiodide (4-DAMP, Research Biochemicals
Inc.); sodium nitroprusside (Ajax Chemicals); 5-[(E)-
(1S,5S,6R,7R) -7- hydroxy -6- [(E) - (3S,4RS) - 3-hydroxy-4-me-
thyl -1- octen -6- inyl}-bicyclo[3.3.0] -octan-3-ylidene]-pentanoic
acid (iloprost, a gift from Schering, Germany). Drugs were
applied using two methods: for prolonged exposure, drugs
were added to the superfusate. For short exposures, ACh,
oxotremorine and McN-A-343 were applied for 10 s by direct
injection into the superfusion line with a 1 s delay between the
point of injection and the preparation. The concentration of
agonist reached a steady state within 3—4 s (see Parkington et
al., 1993). Drugs to be injected close to the preparation were
dissolved in PSS. Agonists were injected in 5—50 ul into the
perfusion line. The injection of up to 250 ul of PSS alone had
no effect on membrane potential.

Results

One minute and 10 s application of acetylcholine

The resting membrane potential of intact coronary artery
preparations, in the absence of NO and prostaglandin synth-
esis inhibitors, was —59+1 mV (n=21). The hyperpolariza-
tions evoked by including ACh in the superfusate for 0.5—
1 min, were biphasic and very long in duration, up to 15—
20 min in response to 103 M ACh. This duration was reduced
to 1—-2 min in the presence of both L-NAME (2 x 10~° M) and
indomethacin (10-¢ M). The pD, for ACh-induced hyperpo-
larization in the presence of both blockers was 6.86+0.08
(n=12) and the Vp,, was 21+1 mV (Figure 1).

Injection of ACh for 10 s evoked a complex hyperpolar-
ization consisting of a transient component followed by a
slower, more prolonged component. The resting membrane
potential was depolarized significantly to —46+1 mV (n=44)
in the presence of L-NAME (2 x 10~° M) and the onset of the
slow component of hyperpolarization was very much delayed
(confirming Figure 4 of Parkington et al., 1993). In the pre-
sence of both L-NAME and indomethacin (10~° M) the resting
membrane potential was —45+1 mV n=37 and the slow
component of the hyperpolarization was abolished. The am-
plitude of the transient component which remained, and at-
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1 Neither the pD, nor the Vg, were different when
acetylcholine (ACh) was applied for 1 min (@, pD, 6.86+0.08, Vpnax
21+1mV, n=12) compared with 10s (O, pD, 6.68£0.04, Vp,
22+1mV, n=38). Thus, a 10s injection was used for most
experiments throughout this study.
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tributable to EDHF, was larger due to the depolarization. At
the level of the resting potential in control solution, i.e. after
correcting for the change in driving force (see Methods), the
peak amplitude of the response in L-NAME and indomethacin
was not different from the peak amplitude of the transient
component of the response in control solution, similar to
previous results (Parkington et al., 1993). The pD, (6.68 £0.08,
n=138) or the Vp,, 22+ 1 mV) in response to 10 s exposure to
ACh, in the presence of L-NAME alone, were not different
when compared with 1 min application in the presence of both
L-NAME and indomethacin (Figure 1).

Effect of other muscarinic agonists on membrane
potential

The hyperpolarizations evoked by oxotremorine and McN-A-
343 in control solution were similar in appearance and dura-
tion to those induced by ACh (Figure 2a). Due to the good
separation between the transient component attributable to
EDHF and the slow component in L-NAME alone, only this
blocker was used when establishing full concentration-re-
sponse curves to the agonists. ACh was 10 times more potent
(pD;, 6.68) than oxotremorine (pD, 5.65) and 500 times more
potent than McN-A-343 (pD, 3.95) (Figure 2b). The Vi
evoked by ACh and oxotremorine were not significantly dif-
ferent. However, the maximum hyperpolarization attributable
to EDHF evoked by McN-A-343, up to concentrations of
10-3 M, was only half the V.. elicited by ACh or oxo-
tremorine (Figure 2b).

Effect of muscarinic antagonists on the EDHF evoked
response

The effects of three muscarinic antagonists on the hyperpo-
larization in response to ACh-evoked release of EDHF from
the endothelium were investigated. Three concentrations of
each antagonist were applied; pirenzepine (n=12, Figure 3a),
AFDX-116 (n=11, Figure 3b) and 4-DAMP (n=09, Figure 3c)
all caused concentration-dependent shifts of the hyperpolar-
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Figure 2 Acetylcholine (ACh) oxotremorine and McN-A-343
induced biphasic hyperpolarizations in control solution that were
similar in appearance (a). [Responses obtained in separate prepara-
tions.] The transient component was isolated by including N®-nitro-L-
arginine-methyl-ester (L-NAME) in the superfusate and full con-
centration-response curves were obtained for ACh (O) oxotremorine
(@) and McN-A-343 (O). pD, for ACh, 6.68+0.04 (n=138),
oxotremorine, 5.65+0.14 (n=5) and McN-A-343, 3.95+0.25
(n=5). The Vpyax for ACh and oxotremorine were not different
(22+1mV, n=38 and 22+2mV, n=>5 respectively), while that of
McN-A-343 was significantly less (12+1mV, n=2).

ization curve in response to ACh to the right. 4-DAMP proved
to be the most potent antagonist, pA, 9.5, being more potent
than pirenzepine, pA; 6.8 or AFDX-116, pA, 6.1. The V.
was progressively reduced by increasing concentrations of
pirenzepine (Figure 3a). A reduction of maximal responses by
pirenzepine has been observed by others (Garcia-Villalon et
al., 1990).

The slope of the Schild plot for each of the antagonists was
not different from unity, indicating that they were all acting in
a competitive manner (Figure 4).

In addition, the effects of pirenzepine (10~ M) and 4-
DAMP (3x107° M) on the hyperpolarization evoked by
longer exposures (0.5-1 min) to ACh were examined. The
concentration-response curve in response to 0.5-1 min ex-

10+

Hyperpolarization (mV)

20 —

at

107 10° 10°® 107 10°
ACh (m)

107 10

Figure 3 Full concentration-response curves to acetylcholine (ACh)
were obtained in control (O) and in the presence of pirenzepine
3x1077@, 107°M ©, and 3x10"°me) (a); AFDX-116
(B3x10°°mM@, 107°M0, and 3x107°Me) (b); 4-DAMP
(B3x107°m@, 1075MO, and 3x107%M@) (c). All antagonists
shifted the concentration-response curve to the right in a concentra-
tion-dependent manner. Data in (b) have been corrected for non-
linear summation (see Methods).
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posure to ACh was shifted to the right by pirenzepine (Figure
5a(ii)) and 4-DAMP (Figure 5b(ii)) and the shift was not dif-
ferent compared with the shift in response to 10 s applications
of ACh (Figure 5a(i),b(i)). The V., in response to both 10 s
and 1 min application of ACh were reduced by pirenzepine
(Figure 5a), similar to that described above.

Direct effect of ACh on the smooth muscle

Earlier studies (Bolton et al., 1984; Bény & Brunet, 1987) have
shown that cholinoceptor agonists can have a direct effect on
vascular smooth muscle, an action which might contaminate
the endothelium-derived hyperpolarizing response observed in
the present study. The direct effects of ACh on the smooth

N
I

log (DR-1)
I

o 1 1 I 11 1 ‘I 11 1 I 1l 11 ) l L1 1 l 11 1 I
-10 -9 -8 -7 -6 -5 -4 -3
log [Antagonist] M

Figure 4 Log (dose-ratio — 1) were plotted against the concentration
of antagonist 4-DAMP (Q), pirenzepine (@), and AFDX-116 (<)
(Arunlakshana & Schild, 1959). 4-DAMP was the most potent (pA;
9.5) antagonist in inhibiting the release of EDHF while pirenzepine
(pA; 6.8) was slightly more potent than AFDX (pA; 6.1). The slopes
of the Schild plots were not different from unity, (pirenzepine
1.1+0.2. AFDX-116 0.9+0.1 and 4-DAMP 0.9 +0.4) indicating that
the antagonism of all three antagonists was of a competitive nature.

Hyperpolarization (mV)

0
10° 10°® 107 10° 10° 107

0
10°10°107 10°10° 10 107
ACh (m)

Figure 5 The effects of (a) 107°M pirenzepine (@) and (b)
3x10~°M 4-DAMP (@) on the hyperpolarizations evoked by 10s
applications (i) were compared with those in response to 0.5—1min

exposures (i) (control O and <¢). The shift of the concentration-

response curves caused by the antagonists was not different when
longer exposure times were used (dose-ratio 6.8 +0.8 (n=4) for 1 min
compared to 9.0+ 1.5 (n=4) for 10s and dose-ratio 10.4£3.7 (n=5)
for 0.5min compared to 8.4+1.4 (n=6) for 10s).

muscle were investigated in 12 preparations of coronary artery
denuded of their endothelium. A 1 min application of ACh
(107°-10"%*M) caused only a small depolarization of
3+0.5 mV in 9 of the 12 preparations (data not shown). There
was no change in membrane potential in response to ACh in
the remaining 3 tissues. To ensure that the removal of the
endothelium had not affected the ability of the smooth muscle
to hyperpolarize, the smooth muscle was made to hyperpo-
larize with an endothelium-independent agonist, either sodium
nitroprusside (a NO donor) or iloprost (a stable analogue of
PGIL,). Thus, the direct effects of ACh on the smooth muscle of
the guinea-pig coronary artery appear to be weak, as has been
suggested (Parkington et al., 1993), and hence are unlikely to
be contaminating the endothelium-derived hyperpolarization
described in this study.

Discussion

In this study we have shown that the muscarinic receptor
subtype involved in the release of EDHF is likely to be of the
M; subtype as demonstrated by the ranked potencies of the
agonists ACh > oxotremorine > >McN-A-343 and the ranked
affinities of the three antagonists, 4-DAMP> > pir-
enzepine > AFDX-116. These results differ from those reported
for rabbit saphenous artery (Komori & Suzuki, 1987b), but are
in agreement with observations in the rat mesenteric bed
(Adeagbo & Triggle, 1993) and in the guinea-pig circumflex
coronary artery (Keef & Bowen, 1989). However, only in the
rat mesenteric vascular bed has an antagonist potency, pA,,
been determined. The M; antagonist, p-F-HHSID, had a pA,
8.47 in the rat perfused mesenteric arterial bed whereas pir-
enzepine in the same concentration-range had no effect. The
PA, value observed for p-F-HHSID is somewhat higher than
that obtained by other workers for an M; receptor involvement
(pA2 7.7-1.9 in rat aorta, Eglen & Whiting, 1990; pA, 7.18 in
rabbit aorta, Jaiswal et al., 1991).

The high pD, values for ACh obtained in the present study
are very similar to the potency profile obtained by other
workers for an Mj receptor involvement in the endothelium-
dependent relaxation evoked by ACh in rabbit aorta, bovine
coronary artery and in the guinea-pig circumflex coronary
artery (Choo et al., 1986; Keef & Bowen, 1989; Brunner et al.,
1991). In contrast, McN-A-343, an M, agonist, had a low
potency in the rat aorta (pD, 4.2, Eglen & Whiting, 1990). Its
potency was similarly low in the present study (pD, 3.95), and
it elicited a hyperpolarization the amplitude of which was only
half of that evoked by ACh or oxotremorine. This may be
explained by a partial agonists action of McN-A-343 in the
guinea-pig coronary artery. Oxotremorine was 10 times less
potent than ACh (present study) and has not been shown to
evoke hyperpolarizations in rabbit saphenous artery (Komori
& Suzuki, 1987a). Oxotremorine is more selective for M, re-
ceptors in the brain (Potter et al., 1984).

According to receptor theory, the dissociation constant for
a competitive antagonist acting on an identical drug receptor
should be the same regardless of the agonist or preparation
used (Kenakin, 1984). Pirenzepine distinguishes between M,
(pA; 8.1) and M; (pA, 6.8) receptor subtypes (Hulme et al.,
1990). The low affinity for pirenzepine in our study (pD; 6.8)
indicates that the subtype involved in the release of EDHF is
not M,;. The potency of AFDX-116 (present study) was also
low and within the range of other results published for the
endothelium-dependent relaxation (Duckles et al., 1987). The
high affinity for 4-DAMP and the low affinity for AFDX-116
are inconsistent with the characteristics of the M, receptor
identified in other anatomical locations (Eglen & Whiting,
1990). Although there is some variability in the values de-
termined for antagonists using different tissues and techniques,
the pA; values observed here for pirenzepine, AFDX-116 and
4-DAMP are similar to those found in other arteries (Eglen &
Whiting, 1985; Hynes et al., 1986; Choo et al., 1986; Duckles,
1988). In addition, since the Schild slopes for all three an-



AK.M. Hammarstrom et al

M3 receptor involvement in EDHF release 721

tagonists did not differ from unity, it is possible to rule out the
presence of a heterogeneous receptor population (Kenakin,
1987).

With the recent finding of another two muscarinic subtypes,
M, and M;, the possibility that one of these subtypes may be
involved in the release of EDHF has to be considered. M,
receptors in the rabbit lung and NG-108-15 cells (Lazareno et
al., 1990) as well as those found for cloned m4 and m5 re-
ceptors (Buckley et al., 1989) are pharmacologically distinct
from the M; receptor subtype. Pirenzepine has been shown to
bind to M, receptors with relatively high affinity (Peralta et al.,
1987; Dorje et al., 1991), and the affinity of AFDX-116 for M,
receptors was found to be higher than the affinity for M; re-
ceptors (Dorje et al., 1991). Ms receptors have so far been
identified only in neuronal tissue and their function has yet to
be established.

The relationship between the hyperpolarization and re-
laxation in this tissue has been studied previously in our la-
boratory (Parkington et al., 1995). The hyperpolarization and
relaxation attributable to EDHF appeared to be closely linked.
The hyperpolarization always preceded the relaxation. In ad-
dition, no relaxation was observed under conditions in which
the hyperpolarization was abolished. In contrast, both en-
dogenous and exogenous NO and PGI, could both hyperpo-
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Comparative effects of activation of soluble and particulate
guanylyl cyclase on cyclic GMP elevation and relaxation of
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1 The effects of nitric oxide-donating compounds and atrial natriuretic peptide on cyclic GMP
accumulation and mechanical tone were compared with the effects of isoprenaline in bovine tracheal
smooth muscle.

2 Sodium nitroprusside, glyceryl trinitrate, S-nitroso-N-acetylpenicillamine (SNAP), atrial natriuretic
peptide and isoprenaline each caused concentration-dependent inhibitions of histamine-maintained tone
(ECso values 32080, 15045, 14,000+4,000, 2.8 +0.8 and 6.6 +4.3 nM respectively).

3 When compared with their effects on histamine-induced tone, sodium nitroprusside was equally
potent and effective in causing relaxation of methacholine-supported tone (ECso 290+90 nM) while
isoprenaline was as effective, but less potent (ECs, 30+ 7 nM). SNAP was more potent and equi-effective
as a relaxant of methacholine-supported tone (ECs, 340 + 140 nM). At the maximum concentrations of
glyceryl trinitrate and atrial natriuretic peptide tested against methacholine-supported tone, relaxations
of 52% and 14% of the isoprenaline maximum were seen.

4 Sodium nitroprusside, glyceryl trinitrate and atrial natriuretic peptide each induced concentration-
dependent increases in cyclic GMP accumulation. The time-courses of accumulation correlated closely
with the relaxant actions of these compounds.

5 Pretreatment of tracheal smooth muscle with sodium nitroprusside or SNAP caused a rightward shift
of the concentration-effect curve for histamine while reducing the maximum response.

6 LY 83583, a putative guanylyl cyclase inhibitor, caused a concentration-dependent reduction in basal
cyclic GMP accumulation in tracheal smooth muscle and inhibited the effects of sodium nitroprusside on
cyclic GMP accumulation.

7 LY 83583 also inhibited the relaxation of histamine-supported tone by glyceryl trinitrate, sodium
nitroprusside, SNAP and atrial natriuretic peptide, and also sodium nitroprusside- and SNAP-induced
relaxation of methacholine-supported tone. However, it had no significant effect on glyceryl trinitrate-
induced relaxation of methacholine-supported tone.

8 It is concluded that the relaxant actions of sodium nitroprusside, glyceryl trinitrate, SNAP and atrial
natriuretic peptide follow as a result of their ability to activate either soluble or particulate guanylyl
cyclase leading to cyclic GMP accumulation. Although there does not seem to be any functional
difference in the relaxant response to cyclic GMP generated by the particulate as opposed to soluble
form(s) of guanylyl cyclase, atrial natriuretic peptide receptor/guanylyl cyclase activation was much less
effective in causing relaxation of methacholine-supported tone when compared to activators of soluble

guanylyl cyclase.
Keywords:
relaxation

Soluble guanylyl cyclase; sodium nitroprusside; atrial natriuretic peptide; cyclic GMP; tracheal smooth muscle

Introduction

Agents that cause an increase in intracellular guanosine 3":5'-
cyclic monophosphate (cyclic GMP) accumulation, as well as
those that increase cyclic AMP, have long been known to
possess relaxant actions in airway smooth muscle of a number
of species (Katsuki & Murad, 1977; Fiscus et al., 1984; Francis
et al., 1988; Ishii & Murad, 1989; Chilvers et al., 1991; Angus
et al., 1993). Evidence, obtained mainly from studies of vas-
cular smooth muscle, strongly suggests that the majority of
these compounds (e.g. sodium azide, glyceryl trinitrate, sodium
nitroprusside, S-nitrosothiols) indirectly activate the soluble
cytosolic form of guanylyl cyclase via the release of nitric oxide
which then directly activates the enzyme (reviewed by Wald-
man & Murad, 1987). In contrast, atrial natriuretic peptide,
which is also thought to induce relaxation through cyclic GMP
accumulation, acts on a specific receptor which is a member of
the membrane-spanning (particulate) family of guanylyl cy-

! Author for correspondence at Department of Cell Physiology and
Pharmacology.

clase (Waldman & Murad, 1987; Chinkers & Garbers, 1991).

The presence of both of these structurally distinct types of
guanylyl cyclase has been inferred in bovine (Katsuki &
Murad, 1977; Ishii & Murad, 1989), guinea-pig (O’Donnell et
al., 1985; Jansen et al., 1992) and human (Hulks et al., 1990;
Belvisi et al., 1992; Angus et al., 1993) tracheal smooth muscle
from studies of the relaxant actions of NO-donating com-
pounds and atrial natriuretic peptides. Activation of either
form of guanylyl cyclase catalyses the formation of cyclic
GMP from GTP which is then thought to exert its relaxant
effects in smooth muscle by activating cyclic GMP-dependent
protein kinase (Torphy et al., 1982; Fiscus et al., 1984).

Recent studies of non-adrenergic, non-cholinergic in-
hibitory neurotransmission in airway smooth muscle have
demonstrated that inhibitors of nitric oxide synthase will, de-
pending on species, either partially or completely inhibit the
relaxant response to field stimulation of trachealis (Li & Rand,
1991; Belvisi et al., 1992; Kannan & Johnson, 1992). These
findings suggest that cyclic GMP plays a potentially significant
role in the control of airways tone.
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The present study was undertaken to examine, in bovine
tracheal smooth muscle, the relaxant and cyclic GMP-¢elevat-
ing effects of agents known to activate soluble or particulate
guanylyl cyclase and to examine the correlation between these
events. In addition, the ability of these agents to relax tone
supported by either histamine or methacholine has been
compared to isoprenaline-induced relaxation under the same
conditions and the anti-spasmogenic actions of certain acti-
vators of soluble guanylyl cyclase assessed. Results of some of
these experiments have been communicated to the British
Pharmacological Society (Ijioma et al., 1993).

Methods

Tracheae from young bullocks were obtained immediately
after slaughter from a local abattoir. The trachealis was dis-
sected from the cartilage and then transported to the labora-
tory in cold HEPES-buffered Krebs-Henseleit solution (KHB,

composition in mM: NaCl 118, KCl1 4.7, MgSO, 1.2, CaCl, 1.8,
KH,PO, 1.2, NaHCO, 25, HEPES 5, glucose 11). The tissue
was then washed in fresh ice cold KHB and maintained in this
solution while connective tissue and epithelium were carefully
removed.

Tissue bath studies of mechanical activity

Small strips of trachealis (approximately 10 x 2 x 2 mm) were
set up in a KHB solution without HEPES and bubbled with
95% 0,/5% CO, at 37°C for the isometric recording of tension
changes. Strips were placed under an initial load of 0.5 g, left
for 30 min and then the resting load readjusted to 0.5 g. Tone
was then established in the tissue by the addition of either
histamine (Hist) or methacholine (MCh) to a final concentra-
tion of 100 uM or 0.1 uM respectively. After stable tone had
been achieved isoprenaline (Iso, 1 uM) was added in order to
determine the recorder pen position at zero tone. The Iso was
then washed from the tissue and tone re-established by the

Table 1 ECs, values for relaxation of bovine tracheal smooth muscle in which tone was induced by either 100 uM histamine of 100 nM

methacholine

Spasmogen
relaxant

Sodium nitroprusside

Glyceryl trinitrate
S-nitroso-N-acetylpenicillamine
Atrial natriuretic peptide
Isoprenaline

Histamine Methacholine
3.2 (£0.8)x 1077 2.9 (£0.9)x 1077
9.3 (£0.5)x 107 Not calculated
1.4 (£0.4)x 107 3.4 (£1.4)x 1077
2.8 (£0.8)x 107~ Not calculated

6.6 (£4.3)x107° 3.0 (£0.7)x107®

In all cases the ECso values were calculated from at least 6 tissues obtained from at least 3 tracheae.
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Figure 1 Concentration-effect curves to (a) SNP (b) GTN (c) SNAP (d) ANP and (e) isoprenaline on histamine (100 uM; @) or
methacholine (100 nM; A) supported tone in bovine tracheal smooth muscle strips. Relaxant responses are expressed as a percentage
of the maximum response to isoprenaline in the same strip. Results expressed as mean+s.e.mean. For abbreviations in all figure

legends, see text.
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Figure 2 Concentration-dependent cyclic GMP accumulations induced by (a) SNP (b) GTN and (c) ANP in bovine tracheal
smooth muscle slices. Cyclic GMP accumulations were assessed 5, 2 or 1 min after addition of SNP, GTN or ANP, respectively.
Cyclic GMP concentrations are shown as pmol cyclic GMP mg~' protein. Data are expressed as means+s.e.mean of triplicate

determinations from at least 4 tissues.
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Figure 3 Effect of histamine (100uM) or methacholine (MCh,
100uM) on basal and SNP-stimulated rates of cyclic GMP
accumulation in bovine tracheal smooth muscle. The basal value
for cyclic GMP and the effects of histamine and MCh on cyclic GMP
accumulation are shown (open columns). The effect of histamine or
MCh on cyclic GMP accumulation stimulated by SNP (100 uM) are
also shown (solid columns). Data are expressed as means +s.e.mean
of triplicate determinations from at least 4 tissues. *P<0.05,
compared to basal or stimulated control values.

addition of the relevant spasmogen. When the tone reached a
stable maximum level, study of the relaxant drugs was started.

The relaxant action of Iso, sodium nitroprusside (SNP), S-
nitroso-N-acetylpenicillamine (SNAP), glyceryl trinitrate
(GTN) and atrial natriuretic peptide (ANP) were studied by
the construction of cumulative concentration-effect curves,
half log unit concentration increments being made at intervals
of 4, 5, 5, 5 and 7 min respectively. After the maximum con-
centration of the test agent had been added each tissue was
challenged with 1 uM Iso to re-establish the position of zero
tone.

Although a clear maximum inhibitory effect was observed
for each test relaxant when the tone was maintained with
100 uM Hist, the increase in tension induced by MCh was more
difficult to suppress. It was not possible to obtain a maximum
relaxant effect against MCh with GTN, since the source of this
compound was ‘Nitronal’ (Lipha Pharmaceuticals Ltd.) a so-
lution of GTN at 4.4 mM. This limited the maximum bath
concentration that could be achieved to 10~* M. Similarly, the
maximal effect of ANP was not assessed due to the very
low potency of this compound against MCh-supported tone.

In a number of experiments, test tissues were pretreated with
superoxide dismutase (50 u ml™") for 10 min prior to the ad-
dition of GTN.

In order to confirm that the relaxant effects of the various
compounds tested were due to the measured increases in cel-
lular cyclic GMP, relaxant curves were constructed as above
and the tissues divided into test and control groups. Test tis-
sues were then incubated in the presence of the putative soluble
guanylyl cyclase inhibitor LY 83583 (10 uM) for 20 min prior
to, and then throughout, the subsequent induction of tone and
construction of relaxant curves. Control tissues were treated
identically except that they were not exposed to LY 83583.

The time course of the relaxant effects of SNP, SNAP, GTN
and ANP were studied by the addition of a maximally effective
concentration of the test agent to tissues in which the tone had
been induced by 100 uM Hist. Recording of the relaxation
induced by the test drug was then continued for 40 min.
Control tissues received only vehicle.

The anti-spasmogenic potencies of SNP and SNAP were
compared to that of Iso by constructing cumulative log con-
centration-effect curves to Hist. A conditioning concentration-
effect curve for Hist was constructed and, after establishing a
clear maximum effect the tissue was extensively washed every
10 min, for a period of 30-40 min. A second Hist con-
centration-effect curve was then constructed for all tissues.
This curve acted as the control curve and provided the 100%
response against which the other curves was normalized. After
washing as above, tissues were randomly allocated to test or
control groups. Test tissues were pretreated with 1 umM SNP,
30 uM SNAP or 3 nM Iso for 5 min prior to construction of
the Hist concentration-effect curves. Control tissues were
treated in an identical manner, but did not receive the test
agent. It was not possible to perform this type of experiment
with ANP or GTN due to the short lifetime of their relaxant
effect under these experimental conditions.

Measurement of cyclic nucleotide concentration

Bovine trachealis prepared as above was cross-chopped
(300 um x 300 um) with a Mcllwain tissue-chopper. The re-
sulting slices were washed and incubated in 100 ml oxygenated
KHB at 37°C for 60 min. At 15 min intervals, the slices were
allowed to sediment and the buffer replaced by fresh medium.
Gravity-packed slices were then either transferred into vials for
immediate experimentation or were washed twice in sterile
minimum essential medium (MEM), transferred to tissue cul-
ture flasks in fresh MEM and maintained overnight at 37°C in
an incubator.

Gravity-packed slices (75 ul) in 400 ul KHB were placed in
a shaking waterbath, at 37°C for 30 min. Test drugs were in-
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troduced as 10 ul additions and the response terminated by the
addition of 20 ul 10 M HCl and immersion in an icebath After
20 min the samples were neutralized to pH 6 with 200 ul
NaOH (approximately 1 M), vortexed and then centrifuged for
20 min at 4000 r.p.m. The supernatant was carefully removed
and the pellet resuspended in 1 ml of 2 M NaOH overnight for
the estimation of protein concentration by the method of
Lowry et al. (1951). Neutralized supernatant was diluted 1/20
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The effects of LY 83583 (100 uM) on cyclic GMP accumu-
lation were tested by incubating the tissue slices in the presence
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Muscarinic M; binding assay

The ability of sodium nitroprusside and SNAP to interact with
muscarinic receptors was tested by competitive radioligand
binding assays. Sodium nitroprusside and SNAP were assessed
for the ability to displace specific N-’H}-methyl scopolamine
(PH]}-NMS) binding from membranes derived from Chinese
hamster ovary cells expressing recombinant m3 muscarinic
receptors (Tobin et al., 1992). Atropine displacement of [>HJ-
NMS was used as a positive control for the method.

Materials

Drug concentrations are expressed as the molar concentration
of the active species. The following drugs were used: acetyl-$-
methylcholine chloride (methacholine), histamine, sodium ni-
troprusside, isoprenaline and superoxide dismutase (Sigma), S-
nitroso-N-acetylpenicillamine (Research Biochemicals Inc.),
atrial natriuretic peptide (rat, 3-28) (Bachem UK Ltd) glyceryl
trinitrate ("Nitronal", Lipha Pharmaceuticals, West Drayton,
UK), LY 83583 (6-anilino-5,8-quinolinedione;. Eli Lilly, In-
dianapolis, U.S.A.), anti-cyclic GMP, ['*I]cyclic GMP and N-
[*H}-methyl scopolamine (Amersham International, UK).
Stock solutions of isoprenaline were prepared in 0.1 M HCI
and atrial natriuretic peptide in 50 mM NaHCO,, those of
other agents in distilled water. Stocks of atrial natriuretic
peptide were stored as aliquots at —80°C and thawed only
when needed. Dilutions of isoprenaline were prepared in dis-
tilled water containing 500 uM ascorbic acid as an antioxidant.

Data analysis

Wherever possible the data have been fitted to the equation:

—_(X/Bf
T+(X/EF

where X = concentration of the effector compound, E = 50% of
the maximum response, and n=slope factor, using a com-
mercial fitting programme. The solution to this equation was
then used to produce a best fit curve to the data. Graphs and
text display the data as the mean +s.e.mean. The significance
of differences between means was assessed using Student’s
unpaired ¢ test.

Fx

Results

Effect of relaxants on histamine- and methacholine-
induced tone

SNP, SNAP, GTN, ANP and Iso all produced concentration-
dependent relaxations of bovine tracheal smooth muscle tone
supported by either Hist (100 uM) or MCh (100 nM) (Figure
1). Concentrations of each relaxant which caused half-maximal
relaxation of spasmogen-supported tone are summarized in
Table 1.

SNP was equi-effective as a relaxant of both Hist- and
MCh-supported tone causing a maximum relaxation of greater
than 70% of the maximum response to Iso in the same tissue
(Figure 1a). SNAP had a similar efficacy against both spas-
mogens causing greater than 90% of the maximum response to
Iso, however S-nitrosothiol was a more potent relaxant against
tone induced by MCh than against that induced by Hist
(Figure 1c). For comparison, Figure le demonstrates that
under these experimental conditions, Iso caused complete re-
laxation when tested against either spasmogen, but was ap-
proximately 15 fold less potent as a relaxant of MCh-induced
tone.

When tested against Hist-maintained tone, ANP and GTN
also induced maximum relaxant responses equivalent to 80—
90% of the maximum relaxation induced by Iso (Figures 1b
and 1d). However, when these agents were tested against MCh-
supported tone it was not possible to produce a maximum

relaxant response. Over the concentration-range tested, GTN
clearly caused a biphasic effect on MCh-supported tone, with
an apparent plateau phase occurring between 1 and 10 uM
GTN (Figurelb). The presence of superoxide dismutase in
some experiments had no effect on Hist-induced tone per se,
and also had no effect on the concentration-effect curve for
GTN against Hist-supported tone. The difference in the re-
laxant potencies of ANP towards MCh- and Hist-supported
tone was dramatic. At a concentration of ANP which caused a
maximal relaxation of Hist-supported tone, this agent was
almost ineffective against tone supported by MCh (Figure 1d).

Measurement of cyclic GMP concentration

SNP, GTN and ANP each produced concentration-dependent
increases in cyclic GMP accumulation (Figure 2). SNP caused
a rapid increase in cyclic GMP accumulation with a half-
maximal stimulation occurring at a concentration of 1.3
(£0.3)x 107> M. The maximum increase in cyclic GMP,
measured in response to 300 uM SNP was 15-20 fold over
basal levels. GTN caused a significant increase in cyclic GMP
at 10 uM (approx. 2 fold), while at the highest concentration
tested (100 uM) an increase of 7 fold was seen. ANP caused a
concentration-dependent increase in cyclic GMP giving a 12
fold increase over basal values at the highest concentration
tested (ECso: 8.2 (£1.5)x 1072 M). Iso (0.1-10 uM) failed to
cause any increase in cyclic GMP accumulation (data not
shown).

Hist (100 uM) did not cause an increase in cyclic GMP ac-
cumulation over control values measured in untreated tissue
slices (Figure 3). In contrast, MCh (100 uM) caused a small,
but significant increase in cyclic GMP accumulation. However,
neither of these contractile agonists significantly modified the
response to 100 uM SNP (Figure 3).

Time-course of induced relaxation and cyclic GMP
accumulation

SNP and Iso both induced a rapid relaxation (>90%
maximum response within 2 min) that was well-maintained
for the duration of these experiments. In contrast, the
relaxant responses to GTN and ANP, which were rapid in
onset, were transient in nature. Thus, in the continued
presence of GTN (20 uM), relaxation declined from a
maximum level achieved within 30 s of addition, to 75%
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Figure 5 Concentration-effect curves to histamine in bovine tracheal
smooth muscle strips pretreated with (a) SNP (1 um) or (b) SNAP
(30 uM). Spasmogenic responses are expressed as a percentage of the
maximum response to histamine obtained from the first control curve
obtained in the same strip. Time-matched control concentration-effect
curves (O) and concentration-effect curves in the presence of SNAP
or SNP (@) are shown. Data indicate the means + s.e.mean of values
from 6 tissues.
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within 3 min; 50% within 7 min and 10-20% by 20 min of
the peak response (Figure 4b). When GTN was added in the
presence of superoxide dismutase (50 iu ml™"') relaxation was
better maintained, although the relaxation still declined by
50% over the 30 min exposure period (Figure 4b).

SNP, GTN and ANP each caused time-dependent increases
in cyclic GMP accumulation in smooth muscle slices. SNP
(100 uM) induced an elevation of cyclic GMP that reached a
maximum within 5 min and which was well maintained
(>70% of the maximum increase in cyclic GMP observed at
30 min) (Figure 4a). GTN (30 uM) induced its maximum in-
crease in cyclic GMP within 30 s, but the concentration of this
second messenger rapidly decreased to about 1.9 fold over
basal values by 10 min. Repeating this experiment in the pre-
sence of superoxide dismutase had no significant effect on the
size of the maximum response, or the rate of decrease of the
cyclic GMP concentration (Figure 4b). ANP (0.3 uM) caused a
rapid increase in cyclic GMP, reaching a maximum of 4.0
(£0.75) pmol ml™! protein within 1 min. This increase in
cyclic GMP was transient and had returned to near basal
(1.6 x basal) 5 min after the addition of the agonist (Figure 4c).

Anti-spasmogenic actions of relaxants

Pretreatment of the tissue strips with SNP (1 uM) caused a
suppression of the response to Hist at all concentrations tested
and a reduction in the maximum spasmogenic response (ECsgs:
control, 3.1 (£1.0)x107% +SNP, 8.8 (£1.5)x1073 M)
(Figure 5a). Pretreatment of the strips with SNAP (30 uM) also
caused a rightward-shift of the Hist concentration-effect curve
and a reduction in the maximum response. (ECss: control, 1.4
(£0.4)x 10~ +SNAP, 4.3 (£1.0) x 10~° M) (Figure 5b).

Effects of SNP and SNAP on agonist binding at M,
receptors

One possible explanation for the apparent high potency of
SNP and SNAP as relaxants of muscarinic tone was that these
compounds were acting as antagonists at the muscarinic re-
ceptor. This hypothesis was tested. In experiments where

0.6 —

Cyclic GMP accumulation (pmol mg'1 protein)

0.0

0 1 10 100
[LY 83583] (um)

Figure 7 Effects of increasing concentrations of LY 83583 on basal
rates of cyclic GMP accumulation in bovine tracheal smooth muscle
slices. Cyclic GMP concentrations are shown as pmol cyclic GMP
mg~! protein. Data are expressed as means=s.e.mean of triplicate
determinations from at least 4 tissues. *P<0.05; **P<0.01 for
comparisons of accumulations in the presence and absence of LY
83583.

atropine was demonstrated to cause 50% displacement of
specific binding of [*H]-NMS from membranes derived from
Chinese hamster ovary cells expressing recombinant m3-mus-
carinic receptors at a concentration of 3.2+0.1x107° M,
neither sodium nitroprusside nor SNAP at 0.1-10 uM caused
any displacement (data not shown).

Effects of LY 83583 on relaxation and cyclic GMP
accumulation

Pretreatment of bovine tracheal smooth muscle BTSM strips
with LY 83583 (10 uM) had no effect on the resting behaviour
of the tissue.

The concentration-effect curve for the relaxation of MCh-
supported tone by SNP was shifted approximately 25 fold to
the right in the presence of LY83583 (10 uM) (ECses: control,
2.9 (£0.9)x10~7; +LY, 7.3 (£2.4) x 10~% M, see Figure 6a).
When tested against Hist-supported tone, the relaxant curve
caused by SNP was shifted to the right (~9 fold) in the pre-
sence of 10 uM LY 83583 (ECss: control, 3.2 (£0.8)x 1077,
+LY, 2.9 (+1.3) x 10~° M, see Figure 6b). For both Hist- and
MCh-supported tone, the maximum relaxation induced by
SNP appeared to be unaffected by the presence of 10 um LY
83583.

SNAP-induced relaxation of MCh-supported tone was in-
hibited by pretreatment of the tissue with 10 uM LY 83583
(ECsos: control 2.1 (£0.2)x1077; +LY, 3.3 (£1.2)x 1076 M,
see Figure 6¢). This represents an approximately 16 fold shift
to the right of the concentration-effect curve. When tested
against Hist-supported tone, the relaxant curve for SNAP was
shifted 2 fold to the right in the presence of 10 um LY 83583
(ECsos: control, 6.5 (£2.2) x 1075 + LY, 1.1 (£0.2) x 10~° M,
see Figure 6d). The maximum response to SNAP against both
Hist and MCh-supported tone was unaffected by LY 83583.

LY 83583 (10 uM) had no significant effect on the con-
centration-effect curve for GTN when tone was induced by
MCh (Figure 6¢). However, after pretreatment with 10 uM LY
83583, the relaxation of tone supported by Hist was largely
abolished (Figure 6f), with >20% relaxation at the highest
concentration tested. Pretreatment with 10 uM LY 83583 also

Cyclic GMP accumulation (pmol mg"| protein)

[SNP] (um)

Figure 8 Effect of LY 83583 on concentration-dependent cyclic
GMP accumulation induced by SNP in bovine tracheal smooth
muscle. Bovine tracheal slices were incubated in the absence or
presence of 10 uM LY 83583 for 20 min prior to the addition of SNP.
Data are expressed as means+s.e.mean of triplicate determinations
from at least 4 tissues. *P<0.05; **P<0.01; ***P<0.001 for
comparisons of cyclic GMP accumulations in the presence and
absence of LY 83583.



730 S.C. ljioma et al

Guanylyl cyclase activators and tracheal relaxation

inhibited the relaxation of Hist-supported tone induced by
ANP (Figure 6g). It was not possible to quantify this inhibi-
tion, as a reliable maximum effect of ANP could not be mea-
sured after treatment with LY 83583.

Pretreatment of BTSM strips with LY 83583 (10 um) had
no effect on the relaxant potency or efficacy of Iso against
either histamine- (ECss: control, 9.4 (£2.7)x 10~% +LY, 1.3
(£9.0)x 1078 M, see Figure 6i) or MCh-supported tone
(ECss: control, 3.0 (£0.7)x 1078 +LY, 8.0 (£6.6)x 1078,
see Figure 6h), but had complex effects on the relaxations in-
duced by agents thought to act through increasing cyclic GMP
accumulation.

Treatment with LY 83583 caused a concentration-depen-
dent decrease in basal cyclic GMP levels in bovine tracheal
smooth muscle (Figure 7) and at a concentration of 10 uM
caused a significant decrease in cyclic GMP accumulation in-
duced by SNP (3—-300 um) (Figure 8).

Discussion

The relaxation of airway smooth muscle by agents that in-
crease cyclase GMP has been well documented (Katsuki &
Murad, 1977; Fiscus et al., 1984). However, such studies have
often used a limited range of compounds and have dealt, in
isolation, with either cyclic GMP accumulation or muscle re-
laxation. In the present study we were particularly interested in
the correlation between cyclic GMP accumulation and re-
laxation and whether the response of bovine tracheal smooth
muscle differed depending on whether cyclic GMP was ele-
vated by soluble or particulate guanylyl cyclase activities.
Until recently, in spite of the finding that tracheal smooth
muscle contained both soluble and particulate guanylyl cy-
clases, no endogenous mechanisms for the control of airway
tone were known that used this second messenger pathway.
However, intravenous infusion of ANP has been shown to
produce significant bronchodilatation in both normal and
asthmatic subjects (Hulks et al., 1989; 1990) allowing spec-
ulation that endogenous circulating ANP may cause bronch-
odilatation and so play a role in the maintenance of airway
diameter. Also, recent work on the identity of non-adrenergic,
non-cholinergic inhibitory neurotransmitters has raised the
possibility that nitric oxide, acting through soluble guanylyl
cyclase, plays an important role in the neural control of airway
diameter (Li & Rand, 1991; Kannan & Johnson, 1992).

Relaxation and cyclic GMP accumulation

The ability of SNP, SNAP, GTN and ANP to cause relaxation
of tracheal smooth muscle seems to be closely related to their
ability to cause the accumulation of cyclic GMP and pre-
sumably activation of either soluble or particulate guanylyl
cyclase. However, the relationship between the magnitude of
cyclic GMP accumulation and relaxation is not a simple one.

A concentration of SNP which causes a cyclic GMP accu-
mulation which is 50% of maximal (13 uM) is sufficient to
cause maximum relaxation against both histamine- and me-
thacholine-supported tone. Furthermore 50% relaxation oc-
curs at a concentration of SNP that does not cause a significant
increase in cyclic GMP accumulation. A similar relationship is
seen with GTN- and ANP-induced cyclic GMP accumulation
and relaxation of histamine-supported tone suggesting that
BTSM cells are very sensitive to small, perhaps localized, in-
creases in cyclic GMP levels over basal. This high level of
sensitivity probably also accounts for the biphasic relaxation
curve caused by GTN against methacholine-supported tone.
The relaxation caused by low (< 1uM) concentrations of GTN
is likely to be caused by small localized increases in cyclic GMP
accumulation while the concentration-relaxation curve ob-
served at higher GTN (>3 uM) concentrations is well-corre-
lated with the rapid increase in cyclic GMP accumulation seen
at higher concentrations of this agent.

The relationship between cyclic GMP accumulation and
relaxation for ANP against methacholine-supported tone,
appears to be more complicated. Even at concentrations of
ANP that cause a maximum increase in cyclic GMP accumu-
lation, which if generated by SNP would result in maximal
relaxation, little relaxation was observed. Such a discrepancy
raises at least two issues. Firstly, why is the tone induced by
methacholine and histamine so differentially sensitive to in-
hibition by ANP? Secondly, why does elevation of intracellular
cyclic GMP concentration ([cyclic GMP];) have such different
consequences depending upon the route by which it was gen-
erated? The present study does not provide an answer to these
questions, although it does suggest that further studies corre-
lating [cyclic GMP]; with cyclic GMP-dependent protein ki-
nase activation may be enlightening. The differential sensitivity
to ANP resembles that observed when using agents that cause
relaxation by increasing cyclic AMP accumulation and so may
indicate that a similar inhibition to that thought to act on
adenylyl cyclase (for review see Giembycz & Raeburn, 1991 or
discussion below) may be active on the particulate form of
guanylyl cyclase.

Atrial natriuretic peptide, at the highest concentration used,
produced a 12 fold increase in cyclic GMP concentration, in
good agreement with other published data (Ishii & Murad,
1989). The time course of ANP-stimulated cyclic GMP accu-
mulation and relaxation were well-correlated and so resemble
those evoked by agents which exert their activities via an ac-
tivation of soluble guanylyl cyclases. ANP, as with the other
agents tested, was required in higher concentrations to evoke
measureable cyclic GMP accumulation than to cause relaxa-
tion. It seems likely that this result, which is similar to previous
reports on cyclic nucleotide accumulation (Wong & Buckner,
1978; Zhou & Torphy, 1991), is due to the very high sensitivity
of these cells to increases in cyclic GMP. It should be noted
that specific phosphodiesterase inhibitors, such as zaprinast,
that would have amplified any increase in cyclic GMP accu-
mulation were not employed here.

The large increase in cyclic GMP (20 fold) observed in this
study in response to sodium nitroprusside is in good agreement
with the previous findings of Zhou & Torphy (1991) who re-
ported a maximum 18 fold increase in cyclic GMP con-
centration produced by sodium nitroprusside in canine
trachealis. They also reported a 2 fold increase in cyclic GMP
in response to glyceryl trinitrate, a figure that is in fairly good
agreement with the value of 5 fold reported here. Since both
compounds are thought to act primarily by releasing nitric
oxide to activate soluble guanylyl cyclase (Chung & Fung,
1990; Bates et al., 1991; Kowaluk et al., 1992; Harrison &
Bates, 1993) an explanation should be sought for the difference
in the magnitude of stimulation of soluble guanylyl cyclase.
Evidence from vascular smooth muscle suggests that the an-
swer may lie in the site at which cleavage of these compounds
to release nitric oxide occurs. Sodium nitroprusside, which was
originally thought to undergo spontaneous breakdown, has
been shown to be exceptionally stable in the absence of light,
and requires the presence of a membrane-bound reducing
agent such as cysteine before nitric oxide release will take place
(Bates et al., 1991; Kowaluk et al., 1992). The additional ob-
servation that this breakdown is enhanced by NADPH (Ko-
waluk et al, 1992) and is resistant to inhibition by non-
permeant haem proteins (Gruetter et al., 1979) suggests that
catalysis may occur on the cytoplasmic face of the membrane.
If a similar mechanism pertains in airway smooth muscle, and
the weak effect of haemoglobin on the potency of sodium ni-
troprusside as a relaxant of tracheal smooth muscle suggests
that it might, then most of the nitric oxide released will be in
close proximity to the cytosolic guanylyl cyclase and so
available for activation. Glyceryl trinitrate is also a stable
molecule that will not release nitric oxide until it interacts with
the cell membrane, possibly being cleaved by an enzyme that
has not yet been purified (Chung & Fung, 1990; Harrison &
Bates, 1993; Seth & Fung, 1993). However, in contrast to ni-
troprusside, the nitric oxide generated from glycery! trinitrate
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seems to be vulnerable to non cell-permeant inhibitors, sug-
gesting an extracellular release site. The nitric oxide generated
at such an extracellular site may also be vulnerable to attack by
superoxide ions reducing the efficiency of this molecule to act
as a nitric oxide donor.

Evidence, consistent with this scheme, was obtained from
the studies of the time-course of cyclic GMP accumulation and
relaxation induced by nitroprusside or glyceryl trinitrate. In
addition, the irreversible effects of high concentrations of SNP
suggest a possible intracellular accumulation of SNP break-
down products which is likely to correspond to the reported in
vivo cyanide toxicity following high doses of sodium ni-
troprusside (Harrison & Bates, 1993).

Relaxant responses against muscarinic agonist-supported
tone

Unusually, sodium nitroprusside and SNAP, compounds that
are thought to release nitric oxide at an intracellular site, ap-
peared to be equipotent or, in the case of SNAP more potent,
as relaxants of muscarinic- in comparison to histamine-sup-
ported tone. The more widely reported pattern of relaxant
action in tracheal smooth muscle is that shown by the other
agents tested i.e. relaxants are much less potent against me-
thacholine-supported tone than tone maintained by histamine
(Torphy et al., 1985; Fedan et al., 1990). Most of the work on
mechanisms underlying the reduced potency of relaxants in the
presence of muscarinic agonists has been performed on f-
agonists and a variety of hypotheses have been put forward to
explain this phenomenon (for review see Challiss & Boyle,
1994). The results obtained in this study with ANP suggests
that this inhibitory action of muscarinic agonists may occur
against cyclic GMP- as well as cyclic AMP-mediated relaxa-
tion. The fact that this inhibitory mechanism seems to act most
potently on the membrane delimited form of guanylyl cyclase
and the membrane bound adenylyl cyclase may indicate that
part of this inhibition is also membrane delimited.

The fact that, in contrast to the result with glyceryl trini-
trate, the potencies of sodium nitroprusside and SNAP are not
reduced for relaxation of muscarinic-compared to histamine-
maintained tone may point to sodium nitroprusside and SNAP
causing, at least part of their relaxation by a mechanism other
than activation of soluble guanylyl cyclase. A similar conclu-
sion has been reached in a number of other studies on sodium
nitroprusside (Diamond & Janis, 1978; Diamond, 1983; Zhou
& Torphy, 1991). The possibility that SNAP and sodium ni-
troprusside exerted part of their relaxant effect against MCh-
supported tone by acting as muscarinic antagonists was ad-
dressed by testing their ability to displace ["H]-NMS from
muscarinic M3 receptors in a preparation of CHO-m3 cell
membranes. The observation that neither sodium nitroprusside
nor SNAP caused any displacement of specific [*H]-NMS
binding, strongly suggests that these compounds lack any ac-
tivity as muscarinic antagonists. If these NO donor molecules
are causing relaxation by mechanisms unrelated to guanylyl
cyclase activation it must be through some other mechanism.
Whether this is related to the site of cleavage of nitroprusside
and SNAP or to a relaxant action of one of the by-products of
nitric oxide release is unknown but recent observations that
nitric oxide can directly activate the large-conductance, cal-
cium-activated K* channel (K¢,) in vascular smooth muscle
(Bolotina et al., 1994) suggests an alternative mechanism by
which these compounds could cause relaxation in addition to
their ability to increase cyclic GMP accumulation. Although
not addressed in this study, the possible contribution of Kc,
activation to this response should be relatively easy to test.

The arguments listed above start from the assumption that
the pattern of behaviour seen with agents that increase cyclic
AMP will be repeated with agents that act through cyclic
GMP. However, if increases in cyclic GMP cause inhibition of
muscarinic-induced tone at least equally potently as inhibition
of histamine-induced tone then an explanation would have to
be sought for the pattern of behaviour of GTN rather than

that of SNP and SNAP. Unlike sodium nitroprusside and
SNAP, glyceryl trinitrate was more potent as a relaxant of
histamine- as opposed to methacholine-supported tone. In
addition, the latter response was clearly biphasic. This ob-
servation was interesting since similar observations on the bi-
phasic nature of the relaxant response to glyceryl trinitrate have
been made in vascular smooth muscle (Karaki et al., 1984;
Malta, 1989). Malta (1989) concluded that the biphasic curve
was due to two separate mechanisms of action that both led to
increased accumulation of cyclic GMP. One of the phases re-
sembled the relaxation induced by endothelium-derived relax-
ant factor (EDRF), while the other was similar to that induced
by sodium nitroprusside. If this is correct, then the observation
of Bolotina et al. (1994) that K¢, could be activated by en-
dogenously-generated EDRF as well as exogenous nitric oxide
might explain at least one phase of this relaxant response. The
biphasic relaxant curve in the present study was only seen when
tone was induced by methacholine, and whether this biphasic
response would be seen using other spasmogens or is unique to
muscarinic agonists was not examined. Also, no attempt was
made to inhibit selectively one phase of this response as was
done by Malta (1989). Therefore, the question of whether
glyceryl trinitrate causes part of its relaxant action in tracheal
smooth muscle by a mechanism that more closely resembles
relaxation induced by EDRF (i.e. multiple effects of nitric oxide
release) will require further study.

Cyclic GMP accumulation and LY 83583

The quinolinedione, LY 83583, has been reported to be a
specific inhibitor of soluble guanylyl cyclase (Miilsch et al.,
1988; Malta, 1989) and as such has been used to distinguish
between cyclic GMP accumulation induced by soluble and
particulate guanylyl cyclases. We therefore planned to use this
agent to confirm that the relaxation induced by sodium ni-
troprusside, SNAP and glyceryl trinitrate was dependent on
their ability to increase cyclic GMP accumulation. In common
with other studies we found that LY 83583 caused a con-
centration-dependent reduction in basal cyclic GMP levels.
Additionally, as expected, we observed inhibition of cyclic
GMP accumulation induced by sodium nitroprusside and re-
laxation induced by sodium nitroprusside, SNAP and glyceryl
trinitrate. However, we also found that the relaxation of his-
tamine-supported tone by ANP was sensitive to inhibition by
this compound. This result is in agreement with the finding of
O’Donnell & Owen (1986) that atrial natriuretic factor-in-
duced stimulation of Na*, K*, Cl~ cotransport was inhibited
by LY 83583 in vascular smooth muscle. One possible inter-
pretation of this result is that ANP is working, at least in part,
through soluble guanylyl cyclase; however, other mechanisms
have been proposed to account for the reduction in cyclic
GMP accumulation seen in the presence of LY 83583, in-
cluding the generation of superoxide ions (Furchgott & Jo-
thianandan, 1991). This mechanism alone would not explain
our results as it is unlikely to account for the inhibition of
sodium nitroprusside-induced relaxation and cyclic GMP ac-
cumulation and the reduction in basal cyclic GMP con-
centration. However, both inhibition of guanylyl cyclase and
the production of superoxide ions together may explain our
data. Whatever the mechanism involved, it is obvious that
great care should be taken when interpreting results obtained
from the use of LY 83583.

In summary, sodium nitroprusside, glyceryl trinitrate and
atrial natriuretic peptide each caused concentration-dependent
cyclic GMP accumulation and relaxation of bovine tracheal
smooth muscle. Each of these agents and also SNAP caused a
concentration-dependent relaxation of bovine tracheal smooth
muscle where tone was supported by either histamine or me-
thacholine. A good correlation existed between the time course
of cyclic GMP accumulation and relaxation induced by these
agents suggesting that their relaxant potency arises from their
ability to stimulate either soluble or particulate guanylyl cy-
clase in this tissue.
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Effect of frusemide, ethacrynic acid and indanyloxyacetic acid on
spontaneous Ca-activated currents in rabbit portal vein smooth

muscle cells
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ORE

1 The effect of frusemide, ethacrynic acid and indanyloxyacetic acid was investigated on spontaneous
calcium-activated chloride (Icica)) and potassium currents (Ixca) in rabbit portal vein cells with the
perforated patch technique.

2 Frusemide (0.3-1.0x 1073 M) reduced the amplitude of spontaneous transient inward chloride
currents (STICs) in a concentration-dependent manner. The degree of inhibition on STIC amplitude was
similar between —50 and +30 mV and frusemide did not alter the STIC reversal potential (E..).

3 The voltage-dependent exponential decay of STICs, which is thought to represent closure of chloride
channels, was not altered by frusemide.

4 The amplitude and frequency of spontaneous potassium outward currents (STOCs) were not altered
by frusemide. Since both STICs and STOCs are activated by calcium released from intracellular stores
these data indicate that frusemide may block directly Icyca)-

5 Ethacrynic acid (2—5x107* M) decreased the amplitude of STICs in a concentration-dependent
manner by a similar amount at potentials of —50 to +30 mV but did not alter the STIC E,.,. However,
these concentrations of ethacrynic acid also reduced STOC amplitude and 5x 10~* M ethacrynic acid
evoked a sustained outward current in most cells at 0 mV; thus ethacrynic acid has a more complex
action than simple block of Icyca).

6 Indanyloxyacetic acid reduced both STIC amplitude and decay time without affecting STOCs and
thus also seems to inhibit directly Icyca). It is discussed whether block of Icyc, mediates the vasodilator

effect of these agents.

Keywords:
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Loop diuretics; calcium-activated currents; vascular smooth muscle; frusemide; ethacrynic acid, indanyloxyacetic

Introduction

Loop diuretics are used clinically in the treatment of congestive
heart failure and essential hypertension. Whereas there is little
doubt that much of their beneficial effect is due to their diuretic
action there is also evidence to suggest that these agents may
also relax vascular smooth muscle to produce vasodilatation.
Thus, frusemide administered intravenously to patients with
congestive heart failure increased venous capacitance prior to
diuresis (Dikshit et al., 1973) and reduced blood pressure in
hypertensive patients by an action not directly correlated with
a decrease in plasma volume (Gerkens, 1987). Furthermore, in
vitro experiments have demonstrated that frusemide inhibited
both the spontaneous and the evoked contractions to nora-
drenaline and angiotensin II in the rat isolated portal vein
(Blair-West et al., 1972). Some evidence has been put forward
to suggest that the effect of frusemide on the vasculature is
mediated by prostaglandin production (see Gerber, 1983;
Gerkens, 1987). However, recent experiments have shown that
frusemide relaxed vascular smooth muscle when cyclo-oxyge-
nase was inhibited which indicates that at least part of the
inhibitory effect is independent of prostaglandin release (Ste-
vens et al., 1992; Barthelmebs et al., 1994). Moreover, since the
vasorelaxant effect of frusemide was not altered by removal of
the endothelium it seems likely that frusemide directly reduces
smooth muscle contractility (Stevens et al., 1992; Greenberg et
al., 1994).

It has been shown that noradrenaline stimulates a calcium-
activated chloride current (Icycs)) in rabbit portal vein (Byrne

! Author for correspondence.

& Large, 1988) and it was suggested that this conductance, in
addition to a non-selective cation current, may mediate the
noradrenaline-induced depolarization and at least part of the
subsequent contraction in vascular smooth muscle (Amédée &
Large, 1989). Later it was shown that frusemide inhibited the
noradrenaline-induced Icyc,) in rabbit ear artery cells (Amédée
et al., 1990) which indicates that this action may contribute to
the vasodilator effect of frusemide. However, in this latter
paper the mechanism by which frusemide inhibits Iccay Was
not studied. For example, it is possible that frusemide inhibited
Icycsy by inhibiting the release of calcium from the sarco-
plasmic reticulum which is responsible for the noradenaline-
induced Icyca) (Amédeée et al., 1990) or even by blocking the a-
adrenoceptor which mediates the noradrenaline-evoked cur-
rent. In the present work we have re-investigated the action of
frusemide on spontaneous calcium-activated chloride and po-
tassium currents which are both activated by pulses of calcium
released from the sarcoplasmic reticulum and these sponta-
neous currents occur independently of a-adrenoceptor activa-
tion (Wang et al., 1992). Recently, it has been suggested that
the decay of spontaneous transient inward currents (Icyca),
STICs) in rabbit portal vein represents the closure of chloride
channels (Hogg ef al., 1993a, b) and consequently agents that
block open chloride channels may produce a characteristic
change in the decay rate of STICs. Indeed, some established
chloride channel blocking compounds have been shown to
shorten or lengthen the decay rate of STICs (Hogg et al.,
1993b; 1994a) and niflumic acid converts the normal ex-
ponential decay into a bi-exponential form at some membrane
potentials (Hogg et al., 1994b). These data suggest that these
agents interact with the chloride channels after they have



734 I.A. Greenwood et al

Loop diuretics on spontaneous I¢cyca) and Ix(ca)

opened and the quantitative results provide some information
on the rate with which the blockers interact with the channel
(Hogg et al., 1994b). Thus it would seem that the STIC may
represent a good model to investigate the mechanisms by
which drugs inhibit I, in smooth muscle. In this paper we
describe the effects of frusemide and another loop diuretic,
ethacrynic acid, on STICs and compare the results on spon-
taneous transient outward currents (STOCs, calcium-activated
potassium currents). In addition, we have studied the action of
indanyloxyacetic acid (IAA-94) which has also been shown to
possess vasodilator activity. IAA-94 has been demonstrated to
be a potent inhibitor of endothelin-induced depolarization and
contraction in renal blood vessels and mesangial cells and rat
aorta which are considered to involve the opening of Icycy
(Ijima et al., 1991; Takenaka et al., 1992).

Methods

Experiments were carried out on smooth muscle cells freshly
dispersed from rabbit portal vein. Female New Zealand White
rabbits were killed by i.v. injection of sodium pentobarbitone
and single cells obtained by enzymatic dissociation. After re-
moval of adipose and connective tissue, strips of portal vein
were incubated in nominally Ca-free physiological salt solution
(PSS) for 10 min at 37°C. Strips were then exposed to Ca-free
PSS contammg protease (Sigma type I crude; 0.2-0.3 mg
ml ™) for 5 min followed by collagenase (Sigma type XI; 0.5-
1 mg ml™") for 10 min. Cells were dissociated by gently pas-
sing the muscle strips through the mouth of a wide-bore glass
pipette and were then stored on cover slips in PSS containing
0.75 mM Ca’* at 4°C and used within 8 h of dispersion. Whole
cell currents were measured from cells with the perforated
patch method using a patch clamp amplifier (List EPC 7; List-
Electronic; Darmstadt, Germany). To obtain a perforated
patch the antibiotic nystatin (ICN; 200 ug ml™") was dissolved
in dimethylsulphoxide (DMSO) and included in the pipette
solution which was prepared every 3 h. Cells were constantly
superfused at a rate of 2—3 ml min~' with an external PSS
containing (mM): NaCl 126, KCI 6, MgCl, 1.2, CaCl, 1.5,
HEPES 10 and glucose 11 which was adjusted to pH 7.2 with
NaOH. The pipette solution contained (mM): KCl 126, MgCl,
1.2, HEPES 10, glucose 11, EGTA 0.2 and the pH was ad-
justed to 7.2 with KOH. In K-free experiments, 126 mM KCl
was replaced by an equimolar amount of NaCl in the pipette
solution and was omitted from the external solution.

All currents were recorded on magnetic video tape and
played back onto a Gould brush recorder to allow amplitudes
to be calculated. Analysis of the time course of the sponta-
neous currents was performed using the SIGAVG signal-
averaging programme via a CED 1401 interface (both systems
Cambridge Electronic Design, Science Park, Cambridge).
Signals were low-pass filtered at 1 kHz prior to digitization
and sampled at 2.5 kHz by the software. Ten to twenty in-
dividual STICs were used to produce an averaged current and
decay time constants were obtained by fitting an exponential
with a least squares fitting routine. In the text, n, represents the
number of cells required to obtain the mean value which is
presented *s.e.mean. All drugs were dissolved in the PSS
perfusing the cells from stock solutions and introduced to the
recording chamber downstream of the main PSS reservoir. All
drugs were applied for between 2—4 min at which times the
inhibitory effects of the drugs appeared to have reached equi-
librium. Ethacrynic acid (Sigma, Poole, Dorset) and in-
danyloxyacetic acid (IAA-94; Research Biochemicals
Incorporated, Natick, U.S.A.) were prepared as stock solu-
tions in DMSO. The final concentration of DMSO did not
exceed 0.1% in the bathing solution and this concentration had
no effect on any of the electrical signals studied. Frusemide was
obtained as a pre-injection format dissolved in water (Antigen
Pharmaceuticals, Roscrea, Ireland). Statistical significance was
assessed by Student’s ¢ test.

Results

Effect of frusemide and ethacrynic acid on the amplitude
of spontaneous calcium-activated chloride currents

The effect of loop diuretics on STICs was investigated in
rabbit portal vein cells initially with potassium-containing
pipette and bathing solutions which approximate to phy-
siological conditions. Figure la is a control record of
STICs from a cell continuously superfused with PSS and
shows that the amplitude and frequency of STICs re-
mained stable over the period during which the inhibitors
were studied. Figure 1b and c illustrate the effect of fru-
semide and ethacrynic acid (both at 5x 10~* M) on STICs
in two different cells at a holding potential (V,) of
—77 mV. This potential was selected because it is the
theoretical value of the potassium equilibrium potential so
that the chloride currents could be studied without con-
tamination from STOCs. The amplitude of STICs was
rapidly attenuated by the addition of 5x 10=* M frusemide
to the bathing solution (Figure 1b) and the mean reduc-
tion in STIC amplitude after 3 min exposure to Sx107* M
frusemide was 50+6% (n=7 cells). Frusemide, 1073 M,
inhibited STIC amplitude by 60+5% (n=4). The thresh-
old concentration of frusemide for decreasing STIC am-
plitude in the time course of the present experiments
(about 3 min) was between 1-3x10"*M. In 4 cells the
mean reduction in STIC amplitude by 3x10~*M fruse-
mide was 27+4% whereas 10~* M frusemide was without
effect. Frusemide did not alter the holding current in any
concentration used. In 7 cells the effect of frusemide was
reversible while in 8 cells even prolonged washing pro-
duced only partial recovery of STIC amplitude (to 0.5-0.8
of the control amplitude). In Figure 1b it seems that

a
Control
b
T
Frusemide (5 x 107*m)
c

Ethacrynic acid (5 x 107*m)

Figure 1 The effect of frusemide and ethacrynic acid on STICs. The
holding potential, V,, was —77mV in potassium-containing
solutions. (a) Shows control STICs and in (b) and (c) the drugs
were added to the bathing solution as indicated by the horizontal
bars.
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frusemide may have inhibited STIC frequency but this ap-
parent effect is likely to be due to the fact that some of the
smaller STICs had been reduced to below the noise level.

Previously, we have demonstrated that some chloride chan-
nel blockers are more potent as the membrane is depolarized
(Hogg et al., 1993b; 1994a, b). In order to test the voltage-de-
pendence of these agents it is necessary to carry out the experi-
ments in potassium-free pipette and external solutions to
remove spontaneous transient outward potassium currents
(STOC:s) which become prominent as the membrane potential is
depolarized. Figure 2a illustrates the influence of membrane
potential on STIC amplitude in the absence or presence of
5% 10~* M frusemide. It can be seen that the reversal potential
(E(v) was not changed by the inhibitor. Thus in 9 cells the
control E, was —3+2 mV and in 5x 10~ M frusemide E,.,
was —2+4 mV (n=3). Figure 2b demonstrates that the in-
hibitory effect of frusemide was similar at holding potentials of
—50 to +30 mV and therefore is voltage-independent.

The addition of ethacrynic acid (5 x 10~* M) to the bathing
solution also produced a rapid decrease in STIC amplitude
(Figure 1c) without changing the holding current. At —77 mV
in K-containing solutions, 2x 10~*M and 5x10~*M etha-
crynic acid reduced STIC amplitude by 56+ 6% (n=4) and
71+6% (n=238), respectively. The effect of ethacrynic acid was
also poorly reversible. Further experiments were carried out
with ethacrynic acid in K-free conditions at —50 mV where
the degree of inhibition was 45+8% (n=4) and 76+9%
(n=3) for 2x107*M and 5x 10~* M ethacrynic acid, respec-
tively. Also E,., measured in K-free conditions was not altered
by 2x10~* M ethacrynic acid (E,,=2+3 mV, n=3) com-
pared to control (E.,= —3+2 mV). Figure 2b demonstrates
that the degree of inhibition by 2 x 10~* M ethacrynic acid was
similar at membrane potentials of —50 to +30 mV and
therefore its effects are not voltage-dependent.

STIC amplitude

a pA 8
6
4
-50 -30 -10 2
| | |
-2
Membrane
4+ Potential
(mV)
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_8 -
b
1.0
0.8
0.6
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0.4
0.2
0 | | | | J
-50 -30 -10 +10 +30

Membrane potential (mV)

Figure 2 Effect of membrane potential on the inhibitory effect of
frusemide and ethacrynic acid on STIC amplitude. (a) Shows the
influence of membrane potential on STIC amplitude in the absence
(@) or presence of 5x10~*M frusemide (M); (b) illustrates the
inhibitory effect of frusemide (@, 5x 10~*M) and ethacrynic acid
(O, 2x107%M) at different holding potentials. 7 and Ic are the
current amplitudes in the presence and absence of the inhibitors.

Effect of frusemide and ethacrynic acid on the decay of
STICs

Earlier studies have shown that the STIC decays exponentially
(Hogg et al., 1993a,b) and that some chloride channel blockers
produce a marked alteration in the time constant of the STIC
decay (Hogg et al., 1993b; 1994a,b). Figure 3a illustrates the
effect of 5x 107 M frusemide on the STIC time course at
—50 mV in K-free conditions. In the presence of frusemide the
decay remained exponential but the reduction in amplitude
was not accompanied by a change in decay time constant (x,
111 ms in frusemide compared to a control value of 106 ms).
In 7 cells with 5x107*M frusemide the t value was
101+ 11 ms compared to the control t value of 93+7 ms.
Frusemide, 1073 M, also did not affect T at —50 mV (in fru-
semide, t=98+5ms compared to a control value of
101+£5 ms, n=4). It has been shown that some chloride
channel antagonists produce a voltage-dependent effect on 1
(Hogg et al., 1993b; 1994a,b) but this did not occur with fru-
semide as is shown in Figure 3b. The control time constant at
+50 mV, which was prolonged compared to the value at
—50 mV (see Hogg et al., 1993b), was not different from the
value in the presence of frusemide 251 ms vs 231 ms, respec-
tively. In 7 cells at +50 mV, the t values in the absence and
presence of 5x107*M frusemide were 195+19 ms and
177+ 22 ms, respectively. In 10~3 M frusemide at +50 mV,
was 207+16 ms compared to a control T of 212+ 10 ms
n="7.

The reduction in STIC amplitude by ethacrynic acid, also,
was not accompanied by a change in the decay time at either
—50mV or +50 mV (Figure 4). The control 1 values at
—50 mV and + 50 mV were 87+ 6 ms and 265+ 17 ms and in
5x10~* M ethacrynic acid t was 93+6 ms and 278+17 ms
(n=4). The STIC decay time constants at —S50 mV and
+50 mV also were not altered by 2 x 10~ M ethacrynic acid
(n=4).

Effect of frusemide and ethacrynic acid on spontaneous
potassium currents

We have shown that STICs and STOCs often occur as
biphasic events (Wang et al., 1992; Hogg et al., 1993a) and
that both currents are blocked by agents (e.g. caffeine) that
deplete calcium from the sarcopiasmic reticulum. Conse-
quently it seemed that both STICs and STOCs are trig-
gered by the same pulses of calcium released randomly
from the sarcoplasmic reticulum (Wang et al., 1992; Hogg
et al., 1993a). It is possible that agents that decrease STIC

a Control Frusemide (5 x 10™m)

7=106 ms m
25 pAl

b 200 ms

Figure 3 The effect of frusemide on the time course of STICs at
different membrane potentials. The holding potential was —50mV in
(a) and +50mV in (b). The time constant (t) was estimated from an
averaged current derived from 10-20 individual currents. K-free
bathing and pipette solutions were used. The dotted curves show the
exponential fits.

-50 mV

+50 mV
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amplitude may produce this effect by depleting or inhibiting
the release of calcium from the intracellular store. This
possibility was examined by studying the effect of the loop
diuretics on STOCs in K-containing solutions at 0 mV, i.e.
close to the chloride equilibrium potential. Figure 5a shows

a Control Ethacrynic acid (5 x 107w)
-50 mV
T=71ms T=67ms
20 pAI
b 100 ms
1=270 ms t=271ms
+50 mV

Figure 4 The effect of ethacrynic acid on the time course of STICs.
The holding potential was —50mV in (a) and +50mV in (b). K-free
conditions were used. The dotted curves show the exponential fits.

a
[
Frusemide (1 x 1073m)
b
Ethacrynic acid (2 x 107*m)
c 200 pA

100 s

[

|
. ;‘.M !
]

Ethacrynic acid (5 x 107*m)

Figure 5 The effect of frusemide and ethacrynic acid on STOCs. The
holding potential was 0 mV with K-containing solutions. In (c) the
horizontal dashed line indicates the control holding current value.

that frusemide (1072>M) has no inhibitory effect on the
frequency and amplitude of STOCs and this result was
found in 6 cells. Exposure of cells to 2 x 10~* M ethacrynic
acid (Figure 5b) had no effect on STOC frequency
(0.4+0.08 Hz compared to a control value of 0.5+0.05 Hz)
but resulted in a small but significant reduction (P<0.05)
in STOC amplitude (204+17 pA compared to a control
mean of 262+44 pA, n=4). Addition of 5x10~* M etha-
crynic acid produced a pronounced reduction of STOC
amplitude (Figure 5c) and evoked an outward current in 6
out of 10 cells tested. The mean outward current was
59+13 pA at 0 mV which peaked after 4—5 min and re-
versed after washout of ethacrynic acid. In the four other
cells, ethacrynic acid (5x107* M) did not produce any
change in holding current. In the presence of 5x107% M
ethacrynic acid the STOC amplitude decreased by 69+9%
(n=10). Consequently the inhibitory effect of frusemide on
STIC amplitude does not appear to be mediated by an
effect on the intracellular calcium store but in contrast, it
seems that ethacrynic acid has an action on the in-
tracellular store.

Effect of IAA-94 on STICs and STOCs

Figure 6a shows that addition of 10=* M IAA-94 to the bathing
solution produced a pronounced reduction in STIC amplitude
without altering the holding current In 4 cells, 10~* M IAA-94
reduced STIC amplitude by 75+ 7% and STICs were blocked
totally by 5x10~* M IAA-94 (n=3). In contrast to the loop
diuretics, the decrease in STIC amplitude caused by IAA-94 was
accompanied by an increase in the STIC decay rate. Figure 6b
illustrates that the STIC decay remained exponential in the

a
20 pA
IAA (1 x 107*m) 50 ms
b Control 1AA (1 x 107*m)
1=142 ms W
10 pA I
200 ms

C

Figure 6 The effect of indanyloxyacetic acid (IAA-94) on STICs and
STOCs. K-containing solutions were used and the holding potential
in (a) and (b) was —77mV and in (c) was OmV. (a) Illustrates an
experimental trace while in (b) the effect of IAA-94 on averaged
STICs from (a) is shown. The dotted curves show the exponential
fits.
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presence of 107* M IAA-94 but 1 was reduced from a control
value of 142 ms to 77 ms. In 4 cells the mean control T was
106 + 10 ms and in 10~*M IAA-94 t was 72+ 2 ms (P <0.05).

In contrast, IAA-94 had no effect on either the amplitude or
the frequency of STOCs (Figure 6¢). Thus, in 3 cells the ratio
of STOC amplitude in the presence of IAA-94 compared to
control values was 1.03+0.09 and the ratio of STOC fre-
quency was 1.0x+0.13. Therefore it seems unlikely that the
reduction in STIC amplitude by IAA-94 was due to an effect
on the intracellular calcium store but rather was due to direct
inhibition of the chloride conductance.

Discussion

The data from this study indicate that all three compounds,
frusemide, ethacrynic acid and IAA-94 inhibited Icyc, in
rabbit portal vein cells but with different characteristics.
Since frusemide and IAA-94 did not decrease STOC am-
plitude it seems unlikely that the reduction in STIC ampli-
tude produced by these agents was due to inhibition of the
calcium release mechanism of the sarcoplasmic reticulum
which is the source of the calcium signal that triggers both
STOCs and STICs. Rather, it is possible that frusemide and
IAA-94 block directly the calcium-activated chloride con-
ductance (see below). In contrast concentrations of etha-
crynic acid that reduced STIC amplitude also decreased
STOC amplitude. This could be due to an effect on the
intracellular calcium store or block of the Ca-activated po-
tassium channels that underlie STOCs. The present experi-
ments do not differentiate between these two explanations
but the ability of 5x107% M ethacrynic acid to evoke an
outward current (potassium) in some cells at 0 mV indicates
that ethacrynic acid can activate a potassium current rather
than block potassium channels. Consequently the reduction
in STOC amplitude may indicate a depletion of intracellular
calcium stores which would also lead to a reduction in STIC
amplitude. However it should be noted that 2x10~*M
ethacrynic acid produced a greater decrease in STIC am-
plitude than in STOC amplitude and therefore it is possible
that this loop diuretic also inhibits Icycay directly in vascular
smooth muscle. This would be in agreement with the finding
that ethacrynic acid inhibits both chloride transport and
tritiated IAA-94 binding in epithelial cells (Landry et al.,
1987). Nevertheless ethacrynic acid has apparently complex
effects on rabbit portal vein cells and is not simply a direct
inhibitor of ICl(Ca)-

The present results with spontaneous chloride currents in
portal vein cells confirm the blocking effect of frusemide on
Icycay reported for noradrenaline-evoked currents in rabbit
ear artery cells (Amédée et al., 1990). The latter study did
not present any information on the mechanism of action of
frusemide which was one of the major aims of the present
work but it seems likely that reduction of the noradrenaline-
evoked Icyca) by frusemide is not due to an inhibitory action
on the intracellular calcium store (see above). Also since
spontaneous chloride currents were inhibited by frusemide in
the present study, reduction of noradrenaline-evoked Icyca)
probably occurs as a direct block of the chloride con-
ductance rather than the a-adrenoceptor. Marty and his co-
workers (Evans et al., 1986) observed a similar degree of
inhibition of Icyca,) by frusemide in the same concentration-
range in rat lacrimal gland cells. In their experiments, fru-
semide displayed a weak degree of voltage-dependence and
also appeared to be more effective against large rather than
small currents. It was concluded therefore that frusemide
bound to the open state of the channel (Evans et al., 1986).
In portal vein cells the reduction of STIC amplitude by
frusemide was similar at potentials between —50 and
+30 mV and consequently there appears to be no voltage-
dependence in smooth muscle. Also it appears that fruse-
mide did not affect the STIC t value, which represents the
mean channel open time if the STIC decay represents

channel closure (Hogg et al., 1993a,b). In the light of these
comments it has been shown that the inhibitory action of
anthracene-9-carboxylic acid (A-9-C) and niflumic acid on
STIC amplitude is increased by depolarization (Hogg et al.,
1993b; 1994a,b) which would be expected if the negatively
charged form of the molecule blocks the channel. Moreover
the reduction in STIC amplitude by both these compounds
was accompanied by a concentration-dependent alteration in
the STIC decay time, consistent with rapid block of the
open channel (for fuller explanation see Hogg et al., 1993b;
1994a,b). By analogy the present data show that frusemide
does not alter the STIC decay time constant which suggests
that either the chloride conductance is inhibited before
channel opening or that Igc, is inhibited by a ‘slow’
channel blocking mechanism in which the apparent mean
open time is little affected. In contrast, the reduction of
STIC amplitude by IAA-94 was associated with a significant
decrease in the STIC decay t value which suggests that this
compound may interact with the open calcium-activated
chloride channel and dissociate slowly relative to the mean
channel open time. Also IAA-94 was more potent than
frusemide and did not affect intracellular calcium stores and
therefore might serve as a useful probe to investigate the
role of Igcs in smooth muscle. However, it should be
pointed out that IAA-94 is considerably less potent than
niflumic acid which inhibits STICs in the micromolar con-
centration range and appears to be selective against Icycs)
(Hogg et al., 1994b). However, the observation that IAA-94
inhibited Icc,) in rabbit portal vein cells supports the pre-
vious hypothesis that the attenuation of the endothelin-in-
duced depolarization and vasoconstriction by IAA-94 in the
renal microcirculation was due to block of chloride channels
(Ijima et al., 1991; Takenaka et al., 1992).

Finally it is worth considering whether inhibition of
Icycay might contribute to the vasodilator action of fruse-
mide which has been observed in many studies (see In-
troduction). Chloride ions are transported into smooth
muscle cells primarily by the CI7/HCO3 exchanger with
possible involvement of the Na*, K*, 2Cl~ cotransporter
with the result that the chloride equilibrium potential is
normally considered to be between —20 mV and —30 mV
(Aickin, 1990). The resting chloride conductance is low in
smooth muscle but any stimulus (e.g. a pharmacological
agent) that increases intracellular calcium might activate
Icica) and thereby produce membrane depolarization and
contraction. There is evidence that frusemide inhibits the
cotransporter in some tissues in concentrations greater than
10~*M (Aickin & Brading, 1990; Cabantchik & Greger,
1992) which may convey a vasorelaxant effect (see O’Don-
nell & Owen, 1994). The concentrations of frusemide re-
quired to inhibit Jcycs) in our experiments were rather high
(=10"*M) but this is the case also in some functional
studies. Indeed there was a good degree of similarity in the
quantitative data in our electrophysiological study and some
contraction experiments. For example, in rat portal vein
about 3x107* M frusemide inhibited spontaneous contrac-
tion by approximately 40% after 10 min exposure and in-
hibited maximum noradrenaline and angiotensin-induced
contractions by respectively 25% and 52% (Blair-West et
al., 1972). In guinea-pig pulmonary artery, 3x 107%™ fru-
semide (10 min contact time) decreased the noradrenaline-
evoked contraction by 40% (Stevens et al., 1992). Also
several types of canine veins pre-contracted with nora-
drenaline or a stable thromboxane-mimetic were relaxed by
30-70% with 3 x 10~* M frusemide (Greenberg et al., 1994).
In our study 3x10™* M frusemide reduced Icycay by 27%
after a 3 min exposure. Consequently it is possible that
blockade of Icyc, may contribute to the vasodilator action
of frusemide when used in relatively high concentrations.

This work was supported by The Wellcome Trust.
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Functional characterization of the adenosine receptor mediating
inhibition of peristalsis in the rat jejunum

Debra L. Hancock & 'Ian M. Coupar

Department of Pharmaceutical Biology and Pharmacology, Victorian College of Pharmacy, Monash University, 381, Royal

Parade, Parkville, Victoria, 3052, Australia

1 The non-selective adenosine agonist, 5-N-ethylcarboxamidoadenosine (NECA), is a potent inhibitor
of morphine withdrawal diarrhoea in rats. More recently we found that NECA exerts its antidiarrhoeal
effect by inhibiting secretion in both the jejunum and ileum and also by inhibiting peristalsis in the ileum.
The specific aim of this study was to characterize the receptor in the rat jejunum mediating inhibition of
peristalsis via functional studies using a range of metabolically stable adenosine analogues based on the
pharmacological criteria of relative agonist and antagonist potencies.

2 Peristalsis in the rat isolated jejunum was achieved by raising the pressure to between 7-11 cmH,O
for 3 min followed by a 3 min rest period (pressure at zero). The mean rate of peristalsis during inflation
was 7.3+0.1 peristaltic waves per 3 min and this rate remained consistent for up to 30 min, in 5 separate
tissues. The inhibitory effects of the adenosine analogues were quantified by expressing their effects as a
% reduction in the mean number of peristaltic contractions derived from the control tissues.

3 The rank order of agonist potency to reduce the rate of peristalsis was: N°-cyclopentyladenosine
(CPA) > NECA > R(-)-N®-(2-phenylisopropyl)adenosine (R-PIA)> chloroadenosine (2-CADO)>S-PIA
> 2-phenylaminoadenosine (CV-1808). This order complies well with the rank order of agonist potency
that represents the activation of the A, receptor subtype (CPA>R-PIA=CHA=>NECA>2-
CADO > S-PIA > CV-1808).

4 The selective A, adenosine antagonist 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) and the non-
selective adenosine antagonist 8-phenyltheophylline (8-PT) at their respective concentrations of 10 nM
and 2 puM caused parallel rightward shifts in the concentration-response curve to the non-selective A,/A,
agonist NECA. DPCPX was significantly more potent at inhibiting NECA than 8-PT as revealed by
their apparent pA, values; DPCPX (9.5) and 8-PT (7.26). The high affinity of DPCPX relative to that of
8-PT suggests the presence of an A; and not an A, receptor. In addition, the high affinity of DPCPX
(pA2:9.37) against the selective A; agonist CPA, further confirms the presence of the A, receptor subtype.
5 In this study we found that the A, adenosine receptor is involved in regulating in vitro peristalsis
which is different from the adenosine receptor regulating inhibition of secretion (A,p) in the same region
of intestine of the same species. We propose that A,g adenosine agonists could be of clinical value in the
management of diarrhoea that is due to microbiological organisms where antimotility effects are not

desired.

Keywords: Adenosine receptors; rat intestine; peristalsis; antidiarrhoeal; A; receptor; NECA; in vitro technique

Introduction

It is now well established that adenosine has pharmacological
actions on a variety of smooth muscle preparations and these
effects are mediated via receptors which have been classified as
P,-purinoceptors (Burnstock, 1990; Kennedy, 1990). These
receptors have been further subdivided into A,, A, and A;
receptors based on the orders of both agonist potency and
antagonist affinity, G-protein coupling mechanisms, cellular
responses and receptor cloning studies (Fredholm et al., 1994).
The A, receptor is differentiated from the A, receptor by the
selective A, agonist, N°-cyclopentyladenosine (CPA) which has
a 2,500 fold A, selectivity vs A, in radioligand binding studies
(Lohse et al., 1988) and the selective A; antagonist 1,3-dipro-
pyl-8-cyclopentylxanthine (DPCPX) which has a dissociation
constant in the nanomolar range at A, and in the micromolar
range at A, receptors (Bruns et al., 1987a). The A, receptor is
differentiated from the A,p receptor by the selective A, ago-
nist, CGS-21680 (Jarvis et al., 1989) and the selective Aja
antagonist, PD-115199 (Bruns et al., 1987b). At present there
are no ligands available that are specific for the A,p receptor.
Consequently, the A,p receptor is identified by the low affinity
of A,a selective ligands as highlighted in the agonist potency

! Author for correspondence.

order and antagonist affinity order used to characterize ade-
nosine receptor subtypes (Collis & Hourani, 1993). The re-
cently described A; receptor can be identified by the selective
agonist, N5-benzyl-NECA which shows a 14 fold selectivity for
A; receptors vs A; and A, (Van Galen et al., 1994). This
receptor is also insensitive to block by methylxanthines unlike
the other adenosine receptor subtypes (Fredholm et al., 1994)
but is antagonized by 8-phenyl-substituted xanthines, such as
BWAS22, which is a potent antagonist in the nanomolar range
(Fozard & Hannon, 1994).

It has been known for some time that adenosine and syn-
thetic analogues have effects on the gut muscle of a variety of
mammals, birds and amphibians and in particular the guinea-
pig ileum (Drury & Szent-Gyorgi, 1929; Barsoum & Gaddum,
1935; Hayashi et al., 1978; Collier & Tucker, 1983). The recent
availability of adenosine analogues of known selectivities has
facilitated the functional characterization of adenosine re-
ceptors. Some progress has been made in characterizing the
adenosine receptors in the rat intestine. For example, it has
been shown that the distal colon contains A, excitatory re-
ceptors in the muscularis mucosa (Bailey ez al., 1992) and A,
inhibitory receptors in the longitudinal muscle (Bailey &
Hourani, 1992) while the longitudinal muscle of the duodenum
contains A, and A,p receptor subtypes, both of which subserve
relaxation (Nicholls ez al., 1992a). However, other regions of
the small intestine, such as the jejunum and ileum have been
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relatively neglected except for our recent study which showed
that the non-selective adenosine agonist, NECA, inhibits se-
cretion and peristalsis in the rat ileum (Coupar & Hancock,
1994) and also inhibits secretion in the rat jejunum; this par-
ticular effect has been shown to be mediated via the A, re-
ceptor (Hancock & Coupar, 1995).

The specific aim of this study was to characterize the re-
ceptor mediating inhibition of peristalsis by use of a range of
metabolically stable adenosine analogues based on the phar-
macological criteria of relative agonist and antagonist po-
tencies.

Methods

Male Hooded Wistar rats (250-350 g body weight) were
stunned by a blow to the head and killed by exsanguination. A
segment of proximal jejunum was excised close to the Liga-
ment of Trietz and flushed of luminal contents with Krebs-
Henseleit solution (composition mM: NaCl 118, KCl 4.7,
NaHCO; 25, KH,PO, 1.2, CaCl, 2.5, MgSO, 1.2, p-(+)-glu-
cose 11; bubbled with 95% O, and 5% CO,). The segments
were cut to approximately 7-10 cm lengths and were mounted
vertically in a 30 ml organ bath containing Krebs-Henseleit
solution maintained at 37°C and gassed with 95% O, and 5%
CO,. The open aboral end of each segment was secured over a
glass tube connected to a reservoir containing Krebs-Henseleit
solution. The reservoir contained a float which was linked to
an isotonic transducer to measure luminal volume displace-
ment as an index of circular muscle contraction. The oral end
of each segment was closed off and connected to an isotonic
transducer for recording longitudinal contractions under a
load of 1 g. An intraluminal water pressure of 7-11 cm was
required to elicit peristaltic activity. The tissues were allowed
to equilibrate for 45 min during which time the Krebs-Hen-
seleit solution was replaced every 15 min. Preliminary experi-
ments showed that inflating the segments for 3 min followed
by a 3 min rest period (water pressure at zero) produced reg-
ular peristaltic activity during the periods of inflation com-
pared to a sustained elevated intraluminal pressure which
produced variable and short lasting bursts of peristaltic ac-
tivity. Consequently, the segments were inflated for 3 min
followed by a 3 min rest period in all further experiments. The
mean rate of peristalsis during this period was 7.3+0.1 peri-
staltic waves per 3 min up to 30 min in 5 separate tissues. In
these control tissues the rate of peristalsis in the first period of
peristalsis was not significantly different from the final burst of
peristalsis (Student’s paired ¢ test, P <0.05).

Experimental design and analysis of results

In separate tissues, the inhibitory effects of the adenosine
analogues were quantified by expressing their effects as a %
reduction in the mean number of peristaltic contractions de-
rived from the experiments described above. The presence of
peristalsis was confirmed in each of the 3 min periods by al-
lowing two peristaltic contractions to occur before adding the
test drug. The number of contractions was then recorded in the
presence of the drug in the remainder of the 3 min period. This
number was then expressed as a % of the possible 5 contrac-
tions (mean number of peristaltic contractions being 7 in
3 min. Refer to Figure 1 for further details). This method of
analysis was chosen because the number of peristaltic waves in
consecutive inflations was too variable to measure a before and
after agonist effect in one tissue. The tissues were washed after
each concentration of agonist. A higher concentration of the
same agonist was tested when 2 peristaltic contractions were
achieved in the subsequent 3 min period of elevated pressure.
Each tissue was only functionally viable for up to 30 min
which limited the number of concentrations of each agonist to
four. The potency of each agonist (ECs, value) was calculated
by linear regression analysis with 95% confidence intervals of
the estimates.

The non-selective adenosine agonist, NECA and the A;-
selective agonist, CPA, were employed in the experiments de-
signed to measure the affinity of the antagonists. In these ex-
periments the antagonists were added 30 min prior to adding
the first concentration of NECA or CPA to the bath and their
affinities were estimated by measuring their apparent pA, va-
lues. The resultant dose ratios (DR) with associated CI were
used to calculate the apparent pA, values from the Ky values
derived from the equation-:

Kz=B/DR-1

where B is the concentration of the antagonist and the ap-
parent pA, value is equal to -log Kg. Student’s unpaired ¢ test
was used to compare single treatment means with their re-
spective controls. The criterion for statistical significance was
set at P<0.05. Each rat is represented by n=1.

Drugs

Agonists: chloroadenosine (2-CADO), N®-cyclopentyladeno-
sine (CPA),2-phenylaminoadenosine (CV-1808),5'-N-ethylcar-
boxamidoadenosine (NECA), R-(-)-N°-(2-phenylisopropyl)
adenosine (R(-)-PIA) and (S(+)-PIA). All were obtained from
RBI, Natick, U.S.A. The agonists were dissolved in 0.9% w/v
saline except CV-1808 and CPA which were dissolved in 6%
and 1% ethanol in saline respectively and then diluted with
saline to give the required concentration. The vehicle had no
effect on the responses of the tissues.

Antagonists: atropine sulphate (Sigma, Castle Hill, Australia),
1,3-dipropyl-8-cyclopentylxanthine (DPCPX, RBI, Natick,
USA) and 8-phenyltheophylline (8-PT, RBI, Natick, U.S.A.)
were dissolved in 1% v/v dimethylsulphoxide (DMSO), 0.75%
v/v 1 M NaOH in saline and further diluted with saline to give
the required concentration. This vehicle had no significant ef-
fect on the peristaltic activity of the jejunum (P> 0.05, Stu-
dent’s unpaired ¢ test).

Results

Atropine (100 nM, 10 min incubation) abolished peristaltic
activity in the jejunum (n=4). Each of the adenosine agonists
caused a concentration-related reduction in the number of
peristaltic waves occurring within 3 min with the following
order of potency: CPA>NECA >R-PIA >2-CADO>S-
PIA > CV-1808 (Table 1, Figure 2). The inhibition elicited by
each adenosine agonist was very rapid in onset, reaching its
maximum within 30s and was readily reversible on washing
(Figure 1).

The adenosine antagonists DPCPX and 8-PT at their re-
spective concentrations of 10 nM and 2 pM caused parallel
rightward shifts in the concentration-response curve to NECA.
The respective dose-ratios were 30.46 (n=17) and 37.46
(n=12), corresponding to apparent pA, values of 9.47 (95%
CI19.41-9.54) for DPCPX and 7.26 (95% CI 7.20-7.33) for 8-
PT using NECA as the agonist (Figure 3a and b). In addition,

Table 1 Potencies of adenosine agonists at reducing the
number of peristaltic waves within 3 min

Adenosine agonist ECsy (nM) (n) 95% CI
CPA 23 (12) 29
NECA 254 (@] 3.8
R-PIA 41.2 (6) 3.7
2-CADO 150.9 (10) 2.8
S-PIA 239 (@) 1
CV-1808 7700 @ 1500

For abbreviations, see text.
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DPCPX (10 nM) also produced a parallel rightward shift in the 0
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for DPCPX was 24.24 (n=19) using CPA as the agonist giving 0.1 1 10 100 1000
an apparent pA, value of 9.37 (95% CI 9.01-9.73) (Figure 3c). CPA [nm]

Neither antagonist altered the number of peristaltic contrac-
tions within 3 min that occurred during the first burst of
peristalsis (control: 8.6+ 1.2, n=5; DPCPX: 9.67+0.94, n=9;
8-PT: 8.83+0.98, n=6, Student’s unpaired ¢ test, P>0.05).

Discussion

The rank order of adenosine agonist potencies and antagonist
affinities obtained in this study suggest that the A, adenosine
receptor is involved in mediating inhibition of peristaltic ac-
tivity in the rat jejunum based on the classification table de-
scribed by Collis & Hourani (1993). These results, in
conjunction with our previous findings on the rat jejunum

Figure 3 (a) Concentration-effect relationship of the non-selective
adenosine agonist, NECA at inhibiting peristalsis in the rat jejunum
in the absence ((0) and in the presence (@) of the antagonist,
DPCPX (10nMm). (b) NECA in the absence ([J) and in the presence
(A) of the antagonist, 8-PT (2 uMm). (c) The A, selective agonist, CPA
at inhibiting peristalsis in the rat jejunum in the absence (Hl) and in
the presence (A) of the A, selective antagonist, DPCPX (10nM).
Values are means + s.e. means. For abbreviations, see text.

(Hancock & Coupar, 1995), show that adenosine agonists ex-
ert their antidiarrhoeal action in rats (Dionyssopoulos et al.,
1992) by inhibiting both intestinal secretion via the A, ade-
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nosine receptor (Hancock & Coupar, 1995) and intestinal
motility or peristalsis via the A; adenosine receptor.

The agonists used in this study inhibited intestinal peri-
staltic activity in the order of CPA >NECA >R-PIA>2-
CADO >S-PIA > CV-1808 which almost coincides with the
rank order of agonist potency that represents activation of the
A, receptor: CPA >R-PIA=CHA = >NECA >2-CADO > S-
PIA >CV-1808 (Collis & Hourani, 1993). The only dis-
crepancy in the order of agonist potencies is that NECA is
more potent than R-PIA in this study, whereas R-PIA is
equipotent or more potent than NECA in the A, receptor
classification. However, this difference in potency between the
two agonists is relatively small. The order of agonist potency in
this study is also similar to the A,p receptor classification
where the order of agonist potency is: NECA >2-CADO >R-
PIA = CHA >S-PIA > =CV-1808 > =CGS-21680 (Collis &
Hourani, 1993). The only contrast is that R-PIA is more potent
than 2-CADO in this study which is the reverse of that found
in the Ap classification. Unfortunately the A,y receptor clas-
sification does not include our most potent agonist CPA but
there is no evidence in the literature to indicate that CPA is
without activity at the A, receptor. However, CPA is struc-
turally and pharmacologically similar to CHA, so it is rea-
sonable to assume that it will also be less potent than NECA at
A,p receptors.

The order of agonist potencies in this study to inhibit
peristalsis is almost the opposite of the order that represents
activation of the A,, adenosine receptor where CGS-
21680 = NECA > CV-1808> =2-CADO>R-PIA=CHA=
CPA > S-PIA (Collis & Hourani, 1993). For instance, CV-1808
is the least potent agonist to inhibit peristalsis but is a potent
agonist in the A, order and CPA the most potent agonist in
this study is almost without activity in the A,, receptor clas-
sification. The single exception is that NECA is a potent
agonist in both this study and the A,, receptor classification.
CGS-21680, the selective A,5 agonist was not tested in this
study since the agonists tested indicated the activation of an
A or A, receptor where CGS-21680 is the least potent in both
classifications. Similarly the A; receptor was excluded because
NECA was significantly more potent than R-PIA at inhibiting
peristalsis in the rat jejunum unlike the equipotent activity of
these agonists found in the A; classification (Collis & Hourani,
1993). In addition, xanthine antagonists, such as DPCPX and
8-PT as used in this study have low affinity at the A; receptor.

The rank order of agonist potencies together with antago-
nist affinity orders are used to characterize functional adeno-
sine receptors as outlined by Collis & Hourani (1993). The
antagonists, DPCPX and 8-PT were investigated specifically to
differentiate between A, and A, receptors since the order of
agonist potencies suggests the presence of either an A, or an
A,g adenosine receptor that is responsible for mediating in-
hibition of peristaltic activity in the rat jejunum. The differ-
ences between the affinities of the two antagonists is evident in
isolated tissues where 8-PT is non-selective for A; and A, re-
ceptors, whilst DPCPX has a 30-50 fold greater affinity for A,
but is equi-effective with 8-PT at A, receptors (Collis et al.,
1989). In this study, DPCPX is significantly more potent at
inhibiting NECA-evoked responses than 8-PT, as revealed by
their apparent pA, values; DPCPX (9.47) and 8-PT (7.26). In
addition, the apparent pA, value for DPCPX against the se-
lective A, agonist, CPA was 9.53 which further confirms the
presence of an A, receptor. These pA, values for both an-
tagonists in the rat jejunum are in line with the pA, values
reported in the rat and guinea-pig atria (Collis et al., 1988)
which are thought to possess the A; receptor (Collis, 1983;
Haleen et al., 1987). The apparent pA, for 8-PT against NECA
in the rat jejunum (95% CI 7.20-7.33) is similar to the pA,
value for 8-PT reported in the rat (95% CI 6.54-7.95) and
guinea-pig atria (95% CI 5.89-7.23). In addition, the apparent
PA; values for DPCPX in the rat jejunum against NECA (95%
CI 9.41-9.54) and CPA (95% CI 9.01-9.73) are the same as the
value for DPCPX in the rat atria (95% CI 7.33-9.42). How-
ever, the affinity values for DPCPX in the rat jejunum are

significantly higher than that found in the guinea-pig atria
(95% CI 7.67-8.65). One possible reason for the low affinity of
DPCPX in the guinea-pig atria compared to that of the rat
jejunum could be due to a species difference. For instance,
Ukena et al. (1986) reported that the affinity of xanthine de-
rivatives at A, binding sites in the brain are significantly higher
in the rat than the guinea-pig. The high affinity values of
DPCPX against NECA and CPA compared to the relatively
low affinity of 8-PT against NECA found in this study dis-
counts the possibility that adenosine agonists are inhibiting
peristalsis in the rat jejunum via the A, adenosine receptor.
This high antagonist potency of DPCPX along with the order
of agonist potency indicates the presence of an A, adenosine
receptor in the rat jejunum.

In the absence of exogenous adenosine agonists, neither
DPCPX nor 8-PT altered the rate of peristalsis at the con-
centrations employed. Similarly, in a previous study these
antagonists were free of intrinsic pro-secretory activity in the
rat jejunum (Hancock & Coupar, 1995). It appears that under
the conditions of both experiments, endogenous adenosine is
not released in the rat jejunum to inhibit either peristalsis or
fluid secretion. This situation is unlike that found in the gui-
nea-pig atria, where both antagonists in the absence of exo-
genous adenosine increased the rate of beating of the isolated
atria which was due to antagonism of the negative chrono-
tropic action of endogenous adenosine (Collis et al., 1989). The
antagonist concentrations employed in the guinea-pig atria
were considerably higher than those used in the rat jejunum
which could explain the detection of endogenous adenosine
activity in the atria.

In this study the intestine was radially distended with fluid
which is thought to be detected by mechanoreceptors in the
muscularis externa (Yokoyama & North, 1983; Smith et al.,
1990) to initiate peristalsis. The present study has not precisely
determined the tissue location of the adenosine receptor in-
volved in controlling peristalsis. However, our previous studies
do suggest that the receptor is not located on intestinal smooth
muscle or cholinergic neurones since high concentrations of
NECA failed to affect transmurally stimulated cholinergic
contractions of the rat jejunum (Coupar & Hancock, 1994).
From these results, together with our more recent finding that
atropine inhibits peristalsis in the jejunum it could be postu-
lated that adenosine analogues act proximal to the final cho-
linergic neurone in the peristaltic reflex arc.

There is evidence from other functional studies that ade-
nosine receptors do exist in the rat intestine. For instance, CPA
and NECA have been shown to relax the duodenum by acti-
vating A, and A,p receptors respectively (Nicholls ez al.,
1992a). Additionally, A, agonists caused contraction of the
muscularis mucosa (Bailey e? al., 1992) and A, agonists cause
relaxation of the longitudinal muscle of the distal colon (Bailey
& Hourani, 1992). There is also evidence from molecular
biology that adenosine receptors (A,, A,, Azp) are expressed in
numerous rat tissues such as the brain, spinal cord, heart, lung,
urinary bladder and in particular the large intestine (Azp) but
not in the small intestine (Stehle et al., 1992). A recent binding
study has established the existence of A, binding sites using the
A,-selective ligand, DPCPX in the duodenum and colon
(Peachey et al., 1994). In another binding study the non-se-
lective ligand, NECA, was shown to bind to both A, and A,
receptors in the rat brain, but did not exhibit any specific
binding in the small intestine (Bruns et al., 1986). This em-
phasizes the importance of functional studies to reveal and
characterize receptor subtypes. From the above studies, it is
apparent that the duodenum is the only section of the small
intestine previously shown to contain adenosine receptors.

The guinea-pig has been the only species used to date to
investigate the effect of adenosine or its analogues on intestinal
peristalsis (Okwuasaba & Hamilton, 1975; Van Nueten et al.,
1976). This seems surprising since it is well accepted that the
effects and mechanisms of drug action, particularly of opiates,
is species-dependent. This situation is highlighted by our
finding that the adenosine agonist, NECA inhibits transmu-
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rally stimulated contractions of the guinea-pig ileum but not of
the rat ileum or jejunum (Coupar & Hancock, 1994). In this
recent study we also tested the effect of NECA on the peri-
staltic reflex in the rat ileum to find that NECA at 10 nMm
slowed the reflex while 30 nM virtually abolished it (Coupar &
Hancock, 1994). The potency of NECA in the ileum is in line
with the potency of NECA (ECs,=25.4 nM) found in the rat
jejunum in the present study, despite the finding that the rate of
peristalsis is faster in the jejunum (1 contraction per 25.7 s)
than that previously found in the rat ileum (1 contraction per
min). In the guinea-pig, peristalsis was also found to be faster
in the upper than the lower portion of the small intestine
(Kromer et al., 1981). It has been suggested that regional dif-
ferences in the amounts of inhibitory neuromodulators re-
leased, such as endogenous opioids, are responsible for
regulating the decrease in rate of peristaltic activity observed
aborally in the guinea-pig small intestine (Kromer ez al., 1981).
The endogenous inhibitory neuromodulator could also be
adenosine formed from ATP. It has been known for some time
that ATP is taken up and can be released in response to sti-
mulation of non-adrenergic inhibitory fibres that innervate the
gut (Burnstock et al., 1970; Satchell & Burnstock, 1971; Su et
al., 1971). In the rat duodenum it has been shown that ATP is
rapidly metabolized to ADP, AMP and inosine, a metabolite
of adenosine which is inactive at purinoceptors (Nicholls et al.,
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Extended concentration-response curves used to reflect full
agonist efficacies and receptor occupancy-response coupling

ranges

Michael J. Lew

Department of Pharmacology, The University of Melbourne, Parkville, 3052, Victoria, Australia

1 An approach is described for generating extended agonist concentration-response curves where the
responses are unconstrained by the normal tissue maximum response. Functional antagonism is
employed to hold the tissue state in the range where any change in stimulus can be translated into a
measurable response.

2 The maximum response of these extended concentration-response curves provides an index of
intrinsic activity reflecting the agonist efficacy and the receptor occupancy-response coupling range.

3 The use of this approach is illustrated with extended concentration-response curves for noradrenaline
(NA), vasopressin, acetylcholine (ACh), and 5-methylfurmethide in the small mesenteric and tail arteries
of the rat. Both NA and vasopressin can maximally activate the arteries, but the new protocol shows
that NA can produce more cellular activation than vasopressin in the tail artery. Both ACh and 5-
methylfurmethide are full agonists but ACh has a higher intrinsic activity than 5-methylfurmethide. The
ACh muscarinic receptors in the mesenteric artery have a larger occupancy-response range than the ACh
muscarinic-receptors in the tail artery, and the a-adrenoceptors in the tail artery appear to have a larger
occupancy-response coupling range than those in the mesenteric artery.

4 This approach extends our ability to compare the efficacies of full agonists, and to compare the
occupancy-response coupling ranges of receptors that can normally maximally activate the assay tissue.
This is achieved without the use of an irreversible antagonist and should be applicable to many receptors
and pharmacological assay systems where responses are stable and functional antagonists are available.

Keywords: Agonism,; efficacy; intrinsic activity; receptor reserve; stimulus-response coupling; functional antagonism

Introduction

Concentration-response curves provide two useful measures of
agonist activity. The location of the curve (e.g. the pECs)
provides a measure of the agonist potency and the sensitivity
of the assay system to an agonist (two different expressions of
the same property). The maximum response provides an index
of the agonist efficacy using Ariéns’ scale of intrinsic activity
(Ariéns, 1954). Because the maximum effect of the agonist can
be constrained by the assay tissue, the intrinsic activity scale
does not allow discrimination between full agonists, which are
all assigned an intrinsic activity of 1. When an irreversible
antagonist is available it is possible to expose any efficacy
differences between full agonists by reducing receptor numbers
until the agonists become effectively partial. However, such
antagonists are not available for many receptor types.

An alternative approach exploits functional antagonism
between agonists with opposite effects in the assay (Buckner &
Saini, 1974; Broadley & Nicholson, 1979). These methods were
primarily intended to provide affinity estimates for the agonists
rather than efficacies, indeed the method of Broadley & Ni-
cholson (1979) requires that the agonist affinity be calculated
before the efficacy can be estimated. There are many levels at
which functional interactions between agonists occur, and the
patterns of concentration-response curves obtained are de-
pendent on the nature of the interaction. Thus, there are the-
oretical considerations that limit the reliability of the affinity
estimates obtained using functional antagonism (Mackay,
1981; Leff et al., 1985) which makes the method of Broadley &
Nicholson (1979) potentially unreliable. However, because ef-
ficacy estimates are useful on a relative rather than absolute
scale, these considerations do not invalidate the use of func-
tional antagonism for comparisons of efficacy between full
agonists by the method of Buckner & Saini (1974). They

! Author for correspondence.

compared the effects of isoprenaline and soterenol on carba-
chol concentration-response curves in guinea-pig trachea and
found that isoprenaline caused a greater rightward shift than
soterenol, indicating that isoprenaline has the higher efficacy.
Because the comparison is between agonists acting at the same
receptor in the same tissue with the same functional interac-
tion, uncertainties about the form of the interaction could not
result in the more efficacious agonist erroneously appearing
less efficacious. At worst the difference in efficacy would not be
discernible. Few studies have used functional antagonism to
compare full agonist efficacies, despite the importance of
agonist relative efficacies and the fact that functional antago-
nists are probably available for far more systems than irre-
versible antagonists. This may be the result of concerns about
the theoretical limitations of functional antagonism in char-
acterization of agonist properties, or the indirect nature of the
efficacy index obtained from such studies.

The approach described in this paper uses functional an-
tagonism in a different manner from that normally employed.
A functional antagonist is applied as needed to keep the assay
responses to the agonist of interest below the maximum level
that can be expressed in the assay. This generates extended
agonist concentration-response curves that are not bounded by
the normal tissue maximum response. The protocol, called ‘up/
down’, thus exploits functional antagonism between excitatory
agonists (‘up’ agonists) and inhibitory agonists (‘down’ ago-
nists) to hold the level of the assay response within the range
where a change in the level of stimulus can be translated into a
measurable response. The range of the extended concentration-
response curves generated by this protocol is readily interpreted
as an extension of Ariéns’ scale of intrinsic activity (Ariéns,
1954). The functional antagonism interactions in the up/down
protocol are the same as in other functional antagonism pro-
tocols, so the theoretical limitations of the values obtained are
the same. However the up/down protocol produces a more



746 M.J. Lew

Efficacy, receptor coupling and tissue responses

straightforward display of the agonist efficacy, and smaller ef-
ficacy differences may be discerned than with the standard
functional antagonism experiments.

Because intrinsic activity is dependent on both agonist and
tissue properties, the up/down protocol can be used for at least
three types of comparisons: (i) discrimination between high
efficacy agonists acting at the same receptor; (ii) comparison of
the stimulus-response coupling range of different receptors in
the same tissue; (iii) comparison of the occupancy-response
coupling efficiency of a single receptor type in different tissues.
The experiments described in this paper illustrate the use of the
up/down protocol in making each of these types of comparisons
by (i) comparing ACh and 5-methylfurmethide as high efficacy
ACh muscarinic (M)-receptor agonists, (ii) comparing vaso-
pressin receptor-mediated responses with a-adrenoceptor-
mediated responses within tissues, and (iii) comparing responses
mediated by ACh M-receptors, vasopressin receptors and a-
adrenoceptors between the rat small mesenteric and tail arteries.

Methods

General

Male Wistar Kyoto or Sprague Dawley rats aged between 15
and 20 weeks were anaesthetized with carbon dioxide (80%
CO,, 20% O,) and killed by exsanguination. A portion of in-
testine and mesentery was removed and place in cool Krebs
solution (composition in mM: Na* 144, K* 5.9, Mg>* 1.2,
Ca?* 2.5, HPO, 1.2, CI'129, SO41.2, HCO5™ 25, glucose 11)
bubbled with 5% C0,:95% O,. Under a dissecting microscope,
a mesenteric artery (three branch orders proximal to the ar-
teries that enter the intestine) was carefully dissected free of the
fat and connective tissue around it, and a 2 mm long segment
was mounted on 40 um wires in a Mulvany-Halpern style
myograph (JP Trading, Aarhus, Denmark) and warmed to
37°C. In other experiments the tail of the rat was removed and
the main caudal artery was dissected free under a microscope
and segments mounted in a myograph as for the mesenteric
arteries. The artery was incrementally stretched radially with
about four steps, and the force measured and the arterial cir-
cumference calculated at each step. A diameter-force curve was
thereby generated where the diameter is that of a circle with the
same circumference as the vessel at each level of stretch. The
diameter of the artery was then set to be 90% of the diameter
predicted for distending pressure of 100 mmHg using standard
calculations (Mulvany & Halpern, 1977). The rat mesenteric
and tail arteries set up under these conditions do not develop
any spontaneous active contractile force. Each artery was fully
activated twice by either potassium depolarizing solution
(KPSS, K* 120 mM substituted for Na™) or NA (10 pm). The
response to the second activation was always larger than the
first and was used as an estimate of tissue maximum response,
and used in normalising subsequent responses. This normal-
ising response underestimates the true tissue maximum re-
sponse pertaining to the subsequent concentration-response
curves because the tissue maximum response of these arteries
mounted in this fashion commonly increase with successive
activations. This is evident in the fact that both NA and va-
sopressin (AVP) normal concentration-response curves have
normalised maxima larger than one. In all experiments where
NA was applied, desipramine (0.1 pM) was added to the Krebs
solution to inhibit neuronal uptake. The mesenteric arteries
had diameters of 317 um + 10 (mean + s.d.) and the tail arteries
703 pm £ 68.

Concentration-response curves

Only one concentration-response curve (either normal or up/
down) was constructed in each tissue. All drug additions were
made in a cumulative fashion with 3.2 fold concentration in-
crements. Normal concentration-response curves were con-
structed in the standard fashion. Extended concentration-

response curves for vasoconstrictor and vasodilator agonists
were constructed simultaneously to hold the active force close
to 50% of tissue maximum response: the curve for the vaso-
constrictor was started first, and when force exceeded 50%, the
curve for the vasodilator was started. When the force declined
below 50%, the next concentration of vasoconstrictor was
applied and so on, until the full range of agonist concentra-
tions was applied. Responses to each increment of agonist
concentration were cumulated and a concentration-cumulated
response curve generated. This protocol for drug application
frequently resulted in a simple alternation between vasocon-
strictor application and vasodilator application after the first
few concentrations of each agonist. At very high concentra-
tions of agonist no increase in response was found with in-
creased agonist concentration, indicating that the maximum
effect of the agonist had been obtained. When this occurred for
the vasoconstrictor agonist before the vasodilator agonist, a
second (or third) vasoconstrictor agonist was added. Similarly
when the vasodilator agonist reached a maximum before the
vasoconstrictor, a second vasodilator was added. Responses
were calculated as the simple summation of the change in force
elicited by each concentration increment. These cumulated
responses were expressed as a fraction of the second KPSS or
NA 10 pM response.

Protocols

Mesenteric arteries Normal concentration-response curves
for NA, AVP and ACh were constructed for comparison with
the up/down curves. For these normal ACh curves, the arteries
were precontracted to 50—80% of tissue maximum response
by AVP.

Up/down concentration-response curves for NA were con-
structed with ACh used as the down agonist. In these experi-
ments the NA responses were exhausted before the ACh
concentration-response curve was complete, so AVP and then
endothelin-1 were added to allow completion of the ACh
curve. This protocol yielded two sets of data, extended con-
centration-response curves for NA and for ACh.

Extended concentration-response curves for AVP were
constructed with ACh used as the down agonist. The ACh
concentration-response curve was not completed after the
AVP responses were exhausted, so only the AVP extended
concentration-response curve resulted from these experi-
ments.

Tail artery Extended concentration-response curves for NA
were constructed with either ACh or sodium nitroprusside as
the first down agonist. When the responses to the first down
agonist were exhausted, the other was added to extend the NA
curve, and when both were exhausted, calcitonin gene-related
peptide (CGRP) was added if needed. Three concentration-
response curves were obtained from each of these experiments:
NA,; the first down agonist; and the second down agonist.

Extended AVP concentration-response curves were ob-
tained as in the mesenteric arteries.

Extended NA concentration-response curves in the ab-
sence and presence (for at least 30 min) of various con-
centrations of prazosin (3, 30 and 300 nM) or yohimbine
(100 and 1000 nM) were constructed with S-methylfur-
methide as the first down agonist. When the responses to 5-
methylfurmethide were exhausted, sodium nitroprusside, and
on one occasion, CGRP were added to allow completion of
the extended NA curve. Each of these experiments yielded
three concentration-response curves, one for NA, one for 5-
methylfurmethide, and one for sodium nitroprusside as the
second down agonist.

Analysis

Concentration-response curves were analysed by fitting a four
parameter logistic equation to the data to obtain location and
slope parameters. The equation is
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where A is the agonist concentration, g is the basal value, b is
the vertical range, c is the pECs,, d is the mid-point slope, and e
is the base of the natural logarithm. Where the concentration-
response curves started at zero, the basal value parameter, a,
was deleted to give a three parameter logistic. When needed,
any pEC, was calculated from the logistic equation. Agonist
potencies were compared as pEC, values using an unpaired ¢
test (2 tailed). Experimentally observed maximum responses
were also compared by the unpaired ¢ test (2 tailed). Data are
shown in the figures as the mean +s.e.mean.

Drugs

Acetylcholine bromide, desmethylimipramine hydrochloride,
noradrenaline bitartrate, prazosin hydrochloride and yo-
himbine hydrochloride were purchased from Sigma Chemical
Company (St Louis, MO, U.S.A.) and sodium nitroprusside
from David Bull Laboratories (Mulgrave, Victoria, Australia).
Arginine vasopressin, calcitonin gene-related peptide (human)
were obtained from Auspep, (Parkville, Victoria, Australia)
and endothelin-1 from Peninsula Laboratories (Belmont, CA,
U.S.A). 5-Methylfurmethide iodide was a gift from Wellcome
Research Laboratories (Beckenham, U.K.). All drugs were
dissolved and diluted in water. Prazosin, yohimbine, 5-me-
thylfurmethide and DMI were kept as 1 or 10 mM stock solu-
tions at 5°C, and all other drugs were dissolved on the day of
use.

Results

An example of the results from an up/down protocol obtained
on the rat tail artery are shown in Figure 1. The active force
was held in the range where changes in NA or ACh con-
centration always had the potential to elicit responses by in-
crementing the concentration of vasoconstrictor when the
force was less than 50% of the tissue maximum response, and
incrementing the vasodilator when the force was more than
50%. Figure 1b shows the data expressed as active force dis-
played as a family of NA concentration-response curves in the
presence of various concentrations of ACh, and as a family of
ACh concentration-response curves with various concentra-
tions of NA. Figure 1c shows the data for the agonists cu-
mulated to produce a single extended concentration-response
curve for each. These graphs show the relationship between the
up/down data and the data that would be obtained from a
normal procotol using functional antagonism.

NA and AVP in mesenteric arteries

NA and AVP produce steep concentration-response curves in
the rat mesenteric artery with the active force changing from
about 10% to 90% over an agonist concentration-range of
only ten fold. The time-courses of the responses were dissim-
ilar, with the response to NA reaching a steady level in only 1 -
2 min and the responses to low concentrations of AVP taking
more than twice as long. The maxima of normal concentra-
tion-response curves to NA and AVP in the mesenteric arteries
were similar (20.0+0.06 and 17.6+1.9 mN respectively,
P=0.30, unpaired ¢ test), and were approximately 10% larger
than the responses to KPSS (Figure 2a), probably reflecting a
time-related increase of the maximum response. Larger re-
sponses to other vasoconstrictor agonists have not been ob-
served, so these maxima probably represent the maximum
force that the mesenteric arteries can produce. The pECs, va-
lues from these concentration-response curves were 6.07 +0.09
for NA and 9.01+0.10 for AVP.

Responses to the vasoconstrictor agonists were measured
over an extended concentration-range with ACh used as a
functional antagonist with the up/down protocol. The cumu-
lated response maxima for AVP and NA in the mesenteric

artery were 2.01+0.20 and 2.34+0.35 times the force elicited
by KPSS respectively (Figure 2b). The location of the up/down
curves were measured as the pEC,ss (corresponding to the
half-maximal response to NA and AVP applied in the normal
manner) and these were found to be similar to the pECs, values
obtained from the normal concentration-response curves
(6.25+0.10, P=0.20 and 9.2340.12, P=0.23).

NA and AVP in tail arteries

The tail artery was more sensitive to NA than the mesenteric
artery, with a threshold concentration of about 1 nM. Up/
down concentration-response curves were constructed with
either ACh or sodium nitroprusside as the vasodilator. Each of
these vasodilators was exhausted well before the full range of
NA concentrations was applied and thus both ACh and so-
dium nitroprusside were applied sequentially to each tissue to
extend the NA concentration-response curve over a large
range. In most of these experiments CGRP was also added
after both of the other vasodilators to further extend the up/
down protocol. Responses to NA were not noticeably affected
by the sequence of vasodilator additions, but the responses to
the vasodilators were affected by the prior application of the
other vasodilators (see below). The cumulated response to NA
was almost 4 times the response to KPSS (Figure 2c). In
contrast to NA, the up/down concentration-response curve for
AVP was completed with only a single vasodilator (ACh) and
the maximum cumulated response was only 1.6940.23 times
the response to KPSS (Figure 2c).

NA up/down concentration-response curves were con-
structed in the tail artery in the absence and presence of pra-
zosin and yohimbine. The down agonists were 5-
methylfurmethide, an ACh M-receptor agonist, followed by
sodium nitroprusside. Prazosin caused a parallel rightward
shift of the NA extended concentration-response curve (Figure
3a). When the data were analysed by the method of Stone &
Angus (1978), it was found that the spacing of the curves was
appropriate for a simple competitive interaction with a pKp for
prazosin of 9.14+0.13. Yohimbine also caused a rightward
shift of the NA concentration-response curve, but the spacing
of the curves was inconsistent with simple competitive inter-
action (Figure 3b).

Vasodilators

ACh fully relaxed mesenteric arteries precontracted by NA,
with a maximum response at 1 yM ACh, and a pECs, of
7.6 £0.1 (Figure 4). When the up/down protocol was used, the
cumulated maximum response to ACh was a relaxation of over
four times the force elicited by KPSS, and relaxation responses
were observed with ACh concentrations of up to 30 pM and
the pECs was 7.8 +0.2 (Figure 4). ACh was less potent in the
rat tail artery than in the mesenteric artery, and the maximum
cumulated response was smaller, about 2.6+0.1 times the
force elicited by KPSS (Figure 5a). In the tail artery experi-
ments where ACh was tested after sodium nitroprusside, the
responses to ACh were greatly attenuated (Figure 5b). Simi-
larly, the cumulated responses to sodium nitroprusside were
much larger when it was applied before ACh rather than after,
with cumulated responses of —3.11+0.3 and —0.42+0.07, re-
spectively at 100 uM, the maximum concentration applied
(Figures 5a and b). 5-Methylfurmethide caused a smaller
maximal cumulated response in the tail artery than ACh
(-1.8540.09, P<0.001, Figure 5c). There was no effect of
prazosin or yohimbine on the responses to 5-methylfur-
methide. Pre-application of 5-methylfurmethide greatly re-
duced the effect of sodium nitroprusside (—0.77+0.05 at
100 uM), but this response was significantly larger than the
equivalent response in the presence of ACh (P <0.001).
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Figure 1 An example of an up/down experiment. (a) Chart record showing the active force produced by a rat tail artery in
response to noradrenaline (NA) and relaxation produced by acetylcholine (ACh). (b) Data plotted to show the relationship between
up/down data and data from ‘normal’ functional antagonism protocols. NA concentration-response curves in the presence of
different concentrations of ACh (left) and ACh concentration-response curves in the presence of different concentrations of NA
(right). (c) Data plotted using cumulated responses to produce extended concentration-response curves for NA (left) and ACh
(right).
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Discussion
Maximum response as a constraint

The maximal effect measured for an agonist may, in general,
be limited by three kinds of constraint. First, the maximum
might reflect the response resulting from complete occupation
of the receptors by the agonist. This case occurs when the
agonist is partial, and the maximum is a useful index of the
agonist efficacy. Second, the maximum may reflect the max-
imum level of the measured parameter that the assay system
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Figure 2 Concentration-response curves for vasopressin (AVP, O)
and noradrenaline (@). (a) Normal concentration-response curves in
the rat mesenteric artery. (b) Up/down concentration-response curves
in the rat mesenteric artery. (c) Up/down concentration-response
curves in the rat tail artery. Responses are expressed as a fraction of
the response to potassium depolarizing solution (KPSS). Values are
mean4s.e.mean (n=3 to 7).

can express: the ‘tissue maximum response’. An example of this
type is where a vasodilator agonist is able to relax completely
an arterial assay. No further response can be measured in re-
sponse to increased agonist concentration, even though more
receptors can be occupied and additional intracellular stimulus
produced. Third, the maximum may be constrained by the
attainment of a maximal possible, or maximally effective, level
of an intermediate stimulus between the receptor and the
measured response: the ‘receptor transduction maximum’. This
maximum can be less than the maximum produced in the same
assay by activation of another receptor type. An example of
this type of constraint is provided by a,-adrenoceptor activa-
tion in canine saphenous veins, where B-HT 933 has a receptor
reserve, and so is a full agonist, but does not cause as large a
response as the a;-adrenoceptor agonist, cirazoline (Ruffolo &
Zeid, 1985).

The agonists used in this study can be shown to be full
agonists in normal concentration-response curves. NA and
AVP were able to activate maximally the mesenteric artery
(Figure 2), ACh was able to relax AVP-induced precontraction
completely (Figure 4) as was 5-methylfurmethide (data not
shown). For each of these agonists, the assay maximum was
therefore equal to the tissue maximum response. The receptor
transduction maximum and agonist effiacy can be described
only as greater than that needed to elicit the tissue maximum
response. Data from normal concentration-response curves
such as these do not allow useful comparisons between full
agonists, between the receptor transduction maximum of dif-
ferent receptors, or between the receptor transduction maxima
in different tissues.
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Figure 3 Up/down extended concentration-response curves in the
rat tail artery for noradrenaline in the presence of (a) prazosin 0 (O),
3 (@), 30 (OJ) and 300nM (M), or (b) yohimbine 0 (O), 0.1 (@) and
1uM (0O). Values are mean+s.e.mean (n=3, 2, 4 and 4 respectively
for prazosin, and n=3, 4 and 4 for yohimbine).
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A different ‘response’

In normal concentration-response curves the absolute level of
the measured parameter (force or active force in the present
experiments) or the change of the measured parameter from its
initial value are used as the ‘response’. However, to generate an
up/down concentration-response curve the ‘response’ to each
agonist concentration increment is the change of the measured
parameter from its value immediately prior to the concentra-
tion increment. Cumulation of these responses allows the data
to be expressed as a single concentration-response curve rather
than a family of partial curves (Figure 1).

The resulting range of the up/down concentration-response
curve will reflect the agonist efficacy or receptor transduction
maximum, whichever is less. In the latter case two agonists of
different efficacies at the same receptor would elicit the same
maximum cumulated response, a situation directly analogous
to full agonism in normal concentration-response curves.
Nonetheless, for two drugs acting at the same receptor (in the
absence of extraneous complications such as secondary drug
actions), a larger range can result only from a higher efficacy.
Thus the range of the up/down concentration-response curve is
an open-ended extension of the intrinsic activity scale (Ariéns,
1954), increasing discrimination between high efficacy agonists
in a straightforward manner. The up/down data show that
ACh has a higher intrinsic activity than 5-methylfurmethide
(Figure 5), and if they act at the same muscarinic receptors,
then ACh has a higher efficacy than 5-methylfurmethide.

The up/down protocol also extends the range of compar-
isons between tissues and between receptors. The muscarinic
receptors on the endothelium of the mesenteric artery can
produce a larger response (scaled to the force elicited by KPSS)
than the same system in the tail artery. In these arteries the
maximum possible effect of muscarinic receptor stimulation in
normal concentration-response curves is always 100% relaxa-
tion of the precontraction, so comparisons of response ranges
from normal concentration-response curves between the tis-
sues are meaningless. NA caused larger cumulated responses in
the tail artery than in the mesenteric artery, and in the tail
artery NA was able to elicit larger responses than AVP. ‘It only
makes sense to relate in one scale the intrinsic activities for
compounds that interact with the same receptors’ (Ariéns et
al., 1960), so it should be concluded that the a-adrenoceptors
have a larger transduction maximum than the AVP receptors,
rather than NA having a higher intrinsic activity than AVP. It
is likely that the NA responses in the tail artery were large
because of the presence of both a;- and ar-adrenoceptors
(Medgett & Langer, 1984). The expriements with prazosin and
yohimbine were intended to test this possibility, but were not
really conclusive. Prazosin behaved competitively with a pA,
appropriate for o;-adrenoceptors (Flavahan & Vanhoutte,
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Figure 4 Normal concentration-response curve (O) and extended
up/down concentration-response curve (@) for acetylcholine in the
rat mesenteric artery. Values are mean+s.e.mean (n=6 and 4).

1986). Yohimbine did not behave in a simple competitive
fashion, but the antagonism by yohimbine at the lower con-
centration (0.1 pM) was consistent with a pA, of about 7.7,
close to what would be expected for a,-adrenoceptors. As it is
often difficult to obtain clear evidence for the coexistence of
two different receptor subtypes in experiments such as these
using a non-selective agonist (Kenakin, 1992), these experi-
ments do not rule out the presence of both receptors in the tail
artery. Indeed, if ‘responses mediated via postjunctional o,-
adrenoceptors in [vascular smooth muscle] are dependent upon
a degree of vascular smooth muscle stimulation by some other
receptor system’ (Dunn et al., 1991), then it is easy to see how
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Figure 5 Extended up/down concentration-response curves for
acetycholine (ACh, O, @) and sodium nitroprusside (SNP, OJ, l)
and 5-methylfurmethide (A) in the rat tail artery. In each experiment
both drugs were applied sequentially. (a) ACh followed by SNP
(n=4); (b) SNP followed by ACh (n=4); (c) 5-methylfurmethide
followed by SNP (n=12). Values are means+s.e.mean.
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prazosin might appear competitive over the whole concentra-
tion-range even where both a;- and a,-adrenoceptors are in-
volved in the response.

The possibility of NA acting through more than one re-
ceptor highlights a potential complication in using the up/
down protocol. Agonists concentrations in an up/down con-
centration-response curve cover a larger range than in a nor-
mal concentration-response curve. This leads inevitably to the
possibility of secondary actions of the agonists influencing the
results. This problem can exist for any concentration-response
curve, but is more likely during the up/down protocol. Where
an agonist is acting at more than one type of receptor, the
resulting up/down curve more properly reflects the overall
tissue stimulus-response coupling than the agonist efficacy.

Spare receptors

The concept of spare receptors or receptor reserve results di-
rectly from the existence of a ceiling to the range of a con-
centration-response curve. This means that the up/down
protocol will reduce or eliminate spare receptors. This can be
seen by comparison of normal and up/down concentration-
response curves for ACh. In the normal curve, ACh elicits a
maximum response at 1 uM, but in the up/down curve it
continues to elicit responses at concentrations up to 30 uMm. If
removal of the constraint of tissue maximum response leads to
the occupancy-response curve becoming unconstrained over-
all, then there can be no receptor reserve in an up/down curve.
However, while the up/down protocol removes the constraint
of tissue maximum response, it does not necessarily remove all
constraints. As assay where agonist responses are normally
constrained by the tissue maximum may be constrained by the
receptor transduction maximum in an up/down protocol. The
up/down curve of ACh in the tail artery probably almost sa-
turates the cyclic GMP system in the smooth muscle cells, on
the evidence that sodium nitroprusside is nearly ineffectual
after ACh. 5-Methylfurmethide does not reduce the effective-
ness of sodium nitroprusside quite as much, as would be ex-
pected from its lower efficacy. These data probably indicate
that there is a maximally effective, or maximal achievable,
concentration of cyclic GMP, with neither ACh nor 5-me-
thylfurmethide being sufficiently powerful to produce that
concentration of cyclic GMP without further stimulation by
sodium nitroprusside. It is possible that in another tissue the
cyclic GMP system would be saturated by both ACh and 5-
methylfurmethide, and thus their efficacy difference would not
be exposed by the up/down protocol, and both agonists would
have spare receptors.

Functional antagonism

Agonst dissociation constants (K,s) have been assessed using
functional antagonism with limited success (Buckner & Saini,
1974; Broadley & Nicholson, 1979; Broadley & McNeill,
1983). It has been demonstrated that valid estimates of pKas
can be obtained from functional antagonism experiments with
only some forms of functional interaction (Mackay, 1981; Leff
et al., 1985). However, even with those forms of functional
interaction agonist affinity cannot be estimated directly from
the pEC;, of an up/down concentration-response curve for two
reasons. First, where the range of the curve is constrained by
the receptor transduction maximum, then there can be a re-
ceptor reserve, and pECs, of the resulting concentration-re-
sponse curve will not approximate to the pK,. Second, even
where the responses are not constrained by the receptor
transduction maximum, the slope of the occupancy-response
relationship probably will not be constant over the whole
range of agonist concentrations. Thus the response level that
corresponds to agonist occupancy of half of the receptors will
not be half of the maximum. Changes in the shape of the
occupancy-response relationship during the protocol can be
expected as a result of non-linear interactions of second mes-
senger systems, so the form of the functional interaction will,

in part, determine the slope of the occupancy-response re-
lationship. This means that the location of the extended con-
centration-response curve can be dependent on the choice of
functional antagonist. The pECs, of an up/down curve cannot
be relied upon to correspond to the pK, of the agonist.
Agonist efficacies have also been estimated from functional
antagonism experiments in the past (Buckner & Saini, 1974;
Broadley & Nicholson, 1979; Emmerson & Mackay, 1981;
Broadley & MCcNeill, 1983). The method used by Broadley
involved calculation of K, from functional antagonism data,
and calculating relative efficacies using these values and the
method of Besse & Furchgott (1976). The problems with K,
estimations from functional antagonism data probably make
this strategy unreliable. In principle, the relative efficacy of an
agonist used as a functional antagonist can be estimated, at
least qualitatively (Mackay, 1981) from the amount that it can
shift the concentration-response curve of another agonist (Van
der Brink, 1973). Thus, the efficacy of a test drug of interest
would be estimated from the potency ratio of a standard
agonist in the absence and presence of a maximally effective
concentration of the test drug. In practice, useful data can only
result where the test drug has a low enough efficacy that it does
not obliterate the responses to the standard drug. Further-
more, the confidence band for the potency ratio can be rather
wide because its variability is the product of the variability of
efficacy of both the test drug and the standard drug. Estima-
tions of relative intrinsic activities using the up/down protocol
are not subject to either of these limitations. If the test drug has
enough efficacy to obliterate the responses to the standard
drug, then another agonist acting in the same direction as the
standard agonist can be added. The variability of efficacy of
the standard agonist in the up/down protocol should have a
negligible effect on the estimate of intrinsic activity for the test
drug because the standard agonist is titrated to effect, and the
concentration needed for that effect is not important.

Comparisons between assays (scaling)

For comparisons between agonists or receptors within a single
assay tissue, no normalisation of the data is necessary, and
absolute units should be used. When comparing between tis-
sues, however, some sort of normalisation of the data is ne-
cessary to control for between tissue differences that are
irrelevant to the comparison being made. The difference in
tissue maximum active force between the mesenteric artery and
the tail artery is an irrelevant difference. Two possible nor-
malisation methods are applicable to the between artery
comparisons: calculation of ‘equivalent distending pressure’
from the force and arterial dimensions (Mulvany & Halpern,
1977; Lew & Angus, 1992), and simple expression of the force
as a fraction of the tissue maximum response. The latter
method was chosen because it would be applicable to all types
of assay (not only to vascular tissues), and because the re-
sulting intrinsic activities for the agonists are effectively part of
the same scale as that for which the concept of intrinsic activity
was originally defined (Ari€ns, 1954). The use of this normal-
isation will not have affected data comparisons within tissue
(other than possibly decreasing variance), as essentially the
same concentration-response curves would be seen with the
data expressed as cumulated active force.

Conclusions

The up/down protocol described in this paper circumvents the
tissue maximum response as a constraint on the maximum
effect of an agonist. This extends the scale of intrinsic activity
to allow discrimination between high efficacy agonists and
should be a useful approach in comparisons of agonist effi-
cacies, in comparisons of tissue stimulus-response coupling
efficiencies between tissues, and within tissues between disease
states. Interpretation of any experiment involving functional
interactions between agonists is more complex than inter-
pretation of normal concentration-response curves, but the
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information available froma normal concentration-response
curve is also available from an up/down concentration-re-
sponse curve. The first few concentrations of each agonist in
the up/down protocol are applied exactly as they would be in a
conventional concentration-response curve, so the threshold
concentration of an agonist determined from an up/down
curve is identical to that obtained in the conventional curve.
Further, because the concentration of each agonist is increased
until the force of contraction crosses the 50% of tissue max-
imum response, the pECs, that would be obtained from the
normal concentration-response curve can be obtained from the
up/down concentration-response curve. Thus, the up/down
concentration-response curves for NA, AVP and ACh contain
all of the information that can be obtained from the normal
concentration-response curves for these agonists. The range of
the up/down concentration-response curve is additional in-
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1 The possible contribution of endogenous endothelin (ET) to the pathogenesis of seizure-associated
pulmonary oedema was examined in mechanically ventilated rats after intravenous bolus injection of the
y-aminobutyric acid (GABA) antagonist, bicuculline (1.2 mg kg™).

2 Recurrent seizure activity elicited by bicuculline injection led to rapidly developing pulmonary
oedema. Within 4 min after bicuculline application (1.2 mg kg™), arterial O, partial pressure (P,0,)
significantly dropped from 17.49+1.20 kPa to 7.51+2.21 kPa (P<0.01) and arterial CO, partial
pressure (P,CO,) significantly increased from 4.64+0.56 kPa to 8.15+0.99 kPa (P<0.01). Gradually a
progressive acidosis developed. Moreover, mean arterial blood pressure (MABP) and end-inspiratory
airway pressure (P,,) rapidly increased.

3 Concomitantly there was a time-dependent increase of big ET-1 and ET-1 levels in bronchoalveolar
lavage (BAL) as determined by combined reverse phase high performance liquid chromatography
(h.p.l.c.) and radioimmunoassay. BAL levels of both peptides increased up to 8 min after bicuculline
injection and slowly decreased subsequently. In contrast, BAL from animals injected with vehicle did not
contain detectable amounts of ET.

4 Pretreatment with the endothelin-converting enzyme inhibitor, phosphoramidon (5.4 mg kg™, i.v.)
for 5 min significantly (P <0.001) reduced peak ET-1 levels in BAL fluid by 65.4+9.9% at 8 min after
bicuculline injection. Simultaneously it afforded protection from hypoxia. P,CO, did not increase and
P,0, decreased only slightly from 14.63 +1.00 kPa to 12.97+0.61 kPa (P> 0.05) after phosphoramidon
pretreatment. In contrast, vehicle-treated animals that received bicuculline showed both significant
hypercapnia as well as profound hypoxia. Phosphoramidon significantly diminished the maximum
increase in P, by 76.7+12.4% (P<0.005), but only slightly affected the MABP. Phosphoramidon
pretreatment had no effect on the acidosis.

5 Pretreatment with the ET, receptor antagonist, BQ-123 (1 mg kg, i.v.), for 5 min did not affect the
levels of ET-1 in the BAL fluid at 8 min after bicuculline injection but did ameliorate the development of
hypoxia. No hypercapnia developed and P,0, decreased only moderately from 16.65+0.25 kPa to
14.19+2.15 kPa (P>0.05) in BQ-123-treated animals. In contrast, vehicle-treated animals that received
bicuculline exhibited significant hypercapnia as well as profound hypoxia. BQ-123 significantly reduced
the increase in P,,, by 51.3+12.8% (P <0.01). It affected MABP only slightly and had no effect on the
acidosis.

6 These results suggest that ET peptides play a significant role in this model of neurogenic pulmonary
oedema and may act as mediators of respiratory distress. The deleterious effects of endogenous ET in
this model are primarily mediated via the ET, receptor, for they were inhibited by the ET, receptor
antagonist, BQ-123. ET, receptor antagonists may therefore be of potential therapeutic value in
respiratory distress.

Endothelin-1; big endothelin-1; endothelin-converting enzyme; phosphoramidon; BQ-123; pulmonary oedema;

respiratory distress

Introduction
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Since the isolation and purification of endothelin (ET)-1 from
the culture medium of porcine aortic endothelial cells, nu-
merous studies have emphasized the role of ET isopeptides in
the vascular system, both under physiological and pathophy-
siological conditions (Haynes & Webb, 1993). Due to their
vasoactive properties, ET isopeptides have been implicated in
the pathophysiology of hypertension, coronary and digital
vasospasm, myocardial infarction and renal failure (Haynes &
Webb, 1993). However, ET also appear to play an important
role in the respiratory system (Filep, 1993; Hay et al., 1993).
Thus, ET may be generated locally in lung respiratory epi-
thelium, bronchioles and blood vessels of all sizes in close vi-
cinity to ET receptors which also appear to be located on
pulmonary nerve trunks (Filep, 1993; Hay et al., 1993).

In the pulmonary circulation a complex pattern of re-
sponses to ET has emerged, which may depend on both species

! Author for correspondence.

and ET doses used (Filep, 1993). ET may elicit pulmonary
vasoconstriction (Horgan et al., 1991; Raffestin ez al., 1991),
induce bronchoconstriction (Matsuse et al., 1990) and release
15S8-hydroxyeicosatetraenoic acid (Nagase et al., 1990), an-
other vasoconstrictor able to trigger pulmonary oedema
(Burhop et al., 1988).

We have previously demonstrated that ET isopeptides are
released in oleic acid-induced respiratory distress syndrome in
rats (Simmet et al., 1992). Interestingly, in this model, where
respiratory distress develops over a time interval of several
hours in conscious rats, peak levels of immunoreactive ET in
the bronchoalveolar lavage (BAL) fluid preceded the max-
imum hypoxia. This suggests that ET generation could be re-
lated to the pathophysiological changes observed (Simmet et
al., 1992). However, the limited availability of pharmacoki-
netic data on ET receptor antagonists or endothelin-converting
enzyme inhibitors makes it difficult to judge the effects of such
compounds in this model. Hence, no further insight into the
role of ET could be obtained in the oleic acid-induced re-
spiratory distress syndrome.
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Thus we sought a model of rapidly developing respiratory
distress. Pulmonary oedema often develops in human subjects
after various cerebral insults, such as head injury, sub-
arachnoid haemorrhage, intracranial hypertension and epi-
leptic seizures. This type of oedema, known as neurogenic
pulmonary oedema, is rapid in onset, is associated with a
massive response of the autonomic nervous system, and is rich
in protein content (Colice ef al., 1984; Malik, 1985). Because of
its pathophysiological relevance and its rapid development we
chose as a model the seizure-associated neurogenic, pulmonary
oedema elicited in rats by i.v. injection of bicuculline (Kreis-
man et al., 1987). In this model we have investigated the release
of ET-1 and big ET-1 into BAL fluid as well as the effects of
the endothelin-converting enzyme inhibitor, phosphoramidon,
and the ET, receptor antagonist, BQ-123.

Methods

Experimental protocol

Male Wistar rats, weighing 290340 g, were tracheotomized
during diethylether anaesthesia and paralysed with (+)-tubo-
curarine (0.2 mg kg™, i.v.). Anaesthesia was maintained by
positive pressure ventilation with a mixture of 70% N,0:30%
O.. Respiratory rate was kept constant at 55 strokes min™! with
a tidal volume of 2.1-2.4 ml. Catheters made of PE-50 tubing
were inserted into the right femoral artery for blood pressure
measurement (via Statham P23Db transducers) and with-
drawal of blood samples for blood gas analysis, and into the
right femoral vein for injection of drugs. Body temperature
was monitored with a rectal thermometer and maintained at
37°C with a thermostatically controlled heating pad. Arterial
O, (P,0,) and CO, (P,CO0,) partial pressures as well as pH were
determined at 37°C using an ABL-2 blood gas analyzer
(Radiometer, Copenhagen, DK). Seizure activity was recorded
with bitemporal electrodes.

After about 40 min adaptation to mechanical ventilation,
recurrent seizures were elicited by single i.v. bolus injections of
1.2 mg kg™! bicuculline dissolved in 0.1 M HCI, adjusted to
pH 4-5 with 0.1 M NaOH and diluted with saline. Pilot stu-
dies had shown that doses of bicuculline below 1.2 mg kg™
(e.g. 0.9 mg kg™) elicited seizures accompanied by pulmonary
oedema in a fraction of the animals only, while higher doses
(e.g. 1.5 mg kg™) led to a high mortality rate within a few
minutes. Injection of vehicle alone had no significant effects on
the various parameters determined. Thirty seconds before bi-
cuculline injection, 3.5 ml of arterial blood was withdrawn.
Blood gases were always analysed twice in each animal: once
before bicuculline and at the end point of the experiments
which was 2, 4, 8, 12 or 16 min later. In some experiments rats
were pretreated for 5 min with either phosphoramidon, dis-
solved in saline (5.4 mg mg™, i.v., injection volume 100 ul), or
BQ-123 [cylo-(D-Asp-Pro-D-Val-Leu-D-Trp)], dissolved in sal-
ine containing 10 mM NaHCO; (1 mg kg™, i.v., injection vo-
lume 100 ul). Doses used were selected on the basis of pilot
studies. Vehicle injections had no effect either on the course of
the seizures or on the development of pulmonary oedema.
Controls received the appropriate vehicle.

Analytical procedures

At the end of the experiments lungs were macroscopically
inspected and bronchoalveolar lavage (BAL) was performed
by flushing the lungs with 5§ x 10 ml 150 mM NaCl containing
aprotinin (500 u ml™) and Na, EDTA (2.0 mM) as previously
described (Simmet et al., 1992). BAL samples were further
processed as described by Simmet et al. (1992). Briefly, BAL
fluid was immediately centrifuged (525 g, 20 min, 4°C) and
mixed with Triton X 305 (0.01%) and acetic acid (100 mM)
(all final concentrations). Protein was pelleted by centrifuga-
tion at 3200 g at 4°C for 10 min. The supernatants were
extracted on C,3 SEP-PAK cartridges conditioned with 10 ml

acetonitrile, 10 ml methanol and 10 ml H,O, all containing
trifluoroacetic acid (TFA) 0.1%. The sample was then ap-
plied and the cartridge was washed with 1.6 ml H,O/TFA
0.1% and 1.6 ml 40% methanol/TFA 0.1%. ET were eluted
with 3.2 ml 75% methanol/TFA 0.1% containing Triton X
305 0.01%. After evaporation the samples were analysed for
ET-1 and big ET-1 by combined reverse phase high perfor-
mance liquid chromatography (h.p.l.c.) and radio-
immunoassay (Simmet et al., 1992; Tippler et al., 1994). The
material was loaded onto a C,;3 Nucleosil column
(250 x 4 mm, particle size 5 ym) protected by a precolumn of
the same material. Flow rate was 1.0 ml min™ and absorp-
tion was monitored at 210 nm. A gradient from 30 to 40%
acetonitrile in H,O (containing TFA 0.1% final conc.) was
applied from 0 to 30 min and was then increased from 40 to
60% acetonitrile from 30 to 60 min. Eluate fractions comi-
grating with the retention times of synthetic ET-1 and rat big
ET-1 were collected, evaporated and, after reconstitution in
assay buffer, were analysed radioimmunologically (Simmet et
al., 1992; Tippler et al., 1994). The anti-plasma used re-
cognizes mainly ET-1 and has a relative cross-reaction of
21.5% and 1.7% with rat big ET-1 and ET-2, respectively;
cross-reactivity with ET-3 is <0.005%. The detection limit of
the assays was 5.1 fmol/tube and 11.2 fmol/tube for ET-1
and rat big ET-1, respectively.

Materials

ET-1, rat big ET-1 and phosphoramidon were from Peninsula,
Merseyside, UK and ['’I]-Tyr'* ET-1 (sp. act. 74 TBq mmol™)
was from Amersham, Braunschweig, Germany. BQ-123 [cy-
clo(D-Asp-Pro-D-Val-Leu-D-Trp)] was from Bachem, Heidel-
berg, Germany and bicuculline was purchased from Sigma, St
Louis, MO, U.S.A. Other chemicals were of analytical grade
and solvents were of h.p.l.c. grade.

Statistical analysis

Data are expressed as means + s.e.mean. The results were sta-
tistically evaluated by means of Student’s ¢ test for paired or
unpaired values as applicable. Differences were considered
significant at P <0.05.

Results

Effects of bicuculline injection

Figure 1 shows a typical tracing of electrocorticogram
(ECoG), arterial blood pressure, and airway pressure before
and after intravenous injection of bicuculline 1.2 mg kg™'. Bi-
cuculline induced epileptiform activity, as shown in Figure 1,
accompanied by an immediate rise in mean arterial blood
pressure (MABP) from 133.3+8.9 mmHg to a maximum of
196.8 £9.5 mmHg (P <0.001) at 2 min, followed by a decrease
to 150.7+8.6 mmHg at 16 min after bicuculline injection
(n=4). In addition, the end-inspiratory airway pressure (P,y,)
rapidly increased from 1.18 +0.08 kPa at time 0 to a maximum
of 2.34+0.08 pKa (P<0.001) at 3 min after bicuculline in-
jection (n=4). It decreased only slightly to 2.13+0.09 kPa
(n=4) at 16 min. More detailed data on these parameters are
given in the context of the various treatment regimens de-
scribed below.

Bicuculline injection triggered a progressive acidosis as
shown in Figure 2. Significant hypercapnia (P <0.01) with an
arterial CO, partial pressure (P,CO,) of 8.15+0.99 kPa (n=4)
was detectable as early as 4 min after bicuculline injection and
remained elevated at 8 min. Values at 12 and 16 min were not
significantly different from that before bicuculline. Severe hy-
poxia similarly developed within 2 min of bicuculline injection
as shown by a significant (P <0.01) drop of arterial O, partial
pressure (P,0,) from 17.05+0.5 kPa to 9.47+2.4 kPa (n=4).
The maximum depression of P,0, was observed between 4—
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8 min after bicuculline injection. Later a slight but consistent
increase in P,0, values up to 16 min after bicuculline injection
was observed (Figure 2).

When BAL fluid from control animals, injected with vehicle
instead of bicuculline, was analysed by combined reverse phase
h.p.l.c. and radioimmunoassay for big ET-1 or ET-1 levels,
both peptides were below the detection limit of the analytical
method employed (data not shown). However, after bicucul-
line injection (1.2 mg kg™) the peptides became clearly de-
tectable within 2 min (Figure 3). Both big ET-1 and ET-1
reached peak levels in BAL fluid at 8 min after bicuculline
injection with 6.32+0.82 ng/BAL and 1.54+0.15 ng/BAL,
respectively (n=7 each). BAL fluid levels of both peptides
steadily decreased during the following 8 min. Concentrations
of big ET-1 in BAL fluid were generally about 4 fold higher
than those of ET-1 (Figure 3).

Effects of phosphoramidon pretreatment

In order to investigate further the putative role of ET in this
experimental model of neurogenic pulmonary oedema, addi-
tional experiments were carried out with the endothelin-con-
verting enzyme inhibitor, phosphoramidon. When rats
received phosphoramidon, 5.4 mg kg™, i.v., 5 min before bi-
cuculline injection, the ECoG was basically unchanged as
compared to vehicle-treated animals (data not shown). How-
ever, by contrast there was a slight decrease in the MABP
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Figure 1 Typical tracings of electrocorticogram (ECoG), arterial
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Figure 2 Blood gas parameters before and after intravenous
injection of bicuculline (1.2 mg kg™) in rats. The values shown are
means+s.e.mean of 4 to 7 experiments except for time 0 which
includes the basal values of all animals (n=25). (*P <0.05, **P <0.01
and ***P<0.001 versus paired values at 0 min).

during the first few min after bicuculline injection (Figure 4). A
significant fall in blood pressure (P <0.05) was seen at 2 and
3 min after bicuculline in the phosphoramidon-treated rats as
compared to vehicle-treated animals (Figure 4). Pretreatment
with phosphoramidon (5.4 mg kg™) profoundly reduced the
increase in P, induced by i.v. bicuculline. This effect became
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Figure 3 Time-dependent levels of (a) rat big endothelin-1 (big ET-

1) and (b) endothelin-1 (ET-1) in the bronchoalveolar lavage (BAL)

from rats injected with bicuculline (1.2 mg kg™, i.v.). Each column
represents the mean +s.e.mean of 4 to 7 experiments.
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Figure 4 Effects of pretreatment with phosphoramidon (5.4 mg
kg™!) (@) on (a) mean arterial blood pressure (MABP) and (b) end-
inspiratory airway pressure (P,y) as compared to vehicle-treated rats
(M). Phosphoramidon (5.4 mg kg™') was injected intravenously 5 min
before injection of bicuculline (1.2 mg kg™, Bic). The values are
means + s.e.mean of 7 experiments. (*P<0.05 and **P<0.02 versus
vehicle-treated control animals).
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significant (P<0.05) as early as 2 min after bicuculline
(1.2 mg kg™) injection and lasted throughout the observation
period of 8 min (Figure 4). Phosphoramidon pretreatment
reduced the maximum increase in P,,, significantly (P <0.02) to
23.3+12.4% (n=7) of that in vehicle-treated control animals
(n="7).

Phosphoramidon (5.4 mg kg') treatment had no effect on
the development of acidosis (Figure 5). However, it prevented
the increase of P,CO, in rats killed 8 min after bicuculline in-
jection (Figure 5). In addition, the drop in P,0, which
amounted to 6.64 +0.72 kPa in vehicle-treated controls (n="7)
was significantly (P <0.001) ameliorated to 1.66+0.61 kPa
(n=17) indicating that phosphoramidon afforded protection
from the development of hypoxia (Figure 5).

Analysis of BAL fluid obtained 8 min after bicuculline in-

jection revealed that phosphoramidon pretreatment
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Figure 5 Blood gas parameters before and 8 min after i.v. injection
of bicuculline (1.2 mg kg™') in rats pretreated either with vehicle
(open columns) or phosphoramidon (5.4 mg kg™, hatched columns)
for 5 min before injection of bicuculline. Each column represents the
mean +s.e.mean of 7 experiments. (*P<0.05 and **P <0.001 versus
values at 0 min).
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Figure 6 Effects of pretreatment with phosphoramidon (54mg
kg’!, i.v.)) for 5min on the levels of big ET-1 and ET-1 in the
bronchoalveolar lavage (BAL) at 8 min after intravenous injection of
bicuculline (1.2 mg kg™', hatched columns) as compared to rats
pretreated with vehicle (open columns). Each column represents the
mean+s.e.mean of 7 experiments. (*P<0.05 versus vehicle-treated
animals).

(5.4 mg kg', i.v.) did not significantly affect the levels of big
ET-1 (n=7). In contrast, however, the level of ET-1 was sig-
nificantly reduced (P <0.05) by 65.4+9.9% (n="7) (Figure 6)
in phosphoramidon-treated animals.

Effects of BQ-123 pretreatment

In order to gain some evidence for the type of ET receptor that
might be involved in the development of the neurogenic pul-
monary oedema in this model, we performed further experi-
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Figure 7 Effects of pretreatment with the endothelin ET, receptor
antagonist, BQ-123 (1 mg kg, @), on (a) mean arterial blood
pressure (MABP) and (b) end-lnsplratory airway pressure (P,,) as
compared to vehicle-treated rats (H). BQ-123 (1 mgkg™') was
injected intravenously 5 min before injection of bicuculline
(1.2 mg kg™"). The values are meanst+s.emean of 6 to 11
experiments. (*P <0.05 and **P <0.02 versus vehicle-treated control
animals).
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Figure 8 Blood gas parameters before and 8 min after intravenous
injection of bicuculline (1.2 mg kg™) in rats pretreated either with
vehicle (open columns) or BQ-123 (1 mg kg™, i.v., hatched columns)
for 5 min before bicuculline injection. Each oolumn represents the
mean+s.e.mean of 6 to 11 experiments. (*P<0.05 and **P <0.001
versus values at 0 min).
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ments with the ET, receptor antagonist, BQ-123. Pretreatment
with BQ-123 at 1 mg kg™, i.v. had no significant effect on the
ECoG (data not shown). However, during the first few min
after bicuculline injection, pretreatment with BQ-123 (1 mgkg™)
appeared to lower MABP. This effect became significant
(P<0.05) at 3 min after bicuculline injection (Figure 7). Pre-
treatment with BQ-123 significantly (P <0.05) decreased the
rise in P,,, starting from 3 min after bicuculline injection when
compared to untreated rats. This inhibitory effect lasted
throughout the observation period of 8 min. The maximum
increase of P,,, was lowered to 48.7+12.8% (n=6, P <0.02) of
that seen in vehicle-treated control animals (n=11) (Figure 7).

As with phosphoramidon pretreatment, injection of BQ-123
(1 mg kg™, i.v.) 5 min before bicuculline completely prevented
the hypercapnia (n=6) observed at 8 min in control animals
(n=11) (Figure 8). In addition, the significant decline
(P<0.001) in P,0, which amounted to 7.43+0.65 kPa (n=11)
in vehicle-treated control rats was significantly (P <0.02)
ameliorated to 2.45+2.15 kPa (n=6) after BQ-123 pretreat-
ment, indicating that BQ-123 provided protection from the
development of hypoxia (Figure 8).

When BAL fluid from rats pretreated with BQ-123
(1 mg kg™") was analysed for ET, the amounts of both big
ET-1 and ET-1 were similar to those detected in vehicle-treated
control animals (Figure 9).

Discussion

We have previously observed that development of the oleic
acid-induced respiratory distress syndrome in conscious rats
was accompanied by generation of ET. Immunoreactive ET
could be recovered from both plasma as well as BAL fluid of
rats injected with oleic acid (Simmet et al., 1992). It was par-
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Figure 9 Effect of pretreatment with BQ-123 (I mg kg™, i.v.) for
5 min on the levels of rat big endothelin-1 (big ET-1) and endothelin-
1 (ET-1) in the bronchoalveolar lavage (BAL) at 8 min after
intravenous injection of bicuculline (1.2 mg kg™!, hatched columns)
as compared to rats pretreated with vehicle (open columns). Each
column represents the mean+s.e.mean of 6 to 11 experiments.

ticularly intriguing that the maximum changes in P,0, and
P,C0,, as indicators of the pulmonary oedema, was apparently
preceded by a maximum release of immunoreactive ET into
the BAL fluid (Simmet et al., 1992). In light of these findings
and the well-known biological effects of ET (Filep, 1993;
Haynes & Webb, 1993) it seemed conceivable that ET might
contribute to the pathophysiological changes during pulmon-
ary oedema. However, the long latency phase of 2—3 h for full
expression of pulmonary oedema, severely hampered the use of
ET receptor antagonists or endothelin-converting enzyme in-
hibitors in investigations with this model. We now took ad-
vantage of the bicuculline-induced neurogenic pulmonary
oedema in rats (Kreisman et al., 1987), because its rapid de-
velopment permits pharmacological modulation and analysis
of ET generation.

Our data show that in this type of experimental pulmonary
oedema, there is also release of ET-1 and big ET-1 into BAL
fluid similar to that in the oleic acid model (Simmet et al.,
1992). That ETs are being released in two different experi-
mental models of pulmonary oedema further supports the
notion that these peptides might play a pathophysiological role
in pulmonary oedemas. Indeed, it has recently been reported
that patients with early acute lung injury and adult respiratory
distress (ARDS) have increases in circulating ET-1 plasma
levels (Druml et al., 1993; Langleben et al., 1993). These in-
creases are in the low pg ml™ plasma range and are apparently
due to both pulmonary release of ET-1 and an abnormally
decreased pulmonary ET-1 metabolism (Druml et al., 1993;
Langleben et al., 1993). Similar to ET generation associated
with the pulmonary oedema in rats, in patients the endothelin
plasma levels are apparently unrelated to the specific cause of
respiratory distress (Langleben et al., 1993).

Based on our previous observation of elevated plasma levels
of immunoreactive ET in oleic acid-injected rats, we also in-
tended to determine the plasma levels of ET isopeptides in our
model of neurogenic pulmonary. oedema. However, in rats
with neurogenic pulmonary oedema we could not detect any
consistent elevation of ET plasma levels (data not shown). The
different time course of oedema development might account
for this discrepancy. Although ET mRNA has been identified
in various compartments of the rat lung (MacCumber et al.,
1989), so far we do not know the cellular origin of ET gener-
ated in connection with oedema development. Considering the
large amounts of ET in the BAL fluid from oleic acid-injected
rats compared to those in plasma, one could speculate that the
rapid onset of the neurogenic pulmonary oedema might not
leave enough time for ET to reach the systemic circulation in
detectable quantities. On the other hand, in the oleic acid
model, ET levels peaked in BAL fluid at 2 h. This roughly
coincided with the development of pulmonary oedema, as
judged from the concurrent blood gas changes (Simmet e? al.,
1992). By contrast, peak plasma levels of ET were observed
rather early, at 45 min (Simmet et al., 1992). ET plasma levels
could therefore represent an endothelial response to injury
upon intravenous oleic acid injection (Derks & Jacobovitz-
Derks, 1977).

Increases in ET plasma levels in ARDS patients have been
associated with a worsening of the clinical condition and si-
milarly a decrease was associated with an improvement (Lan-
gleben et al., 1993). This does not exclude a response to injury
reaction and no causal relationship between ET generation and
the pathophysiological changes in ARDS has so far been es-
tablished. Indeed, the decreased metabolic clearing function of
the lung for ET in ARDS patients (Druml et al., 1993; Lan-
gleben et al., 1993) is rather supportive of the response to
injury hypothesis. Obviously, it is of utmost importance to
answer the key question, whether ET are markers or mediators
of respiratory distress. Our experiments for the first time
provide conclusive eivdence that, at least in our model of
neurogenic pulmonary oedema, ET actively participate in the
pathophysiological changes related to pulmonary oedema as
reflected by the blood gas changes.

First, we used phosphoramidon, a metalloprotease in-
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hibitor, known to inhibit the neutral endopeptidase-like, en-
dothelin-converting enzyme in a dose which causes substantial
inhibition of the pressor effects of big ET-1 in rats (Fukuroda
et al., 1990; Matsumura et al., 1990; Gardiner et al., 1991;
Pollock & Opgenorth, 1991). Although rat lung may contain
an aspartic protease-like endothelin-converting enzyme (Wu-
Wong et al., 1990) as well, it was shown to contain a phos-
phoramidon-sensitive endothelin-converting enzyme (Takaoka
et al., 1991; Gui et al., 1993; Télémaque et al., 1993; Hisaki et
al., 1994). This enzyme has recently been purified to homo-
geneity (Takahashi ez al., 1993). Consistent with these reports,
we observed a 65% reduction of ET-1 in BAL fluid after
phosphoramidon pretreatment. Phosphoramidon is also an
inhibitor of neutral endopeptidase 24.11 (Hudgin et al., 1981;
Mumford et al., 1981), which may contribute to the degrada-
tion of ET (Vijayaraghavan et al., 1990; Abassi et al., 1992).
Therefore, the possibility cannot be excluded that in our ex-
periments phosphoramidon pretreatment had a dual effect,
inhibiting generation as well as degradation of ET at the same
time. Nevertheless, the net effect of this compound was a re-
duction of ET-1 in BAL fluid which was accompanied by a
complete blockade of hypercapnia. Moreover, the severe hy-
poxia observed in controls was not detected after phosphor-
amidon pretreatment. These improvements of blood gas
parameters reflect a significant reduction of the pulmonary
oedema, which in untreated animals severely hampered pul-
monary gas exchange.

Since by inhibition of neutral endopeptidase, phosphor-
amidon may have effects other than inhibition of the trans-
formation of big ET-1 or degradation of ET-1, in our second
approach we used the ET, receptor antagonist, BQ-123, in a
dose which effectively inhibits ET, receptor-mediated re-
sponses in rats in vivo (Thara et al., 1992; Bigaud & Pelton,
1992; Douglas et al., 1992; Filep et al., 1992; Bonvallet et al.,
1993; McMurdo et al., 1993). Rat lung has been shown to
possess mRNA for both ET, and ETj receptors, throughout
the lung parenchyma (Filep, 1993; Hay et al., 1993). Porcine
bronchi and pulmonary blood vessels are rich in ET, re-
ceptors, but lung parenchyma is rich in ETp receptors (Na-
kamichi et al.,, 1992). In rat lungs, ETp receptors, similarly
located in lung parenchyma (Durham et al., 1993), are ap-
parently involved in the clearance of circulating ET-1 (Fu-
kuroda et al., 1994a). In contrast, ET, receptors seem to
mediate the ET-1-induced vasoconstriction in the rat pul-
monary circulation, but also prostacyclin biosynthesis (D’Or-
léans-Juste et al., 1992; Bonvallet et al., 1993). In addition,
ET4 receptors appear to play a role in the development of
hypoxic pulmonary hypertension in rats (Bonvallet et al.,
1994). Thus, this type of ET receptor is seemingly connected to
pathophysiologically relevant pulmonary reactions. This con-
cept is further supported by our findings that the ET4 receptor
antagonist, BQ-123, brings about the same beneficial effects as
phosphoramidon, namely blockade of hypercapnia combined
with a significant inhibition of hypoxia. The effects of BQ-123
provide an important piece of evidence for the pathophysio-
logical relevance of ET in our model. Thus, we can demon-
strate that two chemically distinct compounds, with different
mechanisms of action, produce the same net result in this
model, i.e. the reduction of the pulmonary oedema, as shown
by the blood gas data. We therefore conclude that in this
model, ET are actively involved in the genesis of pulmonary
oedema.
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D-Cycloserine transport in human intestinal epithelial (Caco- 2) cells:
mediation by a H ™ -coupled amino acid transporter

David T. Thwaites, Gillian Armstrong, Barry H. Hirst & 'Nicholas L. Simmons

Gastrointestinal Drug Delivery Research Centre, Department of Physiological Sciences, University of Newcastle upon Tyne,

Medical School, Newcastle upon Tyne, NE2 4HH

1 The ability of D-cycloserine to act as a substrate for H* /amino acid symport has been tested in
epithelial layers of Caco-2 human intestinal cells.

2 In Na”-free media with the apical bathing media held at pH 6.0, D-cycloserine (20 mM) is an effective
inhibitor of net transepithelial transport (Jn..) of L-alanine (100 uM) and its accumulation (across the
apical membrane) in a similar manner to amino acid substrates (L-alanine, f-alanine, L-proline and
glycine). In contrast L-valine was ineffective as an inhibitor for H* /amino acid symport. Both inhibition
of L-alanine J,., and its accumulation by D-cycloserine were dose-dependent, maximal inhibition being
achieved by 5—10 mMm.

3 Both D-cycloserine and known substrates for H* /amino acid symport stimulated an inward short
circuit current (I,;) when voltage-clamped monolayers of Caco-2 epithelia, mounted in Ussing chambers,
were exposed to apical substrate in Na™-free media, with apical pH held at 6.0. The D-cycloserine
dependent increase in I, was dose-dependent with an apparent K,,=15.84+2.0 (mean+s.e.mean) mM,
and V,,=373+21 nmol cm2 h..

4 D-Cycloserine (20 mM) induced a prompt acidification of Caco-2 cell cytosol when superfused at the
apical surface in both Na* and Na*-free conditions. Cytosolic acidification in response to D-cycloserine
was dependent upon superfusate pH, being attenuated at pH 8 and enhanced in acidic media.

5 The increment in /. with 20 mM D-cycloserine was non-additive with other amino acid substrates for

H™*/amino acid symport.

Keywords: Proton-coupled transport; amino acid; D-cycloserine; intracellular pH; intestine; epithelium; Caco-2 cells

Introduction

D-Cycloserine is an oral antibiotic used in combination therapy
against mycobacterium tuberculosis resistant to isoniazid/ri-
fampicin (Weltman & Rose, 1994). Since D-cycloserine may
also enhance activation of the N-methyl-D-aspartate-coupled
glycine receptor there is considerable interest in D-cycloserine
as a potential therapeutic agent in age-associated memory
impairment and Alzheimer’s disease (Lanthorn, 1994; Quar-
termain et al., 1994). Recently, Ranaldi et al. (1994) have
shown that D-cycloserine is subject to net absorptive transport
across monolayers of the human intestinal epithelial cell line
Caco-2. Net transport in the apical to basal direction was sa-
turable with a K, of 4.2 mM, and subject to competitive in-
hibition by a variety of amino acids including L-alanine, D-
alanine, f-alanine, and a-aminoisobutyric acid. Absorptive
transport was also stimulated by acidic apical media and was
largely independent of bathing medium Na*.

Recently we have characterized a H* /amino acid symport
in Caco-2 cells (Thwaites et al., 1993b,c; 1994b). Proton
coupling was directly established by measuring pH-dependent
acceleration of net transport and acidification of the cytosol
during superfusion of the apical medium with amino acids in
Na*-free media. Additionally, since amino acids such as -
alanine are predominantly zwitterionic at the pH of the
superfusion media used, we predicted that H /substrate co-
transport should be associated with an inward short-circuit
current in voltage-clamped monolayers of Caco-2 cells
(Thwaites et al., 1993b,c; 1994b). Indeed those amino acids
subject to H* symport did generate an inward I, which was
stoichiometrically related to substrate transport (Thwaites et
al., 1994b).

The possibility that the oral bioavailability of D-cycloserine
resulted from interaction with an endogenous transport path-

! Author for correspondence.

way for amino acids linked to the transmembrane proton
gradient has been investigated in the present paper by mea-
surement of inhibition of proton-simulated L-alanine transport
(Thwaites et al., 1994b), by intracellular acidification after
superfusion of the apical surface with D-cycloserine-containing
media and by the rheogenic nature of this transport in Na™*-
free media with the apical media held at acidic pH to optimize
H™ /symport activity (Thwaites et al., 1994b). We conclude
that D-cycloserine is indeed a substrate for the H*-coupled
amino acid transporter expressed in the apical membrane of
Caco-2 human intestinal cells.

Methods

Cell culture

Caco-2 cells (passage number 95-114) were cultured in
DMEM (with 4.5 g I glucose), with 1% non-essential amino
acids, 2 mM L-glutamine, 10% (v/v) foetal calf serum and
gentamicin (60 ug mlI™"). Cell monolayers were prepared by
seeding at high density (4.4-5.0 x 10° cells cm™) onto tissue
culture inserts [Transwell polycarbonate filters (Costar)]. Cell
monolayers were maintained at 37°C in a humidified atmo-
sphere of 5% CO, in air. Cell confluence was estimated by
microscopy and determination of transepithelial electrical re-
sistance (Ry), measured at 37°C.

Transport experiments

Transport experiments were performed at least 16 days after
seeding and 18-24 h after feeding. Transepithelial flux mea-
surements were performed as described previously (Thwaites et
al., 1993a; 1994a). Briefly, the cell monolayers (24.5 mm in
diameter) were washed by sequential transfer through 4
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beakers containing 500 ml of modified Na*-free Krebs buffer
(all mM): choline Cl 137, KCl 5.4, CaCl, 2.8, MgSO, 1.0,
KH,PO, 0.3, glucose 10, HEPES/Tris 10 (pH 7.4, 37°C) and
placed in 6-well plates, each well containing 2 ml of modified
Krebs buffer. Na*-free Krebs buffer (pH 7.4) (2 ml) was
placed in the upper filter cup (apical solution) and the filters
were incubated for 10 min at 37°C. The apical/basal solutions
were then changed for experimental solutions containing
radioisotope. The apical solution was held at pH 6.0 (prepared
by replacement of 10 mM HEPES with 10 mM MES and ad-
justment to the required pH using Tris base). Radiolabelled
[*HJ-or [“C]-L-alanine (0.5 uCi ml”}; total concentration
100 uM) containing solutions were added to the apical and
basal chamber, respectively. In experiments involving high
(20 mM) concentrations of substrates, iso-molarity was main-
tained by addition of mannitol to control samples. Fluxes in
the absorptive (apical-to-basal, J,.,) and secretory (basal-to-
apical, Jp,) directions were determined for 1 h and are ex-
pressed as pmol cm™ h™!. Net flux Jo.. =Ja.s—Jue. At the end of
the incubation period cell monolayers were washed by se-
quential transfer through 4 beakers containing 500 ml volumes
of Na*-free Krebs buffer (pH 7.4) at 4°C_to remove any
loosely-associated radiolabel, and removed from the insert.
Cell monolayer-associated radiolabel was determined by scin-
tillation counting. Cellular accumulation of L-alanine is ex-
pressed as uM or as a cell to medium ratio (C/M). Cell height
was determined by confocal microscopy and this value was
used in the determination of intracellular volume.

Electrophysiological determinations

Measurements of short-circuit current (/) were made essen-
tially as described previously (Thwaites et al., 1993b,d). Cul-
tured epithelial layers [on 12 mm diameter Snapwell (Costar)
polycarbonate filters] were mounted in Ussing type chambers
(Precision Instrument Design) maintained at 37°C, connected
to an automatic voltage current clamp (WPI DVC 1000) via
KCl/agar salt-bridges and reversible electrodes (Ag/AgCl for
current passage, calomel for voltage sensing). Measurements
of open-circuit electrical p.d., transepithelial resistance and
short-circuit current (Z,) were made in modified and Na*-free
Krebs solutions (see above). The chemical flux equivalent of
the I, (I,.=JzF, where J is the chemical flux, z the valence and
F the Faraday constant) is 1 uA cm™2=36 nmol cm2h™! for a
monovalent ion.

Intracellular pH measurements

For intracellular pH (pH;) measurements (Thwaites et al.,
1993a,b), Caco-2 cells grown to confluence (15 days after
seeding) on 12 mm diameter Transwell polycarbonate filters
(Costar) were loaded by incubation with BCECF-AM (5 uM),
in both apical and basal chambers, for 40 min at 37°C. After
loading, the inserts were placed in a 24 mm diameter perfusion
chamber mounted on the stage of an inverted fluorescence
microscope (Nikon Diaphot). Perfusion of the apical and ba-
solateral chambers was accomplished by a compressed air-
driven system (flow rate 5 ml min™!, at 37°C). Media were ei-
ther Na*-containing Krebs (choline Cl replaced by NaCl see
above) or Na™*-free where stated. Medium was pH 8.0 or 7.4
(TRIS/HEPES), or pH 7.0 to pH 5.0 (MES 10 mM adjusted
with Tris). Intracellular H* concentration was quantified by
fluorescence (excitation at 440/490 nm and emission at 520 nm)
from a small group of cells (5—10) using a photon counting
system (Newcastle Photometric Systems). Intracellular BCECF
fluorescence was converted to pH; by comparison with values
from an intracellular calibration curve using nigericin (10 uM)
and high K* solutions (Thwaites et al., 1994a). The initial rate
of change (0-30 s) of pH; (ApH; min™") following exposure to
D-cycloserine was calculated by linear regression using Photon
Counter System 4.7 (Newcastle Photometric Systems).

Materials

Cell culture media, supplements and plastic were supplied by
Life Technologies. All other chemicals were from Sigma or
Merck.

Statistics

Results are expressed as mean +s.e.mean (n). Statistical ana-
lyses was performed by one-way analysis of variance
(ANOVA) using Dunnett’s multiple comparison test to com-
pare mean values. Constants for Michaelis-Menten kinetics
were calculated by non-linear regression with the method of
least-squares (FIG-P, Biosoft).

Results

L-Alanine transport in Na™*-free media can be energized via a
proton gradient across the apical membrane of intact Caco-2
intestinal epithelial layers (Thwaites et al., 1994b). With the
apical medium held at pH 6.0, apical to basal (J,.,) L-alanine
transport (8.2+0.6 (meand+s.e.mean) nmol cm2 h!, n=6)

Net L-alanine transport (nmol em2h™)

| | | J
0 5 10 15 20

p-Cycloserine concentration [mm]

Intracellular L-alanine concentration (um)

Figure 1 Concentration-dependence of inhibition of net L-alanine
transport (J,;) and cellular accumulation of L-alanine by D-
cycloserine in Caco-2 intestinal epithelial la‘yers. L-Alanine transport
and accumulation was determined using [**C}-L-alanine and [*H}-L-
alanine as described in Methods. Caco-2 epithelia were incubated in
Na™*-free media in which the apical solution was held at pH 6.0 and
the basal bathing medium pH 7.4. D-Cycloserine was present in both
bathing media at the concentrations indicated. L-Alanine was present
in both bathing media at 100 uM. (a) Inhibition of J,; (b) inhibition
of L-alanine accumulation across apical (Q) or basal (O) cell
borders. Data are expressed as the meanzs.e.mean of 3/4 separate
layers.
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exceeds basal to apical (J,.) L-alanine transport
(4.1£0.6 nmol cm™ h™, n=6) and a significant net absorption
et =JaJ.a=3.9£0.2 nmol cm™ h™!, n=6, paired determi-
nations) is observed (Figure la, see also Table 1). In addition
L-alanine accumulates across the apical membrane above
medium values, a cell/medium ratio of 3.0+0.1 (n=6) being
observed (Figure 1b). No such L-alanine accumulation is de-
tected at the basal membrane (C/M ratio=1.14+0.1, n=6,
Figure 1b). Table 1 shows that a number of amino acids (all
present at 20 mM in both apical and basal bathing media) will
inhibit the proton-driven net L-alanine transport (J,.) and
cellular accumulation at the apical membrane; L-alanine, f-
alanine, L-proline and glycine are all effective. In contrast L-
valine is ineffective (Table 1). This is in agreement with the
partial specificity of this transporter as described previously
(Thwaites et al., 1993b,c; 1994b). D-Cycloserine (20 mM) is an
effective inhibitor both of L-alanine net transport (J,.) and
cellular accumulation (Table 1, Figure 1), consistent with its
transport by the H* /coupled amino acid transporter. In ad-
dition to inhibition of apical L-alanine accumulation, 20 mM
D-cycloserine also inhibits equilibration of L-alanine at the
basal membrane (from a C/M ratio of 1.04+0.01 (n=6) to
0.514+0.03 (n=6), P<0.05). At 20 mM, D-serine is a more
effective inhibitor of L-alanine net transport and apical accu-
mulation than is L-serine (Table 1). Inhibition of basal accu-
mulation of L-alanine by 20 mM D-serine and L-serine was not
significantly reduced (C/M ratio 0.74+0.06 (n=4) and
0.75+0.08 (n=38), respectively).

The inhibition of L-alanine J,. and accumulation across the
apical membrane by D-cycloserine is dose-dependent (Figure
1). Half maximal inhibition of net alanine transport was ob-
served at 1.240.45 mM D-cycloserine, whilst half-maximal
inhibition of apical accumulation of L-alanine was observed at
2.5+ 1.0 mM D-cycloserine. This value compares to half-max-
imal saturation of D-cycloserine transport in Caco-2 epithelia
of 4.2 mM observed by Ranaldi et al. (1994).

Substrate-induced H* -flow may be monitored by substrate-
induced cytosolic acidification (Thwaites et al., 1993b,c;
1994b). Figures 2 -4 demonstrate that apical superfusion of D-
cycloserine causes marked intracellular acidification which is
reversed upon removal of the substrate. The effect of D-cy-
closerine (5 mM) at the basolateral surface is not as marked as
at the apical surface (Figure 2). The initial rate (30 s) of in-
tracellular acidification with D-cycloserine (20 mM) at pH 6.0
was 0.48+0.08 pH units min~' (n=4). The response to D-cy-
closerine (20 mM) is unaffected by Na™ removal (Figure 3). In
Na™-free media the initial rate of cytosolic acidification with
apical D-cycloserine at pH 6.0 was 0.59+0.10 pH units min™
(n=28). Figure 4 shows that intracellular acidification upon D-
cycloserine superfusion is dependent upon medium pH, the

extent of intracellular acidification being more marked as
apical media are made progressively more acidic. A similar
pattern of response is observed for L-proline (Figure 4b). These
observations of D-cycloserine-induced acidification are con-
sistent with H™ /D-cycloserine cotransport. Recovery of in-
tracellular pH after an acid load (Figure 3) is dependent upon
Na™* in the apical medium.

Substrate-induced H*-flow may also be monitored by
substrate induced I, in Na*-free media (Thwaites et al., 1993d;
1994b), where the apical pH is held at pH 6.0. Table 1 shows
that those amino acids capable of H™ /symport induce an in-
ward I under these conditions (L-alanine, f-alanine, L-proline
and glycine are all effective in stimulating an inward I.). In
contrast L-valine is ineffective. There is thus concordance be-
tween the ability to inhibit L-alanine J,,, apical accumulation
and stimulate inward /.. This correlation extends to D-cyclo-
serine and D-serine. L-Serine is a relatively poor substrate (see
above). Figure 5 shows that the ability of D-cycloserine to
stimulate inward I is dose-dependent; half-maximal satura-
tion of the increase in I is observed at 15.8+2.0 mM. The
maximal transport rate from the increment in I, is
373.7+20.8 nmol cm™ h™}; this compares to 21 nmol mg™
protein reported by Ranaldi ez al. (1994) and to a maximal rate
of p-alanine transport (from measurements of I.) of
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Figure 2 Intracellular pH measured in BCECF-loaded Caco-2 cell
monolayers. The effect on intracellular pH of exposure to D-
cycloserine (5mM) (solid bars) at the apical surface (a) (superfused
with Na* -containing Krebs at pH 7.0) and the basolateral surface (b)
(superfused with Na*-containing Krebs at pH 7.0).

Table 1 Inhibition of L-alanine net transport, cellular accumulation (across the apical membrane) and stimulation of rheogenic I, by

amino acids and by D-cycloserine (all 20 mm)

J net
(nmol cm™ h™")

Control 4.1+0.5 (10)
L-Alanine 0.8+0.2 (4)*
D-Serine 0.4+0.4 (4)*
L-Serine 2.1+£0.2 (8)*
D-Cycloserine -0.2+0.1 (4)*
B-Alanine 1.0+£0.2 (4)*
L-Proline 0.8+0.2 (4)*
AIB 1.5+0.3 (3)*
Glycine 0.9+0.2 3)*
L-Valine 3.1£0.2 (4™

Apical
accumulation I,

(um) (uA cm™?)
335£9 (10) -
208+4 (4)* 4.0+0.5 (3)
150+8 (4)* 43+0.5 (10)
324+7 (8)™ 0.9+0.2 (10)

90+8 (4)* 10.6 1.5 (6)
237+15 (4)* 10.1+£1.1 (7)
191+6 (4)* 52+1.5(4)
249+15 (3)* 1.9+0.1 (5)
258+4 (3)* 4.8+1.0 (6)
406+ 12 (4)* 0.1+£0.1 (5™

Caco-2 epithelia were bathed in Na*-free choline media with the apical medium pH held at pH 6.0 and basal bathing medium held at
pH 7.4. For determination of net flux (Jner), and cellular accumulation from the apical medium, L-alanine was at 100 M. Numbers of
separate determinations on individual epithelial layers are shown in parentheses. Data are the meanzs.e.mean. AIB=a-

aminoisobutyric acid.

NS: not significantly different from control data or zero (Isc). *P <0.01 versus control data.
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Figure 3 D-Cycloserine (20mM) causes intracellular acidification in
the absence of extraceullar Na*. The Caco-2 cell monolayer was
initially superfused with Na*-containing solutions (pH 7.4) across
both apical (upper open bar) and basolateral (lower open bar)
surfaces. Both epithelial surfaces were then superfused with a Na*-
free Krebs (pH7.4). The pH of the apical superfusate was then
reduced to pH6.0 (Na*-free) and D-cycloserine (solid bar) added.
After removal of D-cycloserine, recovery of intracellular pH was
relatively slow on reintroduction of Na™ to the basal superfusate
(lower open bar) but was more rapid after reintroduction of Na™* at
the apical surface (upper open bar).

215 nmol cm™2 h™! (Thwaites et al., 1993b) and for L-alanine of
270 nmol cm™2 h™! (Thwaites et al., 1994b). If D-cycloserine
transport is via the H* /amino acid symport alone then se-
quential addition of substrate amino acids and D-cycloserine
should give rise to non-additive actions on inwards I,.. Figure 6
compares the response of I to 20 mM f-alanine superfusion at
the apical membrane followed by 20 mM D-cycloserine to-
gether with further additions of f-alanine and glycine. It is
apparent that the response to f-alanine (and glycine) in the
presence of D-cycloserine is markedly reduced or abolished.
Thus D-cycloserine must share the H™ /amino acid transporter
at the apical membrane of Caco-2 epithelia.

Discussion

The gastrointestinal epithelium presents the major rate-limit-
ing factor in the absorption of many hydrophilic compounds
of pharmaceutical interest. Surprisingly high levels of oral
bioavailability are observed with peptide-like drugs (Hum-
phrey, 1986, Humphrey & Ringrose, 1986). Some f-lactam
antibiotics (cefadroxil and cephalexin) and angiotensin con-
verting enzyme (ACE) inhibitors (enalapril maleate and cap-
tropril) are now known to be effective substrates for the H /di-
tripeptide transporter present in the apical membrane of in-
testinal enterocytes (Fei et al., 1994; Boll et al., 1994; Thwaites
et al., 1994a). Conversely, cefazolin and lisinopril, which are
poor substrates, have poor oral bioavailability (Boll et al.,
1994; Thwaites et al., 1994a; 1995a). The H™/di-tripeptide
transporter (PepT1) has recently been cloned and sequenced
(Fei et al., 1994; Boll et al., 1994). The specificity of PepT1
expressed in Xenopus laevis oocytes is essentially identical to
that observed for human intestinal Caco-2 epithelial cells
(Thwaites et al., 1994a). Thus there is precedent for en-
dogenous transporters (whose physiological function is sub-
strate absorption from the gastrointestinal tract) acting as
specific portals for drug entry from oral dosage forms.

This work has tested the hypothesis that D-cycloserine is a
substrate for the previously described H* /amino acid symport
present in the apical membranes of Caco-2 epithelial cells.
Measurements of acid-stimulated amino acid flux in Na*-free
choline media, amino acid inhibition of substrate flux, amino
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Figure 4 Dependence of D-cycloserine-stimulated cytosolic acidifica-
tion upon medium pH. (a) D-Cycloserine (20mm) (solid bars) was
superfused at the apical surface (upper open bar) in Na*-Krebs at
pH8.0, 7.0 and 5.0. (b) Comparison of D-cycloserine (20 mm)-
dependent acidification (solid bars) with that caused by L-proline
(20 mM) (stippled bars) in Na*-Krebs at pH 7.4 and 6.0 (upper open
bar). Basolateral perfusate composition is indicated in the lower open
bar.
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Figure 5 Concentration-dependence of D-cycloserine stimulation of
inward short-circuit current (/) in voltage-clamped Caco-2 epithelial
layers mounted in Ussing chambers. Incubations were in Na™-free
media in which the apical pH was held at pH6.0 and the basal
bathing medium pH 7.4. Data are the meant+s.e. of 3—5 separate
layers. Solid line is the Michaelis-Menten fit of the data,
Kn=15.842.0 (s.e.mean) mM, Vo =373+21 nmolecm>2h".
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Figure 6 Comparison of response of inward I, to amino acids
(20mM) and to D-cycloserine (20mMm). Note that PB-alanine and
glycine do not give additive responses after D-cycloserine. Stars
denote washout of added substrates. Representative trace.

acid-dependent intracellular acidification and measurement of
amino acid increments in inward I, have indicated that gly-
cine, proline, hydroxyproline, sarcosine, betaine, taurine, -
alanine, a-aminoisobutyric acid (AIB), a-methylaminoisobu-
tyric acid (MeAIB), y-amino-n-butyric acid (GABA) and L-
alanine are all substrates for pH-dependent transport in the
brush-border of Caco-2 cells (Thwaites et al., 1993b,c; 1994b;
1995b; unpublished observations). Both D-serine and D-alanine
were also substrates (unpublished observations). In contrast
leucine, isoleucine, valine, phenylalanine, methionine, threo-
nine, cysteine, asparagine, glutamine, histidine, arginine,
lysine, glutamate and D-aspartate were not effective substrates
(Thwaites et al., 1993b,c; 1994b; 1995; unpublished observa-
tions). Many of the amino acid substrates (including proline,
B-alanine, taurine, sarcosine and GABA) accessing the H*-
coupled carrier in this human intestinal epithelium are also
transported via the Na*-dependent (Cl-independent) Imino
carrier characterized in rat small intestine (Munck et al., 1994).
Also the rat Imino carrier and the Caco-2 H*-coupled trans-
porter both show preference for the D- rather than L-form of
serine. The main difference in transport via these two trans-
porters is that L-alanine is transported in Caco-2 cells
(Thwaites et al., 1994b) but is not transported by the rat Imino
carrier (Munck et al., 1994).

The present data have used inhibition of acid-stimulated
L-alanine transport and accumulation in Na™-free media, to-
gether with acidification of intracellular pH and stimulation of
inward I, as measures of H* /amino acid symport. The stoi-
chiometry of the cotransport was 1:1 for H*/L-alanine co-
transport (Thwaites et al., 1994b). The rheogenic nature of the
H*-coupled dipeptide transport has been established in intes-
tine (Ganapathy & Leibach, 1985), in oocytes where the cloned
transporter (PepT1) has been expressed (Fei et al., 1994), and
in Caco-2 epithelia (Thwaites et al., 1993d). For H* /amino
acid cotransport an analogous situation exists and amino acid
substrates stimulate an inward I,. whose magnitude is entirely
consistent with a 1:1 stoichiometry for H*/amino acid co-
transport. This suggests that measurements of substrate-sti-
mulated I, can be used to characterize a candidate substrate.
The present data show that D-cycloserine is capable of strong
inhibition of both L-alanine transport and accumulation in
Na*-free media and of stimulation of an inward I similar to
that observed with other amino acid substrates and derivatives.
That D-cycloserine is a zwitterion at the pH values used in this

study (Ranaldi et al., 1994) indicates that the most likely ex-
planation of the rheogenicity of D-cycloserine transport is
proton/D-cycloserine symport. This is confirmed by the
marked intracellular acidification observed with D-cycloserine
upon superfusion of the apical surface. The Na*-independence
of the intracellular acidification with D-cycloserine sub-
stantiates the finding of Ranaldi ez al. (1994) that D-cycloserine
net transport is only slightly reduced in Na*-free media. That
B-alanine and glycine give non-additive responses to inward I,
when added in conjunction is compelling evidence that these
amino acids share a common H* /amino acid transporter.

Competition studies of D-cycloserine absorption in Caco-2
epithelia (Ranaldi et al., 1994) are in broad agreement with the
present data; those amino acids capable of competitive in-
hibition include L-alanine, fB-alanine, D-alanine, L-proline,
hydroxy-L-proline and a-aminoisobutyric acid. Those amino
acids not capable of inhibition of D-cycloserine absorption
included leucine, isoleucine, valine, phenylalanine, methionine,
asparagine, glutamine, histidine, arginine, lysine, glutamate
and D-aspartate. Those amino acids where there is inhibition
of D-cycloserine absorption but which are not substrates for
H™* /amino acid symport are threonine and cysteine (Ranaldi et
al., 1994). Thus in broad terms there is good agreement that D-
cycloserine absorption is mediated via the H*/amino acid
transporter expressed in the apical membrane of intestinal
Caco-2 cells.

In order to achieve transepithelial absorption, D-cycloserine
must exit across the basolateral membrane into the basal
medium. In intestinal enterocytes exit of amino acids across
the basolateral membrane may occur by simple diffusion. In
addition the Na*-dependent systems A and ASC and the Na*-
independent systems L and asc contribute to amino acid
transport across the basolateral membrane (Barker & Ellory,
1990; Lash & Jones, 1984; Stevens et al., 1984). In Caco-2
epithelia equilibration of glycine across the basolateral mem-
brane in Na*-free conditions is inhibited by glycine L-alanine,
proline, AIB, leucine, valine, serine, phenylalanine, methio-
nine, threonine, isoleucine, cysteine, glutamine, asparagine and
histidine (D.T. Thwaites, unpublished). These are all substrates
for the Na*-independent systems L and/or asc (Shotwell ez al.,
1981; Lash & Jones, 1984; Barker & Ellory, 1990) so that this
suggests that systems L and asc co-exist at the basolateral
membrane of Caco-2 cells. The inhibition of accumulation of
L-alanine by D-cycloserine in Na*-free media suggests that D-
cycloserine exit is mediated in part by systems L and/or asc. In
contrast to amino acids D-cycloserine causes a small in-
tracellular acidification at the basal-lateral surface. This is si-
milar to that seen with cephalexin at the basolateral surface
(Thwaites et al., 1993a) suggesting alternate pathways for D-
cycloserine transport at the basolateral membrane. It is pos-
sible that inhibitory effects of amino acids on D-cycloserine
absorption may be due to inhibition at the basolateral mem-
brane, thus explaining the differences observed between the
specificity of H™ /amino acid transport and inhibition of D-
cycloserine transport.

Under physiological conditions the existence of an acidic
microclimate adjacent to the absorptive epithelium will be
important for H*-coupled solute absorption (Lucas et al.,
1975; McEwan et al., 1988). Whether pathophysiological
change in microclimate acidity alters nutrient absorptive ca-
pacity remains to be determined. D-Cycloserine absorption is
thus an additional example of oral bioavailability being de-
pendent upon intrinsic transport mechanisms enabling trans-
epithelial transport. Attention should be paid at an early stage
to the structure-activity requirements for absorptive transport
versus the structure-activity of the pharmaceutical site of ac-
tion to determine common or contradictory requirements.

Charlotte Ward provided excellent technical assistance. This work
was supported by the Wellcome Trust (to DTT). G.A. is a BBSRC
CASE student with Pfizer Central Research (UK).
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Evidence that [*H]-a,p-methylene ATP may label an endothelial-
derived cell line 5'-nucleotidase with high affinity

'A.D. Michel, N.-M. Chau, T.-P.D. Fan, E.E. Frost & P.P.A. Humphrey

Glaxo Institute of Applied Pharmacology and Department of Pharmacology, University of Cambridge, Tennis Court Road,

Cambridge CB2 1QJ

1 In membranes prepared from a permanent cell line of endothelial origin (WEC cells), [*H]-a.,B-
methylene ATP (PH]}-o,B-meATP) labelled high (pKy=9.5; Bp.,=3.75 pmol mg™ protein) and low
(PK4=7.2; Bmax=23.3 pmol mg™ protein) affinity binding sites. The high affinity [*H]-a,p-meATP
binding sites in the WEC cell membranes could be selectively labelled with a low concentration of the
radioligand (1 nM). In competition studies performed at a radioligand concentration of 1 nM, 88.6% of
the sites possessed high affinity (pICs,=8.26) for o,p-meATP.

2 The high affinity [*H}-o,B-meATP binding sites appeared heterogeneous since in competition studies a
number of nucleotide analogues (a,f-meADP, ATP, ADP, AMP, GTP, GppNHp, GMP) and adenosine
identified two populations of the sites labelled by 1 nM [*H]-a,,B-meATP. The proportion of sites with
high affinity for these compounds was found to vary between 42 and 69%.

3 Approximately 60-69% of the binding sites labelled with 1 nM [*H)-o,B-meATP possessed high
affinity for o,f-meADP (pICs,=8.87), AMP (pICs=7.12), GMP (pICsy=7.34), UTP (pICs,=6.12),
GTP (pICso=7.59), GppNHp (pICso=7.35) and adenosine (pICso=5.45). The sites at which these
compounds possessed high affinity were probably the same, since, in the presence of GMP at a
concentration (10 uM) sufficient to inhibit selectively the binding of [*H]-o,B-meATP, the [*H]-a,B-
meATP binding sites with high affinity for AMP, UTP, a,8-meADP, GTP, GppNHp and adenosine were
also occluded.

4 WEC cell membranes were able to metabolize a trace concentration (6 nM) of [*H]-AMP to [*H]-
adenosine under the conditions of the binding assay. The pICs, values of adenosine (5.99), GMP (7.55)
and the substrate AMP (7.19) for inhibiting this [*H]-AMPase activity were almost identical to their high
affinity pICs, estimates obtained in the binding assay. Although a,B-meADP, a,8-meATP, B,y-meATP,
ATP, ADP and GppNHp identified heterogeneity in the PH]-AMPase activity of the WEC cells, their
pICs, values for inhibiting the major portion of the [*H]-AMPase activity were similar to their respective
high affinity pICs, values in the binding assay. It thus seems likely that WEC cells express a form of 5'-
nucleotidase that possesses high affinity for both a,f-meADP and a,8-meATP and that this enzyme can
be labelled by [*H]-o,B-meATP.

5 In the presence of 10 pM GMP, the affinity estimates for o,f-meADP, AMP, GMP, GTP, GppNHp,
ADP and adenosine at the high affinity [°H]-a,B-meATP binding sites that remained available, were low
and similar to their affinity estimates at the high affinity [*H]-o,B-meATP binding sites of rat vas
deferens. Since the high affinity [*H]-«,B-meATP binding sites in rat vas deferens are thought to be Py,
purinoceptors it is possible that the high affinity [*H]-o,B-meATP binding sites in the WEC which possess

low affinity for o,B-meADP are also P,, purinoceptors.
Keywords: [*H]-o,B-methylene ATP; o,B-methylene ADP; endothelial cell; 5'-nucleotidase

Introduction

The ATP analogue a,B-methylene ATP (a,B-meATP) has been
described as a selective P,, purinoceptor agonist (Burnstock &
Kennedy, 1985). Recently, this agonist has become available in
a tritiated form and has been shown to label high affinity
binding sites in rat vas deferens and rat bladder (Bo & Burn-
stock, 1990; Bo et al., 1992). Since the rank order of agonist
affinities in competing for the high affinity [*H]-o,B-meATP
binding sites in the rat vas deferens is similar to that obtained in
functional studies on the P,, purinoceptor it has been suggested
that the high affinity binding sites for [*H]-o.,3-meATP are P,
purinoceptors (Bo et al., 1992; Michel & Humphrey, 1993). The
demonstration that a number of P,, purinoceptor antagonists,
including pyridoxalphosphate-6-azophenyl-2',5-disulphonic
acid (iso-PPADS), suramin and cibacron blue, can compete for
the high affinity [*H]-o,B-meATP binding sites over the same
concentration-range that they inhibit P,, purinoceptor-medi-
ated responses in functional studies, has provided further,
corroborative, evidence that the high affinity *H]-o,8-meATP

! Author for correspondence.

binding sites in the rat vas deferens are P,, purinoceptors
(Michel & Humphrey, 1993; Khakh et al., 1994).

The availability of [*H}-o,B-meATP as a radioligand for
studying the P,, purinoceptor could be of considerable value in
determining the distribution of these receptors both in the
periphery and particularly in the CNS where a role for Py,
purinoceptors in neurotransmission has recently been demon-
strated (Edwards et al., 1992). Indeed, preliminary studies with
this radioligand have shown that high affinity binding sites for
[*H]-o,B-meATP are to be found in rat heart, spleen, liver and
brain (Michel & Humphrey, 1993). At these sites the rank
order of agonist affinities is similar to that obtained in the rat
vas deferens and since binding of the radioligand can be in-
hibited by the P,, purinoceptor antagonists, suramin and ci-
bacron blue (Michel & Humphrey, 1993), it would appear that
these sites represent P,, purinoceptors.

As part of a study to screen cell lines for the presence of
[*H]-o,B-meATP binding sites, WEC cells, a rat endothelial cell
line (Cole et al., 1986), were found to contain very high levels
of [*H]-o,,B-meATP binding. This observation was unexpected
since endothelial cells are not thought to contain P,, pur-
inoceptors (Boeynaems & Pearson, 1990). Here we describe the
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characterization of the [*H]-o,,B-meATP binding sites in the
WEC cells and report that the majority of these sites do not
appear to be P,, purinoceptors; rather they appear to represent
labelling of a 5'-nucleotidase enzyme. These observations em-
phasize the need for caution when using [*H]-a,B-meATP as a
radioligand for studying P,, purinoceptors. A preliminary ac-
count of some of these results has been presented to the British
Pharmacological Society (Michel et al., 1994).

Methods

Cell culture

WEC cells (passages 16 to 25), originally isolated from Wistar
rat aortic endothelium (Cole et al., 1986), were grown as a
monolayer culture in Dulbecco’s modified Eagle’s medium
containing 10% foetal bovine serum in an humidified atmo-
sphere of 5% CO, and 95% air at 37°C. For receptor binding
assays the WEC cells were grown to 80—90% confluence and
then harvested with a cell scraper. We used pre-confluent cells
in these studies because we have found that the density of [*H}-
o,p-meATP binding sites in the WEC cells progressively in-
creased until the cells became confluent but thereafter de-
creased dramatically (unpublished observations).

Membrane preparation

WEC cells from twelve to fourteen 165 cm® flasks were
homogenized in 60 ml of ice-cold assay buffer (50 mM Tris,
1 mm EDTA, 4 mM CaCl,; pH 7.4 at 4°C) with a Polytron P10
tissue disrupter (2x10 s bursts on full setting). The cell
homogenate was centrifuged at 48,000¢ for 20 min and the
crude membrane pellet resuspended in assay buffer and stored
at —80°C until required. Rat vas deferens membranes were
prepared as described previously by Michel & Humphrey
(1993).

Receptor binding studies

Binding assays were conducted in a final volume of 250 pl of
assay buffer (50 mM Tris buffer, 1 mM EDTA, 4 mM CaCl,,
pH 7.4 at 4°C). Non-specific binding (NSB) of the radioligand
was defined by use of 30 pM o,B-meATP. Incubations were
initiated by addition of membranes (approximately 10 pug
protein) and maintained for 40 min at 4°C before terminating
by vacuum filtration over wet GF/B glass fibre filters, pre-
treated with ice cold 20 mM Na,P,0;, using a Brandel cell
harvester. The filters were washed for 10s with 10 mM
KH,PO,/K,HPO, buffer (pH 7.4 at 22°C), placed in scintilla-
tion vials and, after addition of 4 ml of Emulsifier Safe scin-
tillant, were shaken for 1 h and left to stand for at least 1 h at
22°C before determination of bound radioligand by liquid
scintillation spectrophotometry. In competition studies, the
ability of a series of nucleotide analogues to compete for the
binding sites labelled by 1 nM [*H}-a,B-meATP was determined
over a range of concentrations spanning at least 5 log units. All
determinations in the presence of competing compound were
made in duplicate at each concentration, and for each com-
pound under test, independent determinations of total binding
and NSB were also made in duplicate. In saturation studies,
binding of the radioligand was measured at ten different con-
centrations over the concentration range of 0.1 to 65 nM. In
these studies total binding was measured in triplicate and NSB
in duplicate at each radioligand concentration. Protein was
determined by the dye binding method (Biorad).

Assay of 5'-nucleotidase

The 5'-nucleotidase activity of the WEC cell membranes was
determined by measuring the production of [*H}-adenosine
from [*H]-AMP (Sun et al., 1982). In these studies WEC cell
membranes (10 pg protein) were incubated in the presence of

6 nM ’H]-AMP and competing compounds in 250 pl of assay
buffer (50 mM Tris, | mM EDTA, 4 mM CaCl,, pH 7.4 at 4°C)
for 20 min at 4°C. Reactions were terminated by addition of
250 ul of 0.3 M ZnSO,4 and 250 pl of 0.3 M Ba(OH), in order to
precipitate [°’H}-AMP and retain the [*H]-adenosine formed
during the reaction in solution. After centrifugation at 1500g a
200 pl aliquot of the supernatant was removed from each
sample, added to 2 ml Ultima Gold XR scintillant and the
radioactivity present in the sample, presumed to be [*H}-ade-
nosine (Sun et al., 1982), was determined by liquid scintillation
spectrophotometry.

Data analysis

Saturation binding data were analysed using LIGAND
(Munson & Rodbard, 1980). The specific binding data were
analysed by assuming that the radioligand was binding to ei-
ther one or more populations of non-interacting binding sites.
Estimates of the dissociation equilibrium constant (K;) are
expressed as the negative base 10 logarithm (pK;). An F-test
was used to compare between the various models (Munson &
Rodbard, 1980) with the more complex model only being ac-
cepted if a significant (P <0.05) reduction in the sum of the
squares could be achieved by using this model.

Competition binding data were analysed by iterative curve-
fitting techniques (Michel & Whiting, 1984). Using this ap-
proach the specific binding data were initially analysed to de-
termine the ICsy and Hill slope (ny) for the competition curve.
When the Hill slope of the competition curve was less than
unity the data were futher analysed to determine if they could
be better described by assuming the compounds to be com-
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Figure 1 Steady state specific binding of HJ-o,p-meATP (0.1 to
56 nM) to WEC cell membranes. (a) Total (O), specific (@) and non-
specific ([J) binding of [*H]-a,p-meATP (pmolmg™ protein) are
plotted against the free concentration of radioligand (nM). (b) The
specific binding data from (a) are presented as a Scatchard plot. In
both (a) and (b) the lines were drawn by hand.
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peting with two or more populations of specific binding sites.
For this analysis, an iterative curve-fitting programme was
used that determined the ICs, for each site and the proportion
of specific binding that each site comprised (Michel & Whiting,
1984). Comparisons between various binding models were
made using a modified F-test (Munson & Rodbard, 1980) and
significance was assessed at the 0.05 probability level. The
enzyme inhibition data were analysed in the same manner as
the competition binding data.

The IC;s, values that were determined in the binding studies
were not adjusted to take account of the presence of radi-
oligand since, given the heterogeneity of the [*H]-o,B-meATP
binding sites (see results), it was not possible to definitively

determine a radioligand K, for use in the Cheng & Prusoff
(1973) approximation. All ICs, values are presented as the
negative logarithm of the ICs, (pICs).

Unless otherwise stated the data presented are the mean +
s.e. mean of between 3 and 5 separate experiments.

Materials

The tetrasodium salt of 2-methyl-thio-ATP (2-me-S-ATP) was
obtained from Semat (St Albans, UK). All other compounds
were obtained from Sigma. With the exception of ouabain,
cyclopropyladenosine, adenosine, guanosine, inosine and S-(p-
nitrobenzyl)-6-thio-inosine (NBTI), the compounds were dis-

Table 1 Competition binding studies at WEC cell membrane [*H]-a,f-meATP (1nM) binding sites in the presence and absence of 10 um

GMP
WEC cells WEC cells in the presence of 10 uy GMP

Compound pICsp Hill slope pICsp Hill slope
o,f-meATP 8.12+0.03 0.83+0.03 8.11+0.13 0.88+0.06
B,y-meATP 7.63+0.15 0.56 +0.06 ND ND
2-me-S-ATP 5.98£0.07 0.74+0.05 ND ND
ATP 6.89+0.13 0.58+0.03 6.82+0.11 0.64+0.10
ADP 6.80+0.11 0.53+0.04 6.07+£0.12* 0.85+0.06*
Adenosine 4.64+0.13 0.53+0.04 2.91+0.31* 2.30+£0.27*
Suramin 4.87+0.03 0.76 +0.04 4.91+0.04 0.92+0.04*
UTP 5.64+0.03 0.76 +0.10 4.85+0.03* 1.02+0.04
GMP 6.52+0.03 0.36+£0.04 <4* NA
GppNHp 6.66+0.08 0.52+0.03 4.31+0.14* 0.82+0.09*
GTP 7.01+£0.09 0.50+0.04 5.20+£0.03* 0.82+0.07*
AMP 6.18+0.12 0.45+0.04 3.90+0.21* 1.07+0.05*
o,f-meADP 8.25+0.24 0.29+£0.02 4.50+0.31* 0.40+0.10

Competition binding studies on the sites labelled by 1 nM [*H]-a,f-meATP in WEC cell membranes were performed either in the
absence or presence of 10 uM GMP. The data are the meanzxs.e.mean of n=3-5 determinations. NA =not applicable; ND =not

determined.
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Figure 2 Competition curves for (a) o,f-meATP, (b) a,f-meADP, (c) AMP and (d) GMP in either WEC cell membranes (QO) or rat
vas deferens membranes (@). The results are presented as a percentage of the control specific binding levels. Each point represents
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solved in assay buffer before addition to the assay. Ouabain
and NBTI were dissolved in dimethylsulphoxide (DMSO),
whereas cyclopropyladenosine (CPA), adenosine, 5'-(N-ethyl-
carboxamido)-adenosine (NECA), inosine and guanosine were
dissolved in 1M HCI, before dilution into assay buffer. In se-
parate studies it was shown that these vehicles did not affect
specific binding of the radioligand at their final assay con-
centrations. [*H]-a,B-meATP (specific activity 28 Ci mmol™)
and [*H]-AMP (specific activity 23 Ci mmol™) were obtained
from Amersham International Plc., UK.

Results

Saturation binding studies

In saturation studies, there were high levels of total [*H]-a,B-
meATP binding in WEC cell membranes. Non specific binding
represented between 10 and 20% of total binding (Figure 1a).
Specific binding of the radioligand did not appear to saturate
readily and when the specific binding data were presented as a
Scatchard plot the resultant graph showed marked signs of

Table 2 Multi-site analysis of [*H]-a,f-meATP binding data obtained from competition studies performed on WEC cell membranes

Site 1 Site 2
Compound pICsy % sites pICsy % sites
a,f-meATP 8.26 +£0.08 88.6+1.6 6.50+0.18 114+1.6
B,y-meATP 7.95+0.13 82.2+3.3 3.96+0.11 17.8+3.3
2-me-S-ATP 5.87+0.03 100 NA NA
ATP 7.79+0.11 424+18 6.09+0.05 57.6+1.8
ADP 7.57+£0.20 49.3+39 5.61+0.13 50.7+3.9
Adenosine 5.45+0.06 63.2+1.9 2.77+£0.04 36.8+1.9
Suramin 4.87+0.03 100 NA NA
UTP 6.12+0.22 67.0+12.7 4.63+0.23 33.0+12.7
GMP 7.34+0.03 69.0+2.0 <4 31.0+2.0
GppNHp 7.35+0.02 68.8+3.6 4.60+0.28 31.2+3.6
GTP 7.59+£0.08 68.1+1.6 5.40+0.03 319+1.6
AMP 7.12+0.30 60.9+4.3 3.71+£0.09 39.1+4.3
o,f-meADP* 8.87+0.15 68.5+3.8 6.13+0.04 13.9+2.5

The competition curves for each compound were analysed assuming that the compounds were identifying either one or more
populations of the 1nM [°H]-a,f-meATP binding sites in the WEC cells. For those compounds that identified heterogeneity of the [*H]-
o,f-meATP binding sites, the site at which the compounds possessed highest affinity was designated as site 1. The data are the
mean +s.e.mean (n=3-5) for the pICs, at either site 1 or 2 and the % of specific binding that each site comprised. * For a,f-meADP
the data were best described by assuming that this compound identified three populations of sites. Affinity estimates at two of these sites
are presented in the table. At the third site (17.5+£2.2% of sites) a pICso <4 was assumed. NA =not applicable, data could only be

fitted to a 1 site model.
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Table 3 Effect of nucleotides on the metabolism of [PH]-AMP (6 nm) by WEC cell membranes

Two component model

Hill model Component 1 Component 2

Compound pICsp ny pICsy % total activity pICsp % total activity
o,f-meATP 7.68+0.10 0.29+0.10 9.21+0.07 60.1+2.6 6.08+0.17 39.9+2.6
B,y-meATP 7.98+0.01 0.39+0.01 8.89+0.17 62.1+2.4 6.31+0.16 379+24
2-me-S-ATP 5.68 +£0.06 0.67+0.09 5.75+0.08 100 NA NA
ATP 7.38+0.03 0.51+0.04 7.93+0.01 72.2+1.7 5.52+0.07 278+1.7
ADP 7.06+0.07 0.75+0.08 7.40+0.17 80.0+6.4 6.00+0.05 20.0+6.4
Adenosine 5.59+0.04 0.73+£0.02 5.58+0.02 100 NA NA
GMP 7.55+0.08 0.73+0.07 7.44 +0.09 100 NA NA
GppNHp 7.03+0.11 0.50+0.03 7.52+0.07 71.1+1.3 5.16+0.19 289+1.3
AMP 7.19+0.01 0.73+£0.02 7.23+0.02 100 NA NA
o,f-meADP 7.47+£0.22 0.29+0.01 8.87+0.17 54.4+2.7 5.02+0.11 45.6+2.7

The data for each compound were first analysed to determine the pICs, and Hill slope (nu) of the competition curve (Hill model) and
then to determine if the data were better described by assuming two components of [’H]-AMP metabolism. For those compounds for
which a two component model was significantly better than a one component model the affinity estimates for each component and the
proportion of total activity that each component comprised, are presented. The component for which the compounds possessed highest
affinity has been designated as component 1. The data are the mean +s.e.mean (n=3-6). NA =not applicable, data could only be fitted

to a 1 component model.
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Figure 4 Inhibition of the metabolism of 6nm [PH]-AMP to [*H]-
adenosine by o,f-meATP (@), o,f-meADP (O) and AMP (0O) in
WEC cell membranes at 4°C during a 20 min incubation. The data
are the meants.e.mean of 34 determinations. Control basal
conversion of [PH]-AMP to [*H]-adenosine by the WEC cell
membranes was 5944+375 d.p.m. while the blank value in the
absence of membranes was 1071+60 d.p.m. All lines were drawn
through the data points and do not necessarily represent lines of best
fit.

curvature (Figure 1b). The specific binding data could be best
described by assuming that [*H]-a,B-meATP was labelling two
populations of specific binding site in the WEC cell mem-
branes. One of these sites possessed high affinity for [*H]-a.,B-
meATP (pK;=9.540.1) and a relatively low capacity
(Bax=3.75+0.4 pmol mg™ protein). The second site was of
lower affinity and higher capacity (pKs=7.2010.1;
B =23.3+6.2 pmol mg™! protein).

Competition binding studies

The high affinity [*H]-o,B-meATP sites in the WEC cell
membranes were selectively labelled with a low concentration
of radioligand (1 nM). Under these conditions, competition
curves for o,B-meATP were relatively steep (ny =0.83; Table 1)
and a two site analysis of the data indicated that o,f-meATP
possessed high affinity for 88.6% of the sites (Table 2). The
competition curve for a,B-meATP was almost identical to that
obtained in rat vas deferens (Figure 2a).

In competition studies a number of purinoceptor agonists
competed for the [*H]-o,B-meATP (1 nM) binding sites in the
WEC cell membranes (Table 1). The rank order of agonist
affinities in competing for the [*H]-o,B-meATP binding sites
was: o,B-meATP > B,y-meATP > ATP = ADP > 2-me-S-ATP >

UTP > adenosine. This rank order of affinities was similar, al-
though not identical, to the rank order of affinity obtained in
the rat vas deferens (Michel & Humphrey, 1993): o,f-
meATP > B,y-meATP > 2-me-S-ATP> ATP> ADP> UTP >
adenosine.

Suramin, possessed similar affinity in rat vas deferens and
WEC cells (cf. Table 1 and Michel & Humphrey, 1993). The
absolute affinities of the purinoceptor agonists in competing for
the sites in WEC cells differed from the affinity estimates ob-
tained in rat vas deferens. In particular, UTP and adenosine
were 32 and 118 fold more potent, respectively, at competing for
the [°’H]-o,B-meATP binding sites labelled in the WEC cells than
in rat vas deferens (cf. Table 1 and Michel & Humphrey, 1993).
When additional nucleotide analogues were examined, even
greater differences between affinity estimates in the WEC cells
and the rat vas deferens were apparent. Thus, the adenine nu-
cleotides, a,B-meADP (Figure 2b) and AMP (Figure 2c) had
more than 1000 fold, and the guanine nucleotide GMP (Figure
2d)had atleast 300 fold higher affinity inthe WECcellsthanin the
vas deferens. Binding of the radioligand to the WEC cell mem-
branes was inhibited with very low affinity (pICs, <4) by NBTI,
ouabain, CPA, NECA, inosine and guanosine (data not shown).

Detailed analysis of competition binding curves in WEC
cells

In the WEC cells the slope of the competition curve for many
of the compounds was low (ny <0.6; Table 1) and several
compounds (a,f-meADP and GMP) did not compete for all of
the sites labelled by 1 nM [*H]-o,B-meATP (Figure 2b and d).
These data were therefore further analysed assuming that the
compounds were competing for more than one population of
[*H]-o,B-meATP binding site. For most compounds studied the
specific binding data could be fitted to a model assuming that
they were competing for two populations of [*H]}-a,3-meATP
binding site (Table 2). The only exceptions were 2-me-S-ATP
and suramin, for which the data were best described by as-
suming that they identified a single population of sites, and
o,B-meADP for which a 3 site model best described the data
(Table 2). Note that since GMP did not compete for all the
[*H]-o,B-meATP binding sites the multi-site analysis for the
compound excluded the NSB determination made using 30 uM
o,B-meATP. Instead the total binding data were analysed and
it was found that GMP identified a single population of [*H]-
o,B-meATP binding sites with high affinity. This population
corresponded to 69% of the specific [*H]-o,8-meATP binding
sites, as defined by 30 puM a,B-meATP.

For the compounds that identified two populations of [*H}-
o,B-meATP binding sites, the relative proportions of the two
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sites differed. However, it appeared that the compounds could
be separated into three main groups on the basis of the pro-
portion of high affinity sites that they identified (Table 2).
Thus, the methylene bridged ATP analogues, a,f-meATP and
B,y-meATP identified between 82.2% and 88.6% of the sites
with high affinity. The majority of the compounds, including
AMP, GMP, GppNHp, GTP, adenosine and UTP appeared to
identify between 60.9% and 69% of the sites with high affinity.
Finally, ATP and ADP identified between 42.4% and 49.3%
of the total number of sites with relatively high affinity.

The competition curve for a,f-meADP was complex and
since the compound did not compete for all of the [*H]-a,B-
meATP binding sites, the data analysis for the compound was
similar to that described for GMP. Using this approach it was
found that a,f-meADP was identifying three populations of
the specific [*H}-o,B-meATP binding sites (Table 2). The pro-
portion of sites (68.5%) which possessed highest affinity
(pICso=8.87) for a,-meADP was similar to the proportion of
high affinity sites identified by GMP, UTP and GTP (ap-
proximately 60—69%). The other two sites for a,f-meADP
possessed either intermediate affinity (pICso=6.13; 13.9%) or
very low affinity (pICso <4; 17.5%).

Characterization of the binding sites with low affinity for
GMP and o,p-meADP

In the competition studies, GMP maximally inhibited the
binding of 1 nM [*H]-o,B-meATP by 69.0%. In separate
competition studies performed in the presence of 10 yM GMP
the binding of [*H}-o,B-meATP was inhibited by 74.6+3.1%
compared to binding measured in its absence, and under
these conditions the affinity of o,B-meATP for the sites that
remained was not changed (pICs=8.11; Table 1; Figure 3a
and c). In the presence of 10 yM GMP the Hill slopes for
most compounds were steeper and closer to unity (Table 1).
Furthermore affinity estimates for AMP (Figure 3b and d),
ADP, GTP, GppNHp, UTP and adenosine decreased in the
presence of 10 yM GMP and were similar to the affinity
estimates at the low affinity site identified in the absence of
10 pM GMP (cf. Tables 1 and 2).

The affinity estimate for ATP was not affected by 10 uym
GMP whereas that of o,f-meADP was considerably reduced.
For both compounds the Hill slope of the competition curve
was still less than unity (Table 1).

Studies on the 5'-nucleotidase activity of WEC cell
membranes at 4°C

Conversion of [PH]-AMP to [*H}-adenosine by WEC cell
membranes was evident at 4°C. The apparent K, for AMP
calculated from the competition data in Table 3 was 54.5 nM.
This [PH]-AMPase activity was inhibited by a number of
nucleotides and nucleotide analogues (Figure 4 and Table 3).
Hill slopes of the competition curves for most compounds
were less than unity and it was evident that there were two
components of PH]-AMPase activity (Figure 4 and Table 3).
The high affinity pICs, values of the compounds for
inhibiting [*H]-AMPase activity were almost identical to their
respective pICs, values at inhibiting [*H]-o,8-meATP binding
to the high affinity a,B-meADP binding sites (cf. Tables 2 and
3: correlation coefficient =0.946).

Discussion

The WEC cells used in this study are a permanent cell line
derived from Wistar rat aortic endothelium (Cole et al.,
1986). These cells display many of the characteristics of en-
dothelial cells, including the ability to take up acetylated
LDL (T.-P.D. Fan, unpublished observation). Since en-
dothelial cells have not been previously shown to express P,,
purinoceptors (Boeynaems & Pearson, 1990) it was therefore
surprising in our preliminary studies to find high levels of

’H)-0,,B-meATP binding in this cell line. Given this un-
expected observation, the main purpose of this study was to
characterize these sites in detail and to compare them with
the [*H]-o,B-meATP binding sites previously identified in rat
vas deferens, which are thought to be P,, purinoceptors (Bo
et al., 1992; Michel & Humphrey, 1993). We found that a
large proportion of the binding sites labelled by [*H]-o,B-
meATP in these cells did not appear to reflect labelling of a
P,, purinoceptor, but more plausibly represented labelling of
a 5'-nucleotidase enzyme.

In saturation studies, the binding characteristics of the
radioligand to WEC cell membranes were very similar to those
in rat vas deferens which have already been described in detail
(Bo et al., 1992; Michel & Humphrey, 1993). Thus, there were
high levels of specific binding of [’H]-a,8-meATP in WEC cell
membranes and only low levels of non-specific binding. In the
WEC cell membranes the radioligand identified two popula-
tions of binding sites and the estimated pK; values for the
equilibrium dissociation constant of the radioligand for these
two sites (9.50 and 7.20, respectively) were very similar to the
pKy values at the high (9.14) and low (7.15) affinity sites, re-
spectively, identified in rat vas deferens (Michel & Humphrey,
1993). The high affinity sites in WEC cells could be selectively
labelled with a low concentration of [*H]-a,8-meATP (1 nM)
and under these conditions 88.6% of the sites possessed high
affinity for the radioligand.

In competition studies the rank order of affinities for a
limited series of P, purinoceptor agonists in competing for the
high affinity binding sites labelled by 1 nM [*H}-o,8-meATP
was similar to that obtained in rat vas deferens. Furthermore,
affinity estimates for suramin in the WEC cells and rat vas
deferens were not different. These initial findings suggested
that the high affinity [*H)-a,-meATP binding sites in the WEC
cells were similar to those in rat vas deferens (Bo et al., 1992;
Michel & Humphrey, 1993). However, several compounds
possessed higher affinity in the WEC cells than in rat vas de-
ferens, and, when a larger number of compounds was ex-
amined, considerable differences between the high affinity [*H]-
a,B-meATP binding sites in the WEC cells and the vas deferens
became apparent. In particular, several guanine nucleotides, as
well as AMP and a,B-meADP, were found to be very potent
competing ligands in the WEC cells but to possess much lower
affinity in the vas deferens.

These latter observations suggest that the high [*H]-a,p-
meATP binding sites in vas deferens and WEC cells are dif-
ferent. While the sites in the vas deferens appear to be P,
receptors (Bo et al.,, 1992; Michel & Humphrey, 1993), the
identity of the high affinity [*H]-o,,B-meATP binding sites in the
WEC cell membranes was not immediately apparent. Fur-
thermore, characterization of the high affinity [*H}-o,3-meATP
binding sites in the WEC cell membranes was complicated by
the demonstration that these sites were heterogeneous. Thus,
even under conditions where the majority (> 88%) of the sites
displayed high affinity for o,B-meATP, several compounds
produced biphasic competition curves and the data could be
best described by assuming that these compounds possessed
high affinity for between 40 and 70% of the sites.

Several compounds competed for a similar proportion
(60.9-69%) of the sites with relatively high affinity. These
included o,B-meADP, AMP, GTP, UTP, GMP, GppNHp and
adenosine. The sites at which these compounds possessed
highest affinity were probably the same, since in the presence of
a concentration of GMP that was sufficient to inhibit selec-
tively the binding of [*H}-o,8-meATP to those sites with
highest affinity for GMP, the [*H}-o,B-meATP binding sites
with highest affinity for AMP, ADP, UTP, a,f-meADP, GTP,
GppNHp, adenosine and AMP were also occluded. As o,B-
meADP was the most potent ligand at competing for these
sites (pICso=8.87), being even more potent than a,B-meATP
(pICso=8.26), it would seem more appropriate that these sites
be referred to as high affinity o,B-meADP binding sites. Since,
a,B-meADP, ADP, adenosine, AMP and GMP do not possess
any appreciable activity as P,, purinoceptor agonists in guinea-
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pig vas deferens (Fedan et al., 1982; 1986), it is most unlikely
that the high affinity o,f-meADP binding sites in the WEC
cells are P,, purinoceptors.

The relatively high affinity of adenosine for the [*H]-a,B-
meATP binding sites with high affinity for o,B-meADP was of
interest and might suggest that these sites are adenosine re-
ceptors or uptake sites. However, this is not the case since the
adenosine receptor agonists, NECA and CPA, and the ade-
nosine transport inhibitor, NBTI, possessed low affinity in
competing for [*H]-o,-meATP binding sites in WEC cells.
Alternatively, the relatively high affinity of the guanine nu-
cleotides, GTP and GppNHp, might suggest that the high af-
finity o,f-meADP binding sites represent labelling of a G-
protein coupled receptor, since their affinity in competing for
the high affinity o,f-meADP binding sites was similar to their
affinity for G-protein coupled P,, purinoceptors in turkey er-
ythrocyte membranes (Cooper et al., 1989). However the high
affinity of GMP, relative to GTP, for these sites rules this out,
as would the high affinity exhibited by a,B-meATP, ADP,
AMP and adenosine.

ao,B-meADP is a potent 5'-nucleotidase inhibitor (Burger &
Lowenstein, 1970) and its affinity at inhibiting membrane
bound 5'-nucleotidases in brain (K;= 0.6 nM; Mallol & Bozal,
1983), intestinal smooth muscle (K;=2 nM; Burger & Low-
enstein, 1970) and heart (Ki=5 nM; Naito & Lowenstein,
1985) is similar to its affinity at competing for the [*H]-a,B-
meATP binding sites in this study (ICs=1.3-5.6 nM). Con-
sequently, the population of *H]-a,B-meATP binding sites in
the WEC cell membranes that possess high affinity for a,f-
meADP may represent labelling of a 5'-nucleotidase. Cer-
tainly, 5'-nucleotidase can be a membrane-bound enzyme
(Zimmermann, 1992) and has been identified in endothelial
cells (Gordon et al., 1986). Furthermore, in rat heart mem-
branes o,B-meATP has been shown to possess relatively high
affinity at inhibiting 5'-nucleotidase (K;=66 nM; Naito &
Lowenstein, 1985). Consistent with the suggestion that the
high affinity o,f-meADP binding sites are 5'-nucleotidase was
the demonstration that AMP and GMP, which are substrates
of the enzyme (Burger & Lowenstein, 1970), were also potent
at competing for the binding sites. Similarly, ATP, ADP and
other nucleotide di- and triphosphates are potent inhibitors of
S’-nucleotidase from various tissues (Burger & Lowenstein,
1970) and all of these compounds were potent competing li-
gands at the high affinity o,-meADP binding sites. In parti-
cular the ICs, value for ADP at the high affinity a,f-meADP
binding sites (27 nM) was similar to the K; values reported for
inhibition of 5-nucleotidase activity in bovine brain and rat
heart (i.e. K;=22 nM, Burger & Lowenstein, 1975; K;=9 nM,
Mallol & Bozal, 1983). Of particular importance was our de-
monstration that WEC cell membranes could metabolize
AMP to adenosine under the conditions of the binding studies,
and that a significant proportion of this enzymatic activity
could be inhibited by a,B-meADP, o,f-meATP, B,y-meATP,
ATP, ADP, AMP, GMP, GppNHp, 2-me-S-ATP and ade-
nosine with similar affinity to that displayed at those [*H]-a,p-
meATP binding sites with high affinity for a,f-meADP.

While these data are consistent with the high affinity o,p-
meADP sites representing labelling of 5'-nucleotidase, there
are some features of the observed enzyme profile that are at
variance with previous studies. Notably both the K, value for
AMP in these cells of approximately 54 nM, and the affinity
estimates of GMP and AMP at the high affinity o,f-meADP
binding sites of 45.7 and 75 nM, respectively, differed con-
siderably from the respective K, values for AMP and GMP of
3-20 pM determined in functional studies on 5'-nucleotidase
in other tissues (Burger & Lowenstein, 1975; Naito & Low-
enstein, 1981). In addition, o,B-meATP possessed a high affi-

nity (ICs=0.3-3 nM) in both the binding and functional
studies in the WEC cells whereas in rat heart its K; for in-
hibition of 5'-nucleotidase activity is 66 nM (Naito & Low-
enstein, 1985).

It is not known at present whether these discrepancies in-
dicate that the high affinity a,B-meADP binding sites are not a
S’-nucleotidase or are due to some other reason such as dif-
ferent experimental conditions or enzyme heterogeneity. With
respect to experimental conditions, our binding and enzyme
assays were both performed at 4°C whereas the previous en-
zyme studies were conduced at 25-37°C and further study
would be required to address this issue. Alternatively, the
discrepancies between the affinity estimates may reflect the
presence of a different form of 5'-nucleotidase in the WEC
cells. Certainly, several isoforms of 5'-nucleotidase have been
described (Zimmermann, 1992) which differ in their preference
for AMP and IMP and also their cellular location since the
enzyme can be either membrane-bound or soluble. Further-
more the membrane-bound liver form of 5'-nucleotidase has
been reported to possess a very low affinity (K;=60 pm) for
a,B-meADP (Evans & Gurd, 1973).

While it seems likely that the high affinity o,f-meADP
binding sites in the WEC cells are 5'-nucleotidase, the nature of
the remaining 30% of the [*H]-a,B-meATP binding sites which
were not inhibited with high affinity by a,f-meADP is not
certain. However, in the presence of GMP the binding char-
acteristics of these sites were similar to those determined in the
vas deferens. In particular these sites possessed high affinity for
[*H)-o,,B-meATP but low affinity for adenosine, a,B-meADP
and AMP. This suggests that these sites may be P,, pur-
inoceptors and additional functional studies would be required
to confirm or refute this suggestion.

In conclusion the present study has identified high and low
affinity [*H}-o,,B-meATP binding sites in a cell line derived from
rat aortic endothelial cells. The high affinity [*H]-a,-meATP
binding sites were characterized and found to be hetero-
geneous with at least two populations of the high affinity [*H]-
o,B-meATP binding site being identified. One of these sites,
which possessed high affinity for o,f-meADP, showed marked
differences from the high affinity [*H]-o,B-meATP binding site
present in rat vas deferens and may represent labelling of a
form of 5'-nucleotidase. The other site possessed low affinity
for a,f-meADP and may represent labelling of a site that is
similar to the high affinity [*H]-a,B-meATP binding sites pre-
viously identified in rat vas deferens, and so may represent
labelling of P,, purinoceptors. These results therefore indicate
that considerable caution should be exerted in interpreting
data obtained with [*H]-a,B-meATP and emphasize the im-
portance of rigorously characterizing the binding sites for this
radioligand before concluding that they represent P,, pur-
inoceptors. While this may be possible in studies using mem-
brane preparations, a similar approach is not always possible
in autoradiographical studies and so this will limit the use of
the radioligand in such studies.

Finally, if the high affinity o,-meADP binding sites do
represent a 5'-nucleotidase, then it is clear that a,3-meATP has
high affinity for this enzyme, comparable to that of a,fB-
meADP, at least in WEC cells. Consequently, a,B-meATP, like
ao,B-meADP, could inhibit the breakdown of AMP to adeno-
sine. This property could complicate interpretation of data
obtained with a,3-meATP and raises the issue of the specificity
of a,B-meATP which is widely employed as a selective Py,
purinoceptor agonist.

T.-P.D.F. thanks the Wellcome trust for financial support.
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The enantiomers of zacopride: an intra-species comparison of
their potencies in functional and anxiolytic models
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1 The 5-HT; receptor antagonist, zacopride, and its enantiomers, R(+ )-zacopride and S(—)-zacopride,
were examined in three pharmacological models: (i) 5-HT-induced depolarizarion of the mouse isolated
vagus nerve preparation, (ii) the 5-HT-evoked von Bezold-Jarisch reflex in the mouse, and (iii) the mouse
light:dark box model of anxiety. Other standard 5-HT; receptor antagonists were also included for
comparison in these studies.

2 Racemic zacopride, and both of the enantiomers, displayed potent 5-HT; receptor antagonist activity
in the isolated vagus nerve and in the von Bezold-Jarisch model. No 5-HT; receptor agonist or partial
agonist effects of these compounds were detected.

3 In the isolated vagus nerve, R(+)-zacopride and ondansetron were surmountable 5-HT; receptor
antagonists (pA, values of 9.3 and 8.3, respectively), whereas racemic zacopride, S(—)-zacopride and
tropisetron were insurmountable antagonists, markedly suppressing the maximum response to 5-HT.

4 In vivo, racemic zacopride, R(+)-zacopride, S(—)-zacopridle and WAY100289 were potent
antagonists of the 5-HT-evoked von Bezold-Jarisch reflex, with minimum effective doses (lowest dose
required to reduce the reflex by >85%; MEDgs) of 1.0, 3.0, 0.3 and 3.0 ug kg, s.c., respectively.

5 Racemic zacopride, R(+)-zacopride and S(—)-zacopride were active in the mouse light:dark box
model of anxiety, with similar potencies (minimum effective dose 1 ug kg~!, s.c.) and similar active dose-
ranges (1-1000 ug kg=?, s.c.).

6 The doses of racemic zacopride, R(+)-zacopride and S(-)-zacopride required to block 5-HT;
receptors in vivo correlated reasonably well with their potencies in an anxiety model within the same
species. In these studies, there was no evidence of a marked difference between the anxiolytic potencies of

R(+)-zacopride and S(—)-zacopride.

Keywords: Zacopride enantiomers; mouse; anxiety; von Bezold-Jarisch reflex; isolated vagus nerve; light:dark box

Introduction

A range of highly potent and selective 5-HT; receptor an-
tagonists have become available (Kilpatrick et al., 1990) since
the development of the first of these agents, MDL72222 (Fo-
zard, 1984) and tropisetron (ICS-205,930; Richardson et al.,
1985). In addition to possessing anti-emetic properties (An-
drews et al., 1988; Barnes et al., 1991), there is some evidence
from animal behavioural experiments that 5-HT; receptor
antagonists may be useful as anxiolytics, antipsychotics, cog-
nition-enhancers and as anti-addictive agents (Costall et al.,
1988b; 1990). One compound which has aroused particular in-
terest, with regard to its functional and behavioural properties,
is the substituted benzamide, zacopride, which was initially
described as a selective 5-HTS; receptor antagonist (Smith ez al.,
1988). The zacopride molecule possesses an asymmetric centre
and, therefore, exists as two distinct R(+)-and S(—)-con-
formational enantiomers. The first reports describing the
binding and functional properties of these enantiomers in-
dicated that, compared to R(+)-zacopride, the S(—)-form has
a higher binding affinity for central (Waeber et al., 1990; Pin-
kus et al., 1990) and peripheral (Pinkus et al., 1990) 5-HT,
receptor sites in several species, and is a more potent 5-HT;
receptor antagonist in the rat (Middlefell ez al., 1990; Coleman
et al., 1991). This difference in potency/binding affinity varied
according to species and functional model, but was within the
range of a 10—40 fold greater potency of the S(—)-, relative to
the R(+)-enantiomer. Therefore, it was an unexpected finding
that the activities of the two enantiomers differed remarkably
in several behavioural models where R(+)-zacopride was re-

! Author for correspondence.

ported to be at least 10,000 times more potent than S(—)-
zacopride in an anxiety model, whereas the S(—)-enantiomer
was more potent in an animal model of psychosis (Barnes et
al., 1990). Since these behavioural studies were performed in
several species, and in view of the fact that a species variation is
known to exist in the functional properties of zacopride
(Middlefell ez al., 1990), we have compared the effects of ra-
cemic zacopride, and its two enantiomers, in models of 5-HT;
receptor function and in an anxiety model, within the same
species (the mouse). Reports of some of these data have ap-
peared in preliminary form (Bill ez al., 1991; Coleman &
Rhodes, 1992).

Methods

Isolated vagus nerve preparation

A grease-gap extracellular recording technique (Ireland &
Tyers, 1987) was used to detect 5-HT (10 nM -1 mM)-evoked
depolarizations of the mouse (male Tuck, T/O strain, 20— 50 g)
cervical vagus nerve. The nerve was placed in a two chamber
tissue bath, one chamber being perfused (3 ml min~') with
Krebs solution (2.5 mM CaCl,, at 27°C, gassed with 5% CO,
in O,) to which drugs were added. Agonist contact time was
3 min (15 min washout) and antagonists were equilibrated for
50 min. Depolarizations were expressed as a percentage of an
initial response to 5-HT (10 uM), as described previously
(Rhodes et al., 1992) obtained 50 min before a 5-HT con-
centration-response curve (CRC). One CRC only was obtained
in each tissue.
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Von Bezold-Jarisch reflex

Female albino Tuck T/O mice weighing 25—-38 g were used
throughout. Urethane anaesthetized mice (1.5-2.5 g kg™,
i.p.) were cannulated in the left or right jugular vein with a luer
mount Portex cannula (0.d.=0.63 mm), and the tip advanced
so that it lay in, or near the atrium. Heart rate was monitored
continuously with ECG leads attached to steel needles through
the fore- and hindlegs and connected to a Grass polygraph.

Bolus doses of 5-HT were injected via the jugular vein can-
nula at 10 min intervals to induce a reproducible bradycardia, or
von Bezold-Jarisch (B-J) reflex. 5S-HT was initially given in in-
creasing doses from 30—-60 ug kg~! in order to establish the
minimum dose to give a reproducible response. The 5-HT-in-
duced bradycardia (B-J reflex) was measured as an increase in
heart period, i.e. the R-R interval measured from the ECG trace,
induced by 5-HT, and expressed in ms. The increase in heart
period was calculated by averaging 10 consecutive R-R intervals
prior to rapid 5-HT injection, and by averaging 4 consecutive R-
R intervals starting immediately following the rapid injection of
abolusdose of 50 ul of 5S-HT; theincrease in heart period was the
difference between these two averages. The effect of the test
compound on this 5-HT-induced bradycardia was measured for
1 h at 10 min intervals following subcutaneous injection of
0.1 ml of saline or test compound. Throughout the experiment,
the temperature of the mice was maintained with a thermo-
statically-heated blanket at 37°C.

Once the dose of 5-HT required to give a reproducible B-J
reflex had been established, saline or the test compound was
administered subcutaneously in 0.1 ml of saline. The effect of
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the test compound on the B-J reflex was measured for 1 h at
10 min intervals. Results were expressed as the percentage in-
hibition of the B-J reflex produced by the test compound or
saline. As an i.v. injection of saline accounts for a 15% increase
in heart-period, the minimum effective dose was taken as the
dose causing >85% inhibition of the increase in heart period
(MEDgs). Results were analysed by 2-way analysis of variance
by comparing the mean response of two consecutive doses of 5-
HT in the absence of the antagonist, with the response in the
presence of the antagonist, for each mouse.

Light:dark box anxiety model

Female Tuck T/O mice (22-30 g; Tuck) were transferred to
the laboratory at 09 h 00 min on the day of an experiment,
where they were weighed and allocated to groups of nine. The
laboratory was dimly illuminated (50 lux); the only illumina-
tion being that of the lighting associated with the light:dark
box apparatus. Each experiment was performed between 11 h
00 min and 17 h 00 min.

The design of the two-compartment open field (light:dark
box) was based on that of Crawley (1981). The apparatus
comprised a rectangular open-topped box (81 x36x27 cm
high) divided into a smaller (27 cm long) and larger (54 cm
long) compartment by a partition. The smaller compartment
was painted black and illuminated by a dim red light, whereas
the larger compartment was painted white and brightly illu-
minated by a 60 W spotlight located approximately 40 cm
above the floor of the box (800 lux illumination). Free access
between the two compartments was allowed by an opening
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Figure 1 Effects of 5-HT; receptor antagonists on 5-HT-induced depolarization of the mouse isolated vagus nerve. The effects of
(a) ondansetron (@ control; O 10nm; M 30nM; [0 100nM); (b) racemic zacopride (@ control; O 0.3nm; Bl 1nM; [0 3nM; A
10 nM); (c) R(+)-zacopride (@ control; O 1nM; M 3nM; [J 10nM; A 30nM); and (d) S(—)-zacopride (@ control; [J 0.03nM; O
0.3nM; l 3nM) on the concentration-response curve (CRC) for 5-HT-induced depolarization are shown. Ondansetron and R(+)-
zacopride caused a rightward shift of the S-HT CRC, consistent with competitive 5-HT; receptor antagonism. Racemic zacopride
and S(—)-zacopride dose-dependently depressed the maximum response to 5-HT, indicating non-competitive 5-HT; receptor

antagonism.
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(7.5x 7.5 cm) in the centre of the partition at floor level. The
following behavioural measures were monitored: (a) the
number of transitions between compartments, (b) the hor-
izontal motor activity of the mouse in the light or dark com-
partments (measured as crossings of a grid of lines drawn on
the floor of the apparatus forming 9 cm squares), (c) the
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Figure 2 Antagonism of the 5-HT-evoked von Bezold-Jarisch reflex
in the anaesthetized mouse. The von Bezold-Jarisch (B-J) reflex,
induced by the intravenous administration of a bolus dose of 5-HT,
was dose-dependently antagonized by (a) racemic zacopride (@
0.1ugkg™'; M 03ugkg™"), (b) R(+)-zacopride (@ 1.0pgkg™"; M
3.0ugkg™"); or (c) S(—)-zacopride (@ 0.03ugkg™'; M 0.1ugkg™’;
A 03pugkg™") with MEDgs values of 1.0, 3.0 or 0.3ugkg™", sc.,
respectively. Data are presented as mean=s.e. mean percentage
inhibition of the B-J reflex.

number of rearing episodes occurring in both compartments,
and (d) the time spent in either compartment. A rear was de-
fined as the raising of both forepaws clear of the floor, either
unsupported or supported by a side-wall. Observations were
made either live or from video-tape recordings. Thirty minutes
following s.c. administration of drug or vehicle, animals were
placed individually in the centre of the light compartment
(facing away from the partition opening) and allowed to ex-
plore the apparatus, undisturbed, for a period of 5 min.

In all experiments the observers rating animal behaviour
were unaware of the treatment each animal had received.
Treatments were allocated randomly following the weighing
and numbering of the animals, and experiments were balanced
such that equal numbers from each treatment group were in-
cluded in each experimental session. The effects of zacopride
and its enantiomers were examined in a single large experiment
over a period of three consecutive days using a total vehicle-
treated control group size of 18 animals (i.e. 6 vehicle-treated
control animals were tested on each day) in order to balance
the experiment and to test for possible between-days variation
in the data. It is also statistically valid to increase the size of the
control group in any experiment in which a large number of
different treatment groups are examined simultaneously. In
addition to a vehicle-control group, a positive control group
(receiving the standard anxiolytic, chlordiazepoxide; 2 mgkg™~")
was included in these experiments. Data were analysed by one-
way ANOVA followed by Dunnett’s test for comparing drug-
treated groups with controls.

Drugs

Zacopride racemate and the enantiomers were prepared as
hydrochloride salts in the Department of Medicinal Chemistry,
Wyeth Research (U.K.) Ltd. The optical purity of the en-
antiomers was determined by h.p.l.c. using a chiral cellulose-
carbamate column (Chiralcell OD). This method was suffi-
ciently sensitive to detect 0.1% of one enantiomer as an im-
purity in the other. The (R)- and (S)-enantiomers were 98%
and 97% pure, respectively. WAY 100289 (endo-N-[(8-methyl-
8-azabicyclo [3.2.1] octan-3-yl) aminocarbonyl] -2- cyclopropyl-
methoxybenzamide]maleate was synthesized at Wyeth Re-
search (U.K.) Ltd.

Results

Isolated vagus nerve preparation

In control tissues a mean maximum depolarization of 0.27
(0.24-0.30) mV, (n=16) was evoked by 5-HT. The CRC was
monophasic with an ECs, of 0.39 (0.21-0.57) uM. In the
presence of either ondansetron (10 nM—0.1 uM) or R(+)-za-
copride (1-30 nM), 5-HT CRCs were displaced to the right
and appeared biphasic with 5-HT (10 nM—1 uM) evoking a
depolarization (first phase) of 10—20% of the 5S-HT maximum
response which was not displaced by increasing concentrations
of antagonists. This first phase was not observed in prepara-
tions equilibrated (50 min) with 5-methoxytryptamine (10 um)
which itself evoked a mean maximum depolarization of
84.4 uV (n=13) in this preparation. A second phase of the CRC
to 5-HT was displaced to the right in the presence of either
ondansetron or R(+)-zacopride (Figure la and c) with pA,
values for the antagonists of 8.3 (8.0-8.9; n=11) and 9.3
(9.1-9.6; n=16) and Schild plot slopes of 1.1 and 1.0 respec-
tively, consistent with a 5-HT; mechanism. The S(—)-en-
antiomer of zacopride (0.3 and 3 nM; pICs, 9.4) and racemic
zacopride (0.3 nM—10 nM; pICs, 9.1) markedly depressed the
maximum response to 5-HT with little evidence of a rightward
shift in CRC’s (Figure 1b and d).

Von Bezold-Jarisch reflex

Because different injection doses of 5-HT were needed to in-
duce a B-J reflex in different mice, the size of this reflex prior to
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administration of the test compounds or saline, was variable.
The mean +s.e. mean change in heart period induced by 5-HT
was 535+34 ms, and ranged from 180-1761 ms (n=76).
Following the administration of saline vehicle, a significant 5-
HT-induced B-J reflex was observed at 10 min after dosing
(P<0.05; n=4).

WAY100289 (3 ug kg™, s.c.) completely blocked the 5-HT-
induced B-J reflex for at least 60 min following administration
(P<0.001; n=3), whereas at a lower dose of 1.0 ug kg~!, there
was a maximum of 32% inhibition which was significant at 10,
20 and 40 min (P<0.05; n=4).

Zacopride racemate (1.0 ug kg~ s.c.) completely blocked
the 5-HT-induced B-J reflex for at least 60 min (P<0.001;
n=4; Figure 2a), whereas a dose of 0.1 ug kg~! showed no
inhibition (P>0.05; n=4). At an intermediate dose of
0.3 ug kg~!, although inhibition of the B-J reflex was sig-
nificant for 60 min (P<0.001; n=4), the maximum inhibition
was 78%. R(+)-zacopride blocked the 5-HT-induced B-J re-
flex at a dose of 3.0 ug kg™ (P<0.001; n=4; Figure 2b) for at
least 60 min, though complete inhibition only occurred for
<50 min. A lower dose of 1.0 ug kg~! showed only partial
inhibition of 34% at 20 min after dosing (P<0.05; n=4).
S(—)-zacopride blocked the 5-HT-induced B-J reflex at a dose
of 0.3 ugkg™!, s.c. (P<0.001; n=4; Figure 2c), whereas
0.03 ug kg~!, s.c. showed no inhibition (P>0.05: n=4). An
intermediate dose of 0.1 ug kg~', s.c. caused a maximum in-
hibition of 80% (P<0.001; n=4).

Light.:dark box

Since the activity of zacopride and its enantiomers was ex-
amined in a single large experiment spread over three days, an
equal number of animals from each treatment group were
tested on each of the three days. Analysis of data by ANOVA
revealed that there were no significant differences in beha-
vioural measures between days for the control animals or
other treatment groups (e.g. F (2,159) =0.413 for light com-
partment motor activity, and F (2,159)=0.265 for light com-
partment rears; P>0.05). Following subcutaneous
administration, zacopride racemate, and both enantiomers,
significantly increased the exploratory behaviour of mice in
the light compartment (Table 1). All three compounds had
similar minimum effective doses, i.e. the minimum dose which

induced a significant (P <0.05) increase in light compartment
rearing was 0.001 mg kg~!, s.c. Both enantiomers also sig-
nificantly (P<0.05) increased light compartment motor ac-
tivity with a minimum effective dose of 0.001 mg kg, s.c.
Although ANOVA revealed no significant effect of treatment
on time spent in the light compartment (F (16,145)=1.40),
doses of zacopride and the enantiomers which induced sig-
nificant increases in light compartment exploration also ap-
peared to increase time spent in the light compartment. The
effects of the positive control (chlordiazepoxide, 2 mg kg~',
s.c.) were similar to those of zacopride and its enantiomers.

Discussion

To our knowledge, the data from our mouse isolated vagus
nerve and von Bezold-Jarisch studies provide the first pub-
lished information (Bill ez al., 1991) on the functional activity
of zacopride and its enantiomers in this species. A previous
study (Newberry et al., 1991) compared the pharmacological
properties of the 5-HT; receptor in isolated superior cervical
ganglia from the mouse, rat and guinea-pig. The latter study,
and our own data (Coleman et al., 1991; Coleman & Rhodes,
1992), indicate that the pharmacological properties of the
mouse and rat 5-HTj; receptors are similar, but differ markedly
from the receptors in other species, such as the guinea-pig
(Lattimer et al., 1989). The activity of zacopride and its en-
antiomers in the mouse isolated vagus nerve preparation was
very similar to that demonstrated in the corresponding rat
preparation (Coleman et al., 1991), i.e. R(+)-zacopride was a
potent and surmountable 5-HT; receptor antagonist, whereas
the racemate and S(—)-zacopride were more potent, but in-
surmountable, antagonists. These in vitro functional data were
reflected in the results of the mouse B-J reflex studies, in which
the racemate and the R(+)- and S(—)-enantiomers displayed
5-HT; receptor antagonist actions, with potencies (MEDgs
values) of 1.0, 3.0 and 0.3 ug kg™, s.c., respectively. In terms
of measuring 5-HT; receptor antagonist potency, therefore, the
results of these functional studies are unremarkable, in that the
zacopride molecule displays a stereoselective interaction with
the 5-HT; receptor; the R(+)-enantiomer being less potent
than the S(—)-enantiomer. These results are consistent with
published data showing that the S(—)-enantiomer binds with

Table 1 Effects of zacopride racemate and enantiomers on mouse light:dark box activity

Exploratory activity
Dark section

Treatment Light section
(mg kg! s.c) Activity Rears
Vehicle (saline) 68+5 15+2
S-zacopride (0.0001) NEY; 16+3
S-zacopride (0.001) 109+ 11* 24+ 2%
S-zacopride (0.01) 105+ 13* 25+ 4*
S-zacopride (0.1) 94+19 23+6
S-zacopride (1.0) 94+10 20+3
R-zacopride (0.0001) 69+6 14+2
R-zacopride (0.001) 102+ 7* 27+3*
R-zacopride (0.01) 116 +13* 29+£4*
R-zacopride (0.1) 108 + 12* 25+ 4*
R-zacopride (1.0) 87+9 19+4
Zacopride (0.0001) 63+10 15+4
Zacopride (0.001) 96+9 25+4*
Zacopride (0.01) 104 £ 10* 29 +3*
Zacopride (0.1) 108 £ 15* 20+4
Zacopride (1.0) 103 +£9* 25+3*
Chlordiazepoxide (2.0) 103 +6* 28 £2*
ANOVA values F (16,145)= 2.75 2.28
P=0.001 P=0.005

All values are means +s.e.mean (n=9, except for the vehicle controls where n=18) and represent total values recorded over a 5 min test

Time (s) Activity Rears Times (s)  Transitions
133+£6 109+8 36+2 167+6 18+1
13610 101+10 35+3 164+10 18%1
158+9 89+5 27+3 14219 19+2
154+7 90+7 30+3 1467 23+3
151+8 97+5 29+2 1498 17+£3
14419 92+7 28+2 156 +9 20+2
134+5 101£5 30+2 166+ 5 18+1
157+6 89+6 3243 143+6 18+2
152+9 102+6 32+4 148+9 25+ 3*
159+6 95+6 314 141£6 21+1
154+11 8317 29+3 14611 17+1
133+£7 92+7 32+4 1677 14+2
159+8 91+6 29+2 141+£8 211
151+£9 98+7 32+4 149+9 22+2
149+9 1068 36+4 151+9 24+3
15311 100+7 344 147+11 212
145+8 96+7 31+3 155+8 212
1.40 1.02 0.82 1.40 2.14
P=0.15 P=0.44 P=0.66 P=0.15 P=0.009

session. Activity refers to horizontal motor activity measured as the number of line crossings.
*P<0.05 (one-way ANOVA followed by Dunnett’s test for comparing all drug-treated groups with the vehicle-treated control).
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higher affinity to the 5-HT; receptor, than the R(+)-en-
antiomer (Pinkus ez al., 1990; Waeber et al., 1990). Although
both enantiomers are 5-HT; receptor antagonists in the mouse,
there is clearly a species variation in their functional activity,
i.e. in the ferret the R(+ )-enantiomer is a 5-HT; antagonist but
the S(—)-enantiomer is a 5-HT; receptor agonist or partial
agonist (Middlefell & Price, 1991). It is not known whether this
latter property of S(—)-zacopride is related to its non-com-
petitive interaction with the mouse 5-HT; receptor.

The results of our functional studies would predict, as-
suming that there are no significant differences between central
and peripheral 5-HT; receptors in the mouse, that racemic
zacopride and both of the enantiomers should be active in the
mouse light:dark box behavioural model. In our hands this
prediction was generally confirmed, i.e. the subcutaneous ad-
ministration of racemic zacopride, the R(+ )-enantiomer or the
S(—)-enantiomer, induced significant increases in the light
compartment exploratory behaviour, with similar potencies
and active dose-ranges. Allowing for the 10 fold dose-step used
in these latter studies (necessary to encompass a wide dose-
range) and for the inherently less quantitative nature of the
behavioural model, the potencies of the racemate and en-
antiomers in the anxiety paradigm were consistent with their
potencies in the mouse B-J reflex model (and were in the same
rank order as determined in the mouse vagus nerve assay). The
potencies of another selective 5-HT; receptor antagonist,
WAY 100289 (Bradley et al., 1992; Rhodes et al., 1993), in the
functional and behavioural models also correspond closely
(MEDg;s in the mouse B-J reflex=3 ug kg~', s.c.; MED in the
mouse light:dark box (Bill ez al., 1992)=10 ug kg~!, s.c.).
Therefore, it appears reasonable to conclude that the activity
of 5-HT; receptor antagonists in the mouse light:dark box
anxiety model is a result of central 5-HT; receptor blockade; a
conclusion that is further supported by the observation that
the quaternary ammonium analogue of ICS-205,930, which
enters the brain less readily than the parent compound, is not
active in the light:dark box (Bill ez al., 1992) despite being a
potent 5-HT; receptor antagonist (Watling et al., 1988).

The results of our behavioural studies on the enantiomers of
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1 The subtype of aj-adrenoceptor mediating contractions of human prostate to noradrenaline was
characterized by use of a range of competitive and non-competitive antagonists.

2 Contractions of the prostate to either noradrenaline (pD, 5.5), phenylephrine (pD, 5.1) or
methoxamine (pD, 4.4) were unaltered by the presence of neuronal and extraneuronal uptake blockers.
Noradrenaline was about 3 and 10 times more potent than phenylephrine and methoxamine respectively.
Phenylephrine and methoxamine were partial agonists.

3 Pretreatment with the alkylating agent, chlorethylclonidine (10~* M) shifted the noradrenaline
concentration-contraction curve about 3 fold to the right and depressed the maximum response by 31%.
This shift is 100 fold less than that previously shown to be produced by chlorethylclonidine under the
same conditions on a;g-adrenoceptor-mediated contractions.

4 Cumulative concentration-contraction curves for noradrenaline were competitively antagonized by
WB 4101 (pA, 9.0), 5-methyl-urapidil (pA, 8.6), phentolamine (pA, 7.6), benoxathian (pA, 8.5),
spiperone (pA; 7.3), indoramin (pA, 8.2) and BMY 7378 (pA; 6.6). These values correlated best with
published pK; values for their displacement of [*H]-prazosin binding on membranes expressing cloned
ajc-adrenoceptors and poorly with values from cloned a;,- and a;4-adrenoceptors.

5 The good correlation between the functional data on the prostate and the binding data on the
expressed a;c-subtype clone for the affinities of the competitive antagonists suggests that they are the
same subtype. As the expressed a;.-adrenoceptor clone corresponds to the a;4-adrenoceptor expressed in
tissues, contraction of the human prostate to noradrenaline is therefore mediated by an o;a-
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adrenoceptor.

Keywords: «,-Adrenoceptor subtypes; human prostate; chlorethylclonidine; WB 4101; 5-methyl-urapidil; phentolamine;
benoxathian; spiperone; indoramin; BMY 7378

Introduction

Benign prostatic hyperplasia is frequent in elderly males with a
prevalence of 43% in those over 65 displaying some symptoms
(Garraway et al., 1991). Bladder outlet obstruction caused by
this condition has two components: static, related to cellular
mass and dynamic, related to prostatic smooth muscle tone.
One pharmacological approach in treatment is to relax pro-
static smooth muscle by antagonizing a;-adrenoceptors.

It has been known for many years that stimulation of the
pre-sacral sympathetic nerves in man causes the prostate to
contract (Learmonth, 1931). Subsequent work has shown that
a-adrenoceptors mediate contraction of the prostate (Caine et
al., 1975) and ligand binding experiments revealed both «;- and
ay-adrenoceptors, the former predominating in the stroma
(Chapple et al., 1989; James et al., 1989). Experiments on
isolated prostatic tissue showed that it was only the a;-adre-
noceptors which mediated contraction of the tissue (Hieble et
al., 1985; Chapple et al., 1989). These studies provided a sci-
entific basis for the use of selective a;-adrenoceptor antagonists
e.g. prazosin, in the treatment of benign prostatic hyperplasia
(e.g. Chapple et al., 1990) after initial trials with phenox-
ybenzamine (Caine et al., 1978). While prazosin may provide
symptomatic relief including improved urinary flow rate, there
is a therapeutic ceiling to the dose that can be employed due to
side effects e.g. hypotension, which also arise from a;-adre-
noceptor antagonism.

Recent research has demonstrated heterogeneity of o;-
adrenoceptors using both pharmacological analysis and re-
ceptor cloning. Thus a;o- and a;g-adrenoceptors can be dis-

! Author for correspondence.

tinguished in functional and ligand binding experiments by
their sensitivity to the alkylating agent, chlorethylclonidine
and by their affinities for a number of competitive antagonists
such as WB 4101 and S5-methyl urapidil (Morrow & Creese,
1986; Gross et al., 1988; Han et al., 1987a,b). The a;4 subtype
is relatively insensitive to chlorethylclonidine and has a high
affinity for WB 4101 and 5-methyl urapidil while the opposite
is true for the o, subtype. On the basis of these selectivities the
oy,-adrenoceptor mediating contraction of smooth muscle in
several tissues has been characterized. For example, in the rat
epididymal vas deferens, contractions are mediated via a;a-
adrenoceptors while in the spleen they are mediated via o;p-
adrenoceptors (Aboud et al., 1993; Burt et al., 1995).
Molecular cloning studies have identified three subtypes of
the a,-adrenoceptor, o, ;. and a,4 (upper case letters refer to
pharmacologically defined subtypes and lower case letters to
those defined by molecular biology; Bylund ez al., 1994). All
three subtypes have been cloned from both rat and human
cDNA libraries (Lomasney et al., 1991; Bruno et al., 1991;
Ramarao et al., 1992; Laz et al., 1993; Hirasawa et al., 1993)
and are expressed tissue-dependently in both species (Rokosh
et al., 1994; Price et al., 1994). The a,;, clone when expressed in
cell lines that have been transfected with the cDNA for this
subtype and the tissue o;p adrenoceptor have very similar
pharmacological profiles (Lomasney et al., 1991). The a4
subtype clone when expressed in cells was originally thought to
correspond to the classical a;, subtype and was therefore
called the a;, clone (Lomasney et al., 1991). However, a near
identical clone was isolated which had a different pharmacol-
ogy from the a5 or a;p subtypes and was therefore called the
14 clone (Perez et al., 1991). Schwinn & Lomasney (1992) then
agreed that their clone was the same subtype as that cloned by
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Perez et al. (1991), and also had a different pharmacology from
the a;4 subtype. There is currently little evidence for functional
ap-adrenoceptors although they may be present in the rat
vasculature (Saussy et al., 1994). The a,. clone is now con-
sidered to represent the classical a;, subtype found in tissues
(Laz et al., 1993; Perez et al., 1994; Burt et al., 1995). The o,
clone was originally isolated from a bovine brain cDNA li-
brary and although it had a very similar pharmacology to the
aa-adrenoceptor, it was thought to represent a new subtype as
it was also chlorethylclonidine-sensitive (Schwinn et al., 1990).
However, the degree to which it is sensitive to chlor-
ethylclonidine has been questioned recently and it may only be
partially sensitive, at least in the rat (Forray et al., 1994a).

All three aj-adrenoceptor clones have been found to be
expressed in the human prostate by RNAse protection assay
and quantitative solution hybridization assays showed that the
predominant subtype expressed was the a;.-adrenoceptor. The
mRNA for this subtype was also found to be predominantly
expressed in the stromal (fibromuscular) compartment by in
situ hybridization (Price et al., 1993).

These findings raise the possibility that the a;-adrenoceptor
subtype in the prostate might differ from that in the vascu-
lature. Therefore the aim of the present experiments was to use
drugs with known subtype selectivity to characterize pharma-
cologically the a;-adrenoceptor in the prostate as a step in the
development of prostate-selective a;-adrenoceptor antagonists
for treatment of benign prostatic hyperplasia. A preliminary
account of some of these results has been published (Marshall
et al., 1992).

Methods

Prostatic chips taken from patients undergoing transurethral
resection for benign prostatic hyperplasia (age 60—85 years,
n=12) were collected in Tyrode solution and stored overnight
at 4°C for experimental use the next day. Prostatic chips
(about 20 mm x 4 mm x 2 mm) were selected which contained
the most smooth muscle. They were suspended in Tyrode so-
lution (composition mM: Na* 149, CI~141, HCO;™ 12, D-glu-
cose 5.6, HPO,2~0.3, K+2.7, Mg?*0.5 and Ca?* 1.8) at 37°C in
5 ml tissue baths and bubbled with 95%0,/5%CO,. The strips
were placed under 1 g resting tension, and equilibrated for 1 h.
Changes in isometric tension were measured with Grass FT.03
transducers and recorded by Biopac Systems Inc. MP100WS
for Windows.

Cumulative additions of noradrenaline were added to each
tissue to produce concentration-response curves as the re-
sponse to noradrenaline was maintained and the maximum
response was not much different to a single dose of nora-
drenaline producing a maximal response. After 1 h the curve
was then either repeated, or repeated in the presence of cocaine
and p-oestradiol (both 10~ M), or in the presence of an an-
tagonist (equilibrated with the tissue for 30 min). In some
tissues a concentration-effect curve to another agonist was
measured. The alkylating agent chlorethylclonidine was in-
cubated with the tissue for 30 min and then washed out for
30 min. The effect of the highest concentration of di-
methylsulphoxide DMSO (0.01%) resulting in the tissue bath
due to the stock solution of some compounds being dissolved
in it, was also measured on the noradrenaline repeat curve.

Data analysis

All the responses were calculated as percentage maximum re-
sponse to noradrenaline in the initial curve and plotted as the
meanzts.e.mean of 3 or 4 separate experiments. For the
competitive antagonists, WB 4101, 5-methyl urapidil, phen-
tolamine, benoxathian, spiperone, indoramin and BMY 7378,
Schild plots were constructed from the dose-ratios obtained to
calculate their pA, values (Arunlakshana & Schild, 1959).
Curve fitting for the calculation of ECs, values by non linear
regression and linear regression for the calculation of pA,

values was performed using InPlot (GraphPAD Software, San
Diego, Calif., U.S.A.). Dose-ratios were calculated using the
second concentration-response curve in the absence and pre-
sence of the antagonists.

Drugs and solutions

WB 4101 (2(2,6-dimethoxyphenoxyethyl)amino-methyl-1,4-
benzodioxane hydrochloride) and chlorethylclonidine were
donated by Pfizer Central Research, Kent. Noradrenaline bi-
tartrate, phenylephrine hydrochloride, methoxamine hydro-
chloride, cocaine hydrochloride, S-oestradiol and phentol-
amine were obtained from Sigma and 5-methyl-urapidil, be-
noxathian hydrochloride, spiperone hydrochloride and BMY
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Figure 1 Cumulative concentration-effect curves for noradrenaline
(@), phenylephrine (W), and methoxamine (H), in human prostate.
Each plot represents the mean with s.e.mean of at least 4 separate
experiments.
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Figure 2 The effect of chlorethylclonidine on contractions to
noradrenaline in human prostate. Control (@); plus chlorethylcloni-
dine 10~*M (W). Each plot represents the mean with s.e.mean of at
least 4 separate experiments.
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7378  dihydrochloride  (8[2-[4-(2-methoxyphenyl)-1-piper-
I b Schild plot azinyl]ethyl]-S-azaspiro[4,5]decane-7,9-dione dihydrochloride)
8o 20~ were obtained from RBI. All stock solutions were made in
g % = 5L distilled water and diluted to working concentrations in Krebs
ac T sqlutlon except for spiperone and B-oestradiol which were
25 S ok . dissolved in DMSO first, then diluted in Krebs solution. Stock
% g 2 ’ 4 solutions of antagonists were stored frozen while agonists were
£c = o5k prepared fresh each day.
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Figure 3 Antagonism of contractions to noradrenaline in human
prostate by WB 4101. (a) Control (@); plus WB 4101 1x10~%m
(W), 3x10~%M (M), 1 10~ "M (A). Each plot represents the mean
with s.e.mean of at least 4 separate experiments. (b) Schild plot using
dose ratios from (a).
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Figure 4 Antagonism of contractions to noradrenaline in human
prostate by 5-methyl urapidil. (a) Control (@); plus 5-methyl urapidil
1x10~%M (W), 3x 10~ %M (M), 1 x 1077 M (A). Each plot represents
the mean with s.e.mean of at least 3 separate experiments. (b) Schild
plot using dose ratios from (a).
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Figure 5 Antagonism of contractions to noradrenaline in human
prostate by phentolamine. (a) Control (@); plus phentolamine
3x10~"M (V), 1 x10~M (H). Each plot represents the mean with
s.e.mean of at least 3 separate experiments. (b) Schild plot using
dose ratios from (a).

100 —

8 b
“ég 75 - Schild plot °
8% = 1.0
a5 o
BT g
X = =] 0.5 —
© o .
g2 25— KS)
X

0 [ 0.0 | |

-85 80 -75

-7 6 -5 -4 -3
log m [Noradrenaline] log m [Benoxathian]
Figure 6 Antagonism of contractions to noradrenaline in human
prostate by benoxathian. (a) Control (@); plus benoxathian
1x10~%M (W), 3x 10~ %M (M). Each plot represents the mean with
s.e.mean of at least 3 separate experiments. (b) Schild plot using dose
ratios from (a).

Results

Noradrenaline produced a dose-dependent contraction of the
human prostate and the repeat concentration-effect curve was
not significantly different from the initial curve (pD, 5.5+0.1,
maximum response 0.66+0.07 g, Figure 1). The responses to
noradrenaline were not affected by the highest concentration
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Figure 7 Antagonism of contractions to noradrenaline in human
prostate by spiperone. (a) Control (@); plus spiperone 3 x10™"M
(W), 1x10~%M (). Each plot represents the mean with s.e.mean of
at least 3 separate experiments. (b) Schild plot using dose ratios from

(a).

e b
8o 151 Schild pl
82 child plot
8% _
§g T 10r *
=5 a
35 =
Eg k-] 0.5
R®
| | |

0.0
-85 -80 -75 -7.0
log M [Indoramin]

-7 6 5 -4 -3
log M [Noradrenaline]

Figure 8 Antagonism of contractions to noradrenaline in human
prostate by indoramin. (a) Control (@); plus indoramin 3 x 10™8m
(W), 1 x 10~ "M (M). Each plot represents the mean with s.e.mean of
at least 3 separate experiments. (b) Schild plot using dose ratios from

(a).

100
S b
Qo i
§§- 75 150 Schild plot
g5 z
gL %0 & 10
-] [~
5B 3
gc g osl
R
0 0.0 [ -
-7 6 -5 -4 -3 -7.0 -65 -6.0 -65 -5.0
log M [Noradrenaline] log m [BMY 7378]

Figure 9 Antagonism of contractions to noradrenaline in human
prostate by BMY 7378. (a) Control (@); plus BMY 7378, 3 x 10~%Mm
(W), 1 x 10~°M (M). Each plot represents the mean with s.e.mean of
at least 3 separate experiments. (b) Schild plot using dose ratios from
(@)



784 I. Marshall et al aja-adrenoceptor in human prostate

Table 1 Comparison of pA, values for the antagonists with their published pK; on cloned subtypes

PK; on cloned a;-adrenoceptors expressed

in cells* pA> human

Antagonist o o o prostate
Prazosin 9.6+0.2 9.2+0.2 9.4+0.2 8.5!
WB4101 8.2+0.1 9.5+0.3 9.2+0.1 9.0
S-methyl urapidil 6.8+0.3 8.8+0.1 7.3£0.3 8.6
Phentolamine 7.3+£0.2 8.1+0.3 7.6+0.2 7.6
Benoxathian 7.8 9.0 8.7 8.5
Spiperone 8.3+0.2 7.9+0.3 7.9+0.2 73
Indoramin 7.3+0.1 8.2+0.3 6.8+0.2 8.2
BMY 7378 7.2 6.6 9.4 6.6

* Data are mean +s.e.mean for values from Faure et al., 1994; Forray et al., 1994b; Kenny et al., 1994a,b; Testa et al., 1994; Goetz et
al., 1995 (no s.e.mean for compounds with only one or two values). In each study the hamster a;;, bovine a;. and rat a;4 clones were
used except for Goetz et al. (1995) and Forray et al. (1994b) where the three human a;-subtype clones were used.

'Data from Marshall et al. (1992).
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Figure 10 Correlation of average pK; values for the displacement of [*H}-prazosin on cloned a;-adrenoceptor subtypes (Table 1)
from Faure et al., 1994; Forray et al., 1994b; Kenny et al., 1994a,b; Testa et al., 1994; Goetz et al., 1995, with pA, values for the
antagonists prazosin (1), WB 4101 (2), 5-methyl urapidil (3), phentolamine (4), benoxathian (5), spiperone (6), indoramin (7) and
BMY 7378 (8) against human prostate noradrenaline contractions. The solid line is a linear regression fit through all the points and
the dashed line has a slope equal to unity, passing through the origin.

Table 2 Correlation values and slopes of the correlations

slope 0.99+0.16, Figure 6), spiperone (pA, 7.3, slo
for the pA, values with their pK; values shown in Table 1 (A o

1.04+0.12, Figure 7), indoramin (pA, 8.2, slope 1.01+0.12,
Figure 8) and BMY 7378, (pA; 6.6, slope 0.91+0.11, Figure 9).

o;-Subtype  Correlation (r) Slope

a1b 0.26 0.29+0.44 . .
e 0.96 1.11£0.13 Discussion
o4 -0.04 -0.05+0.52

of DMSO (0.01%) in the tissue bath. When neuronal and
extraneuronal uptake was blocked by cocaine and B-oestradiol
(both 105 M) the concentration-effect curve to noradrenaline
was not altered. Phenylephrine and methoxamine also dose-
dependently contracted the prostate (pD, 5.1+0.1 and
4.410.1 respectively, Figure 1) but appeared to be partial
agonists in this tissue (maximum response compared to nora-
drenaline 66+ 1% for phenylephrine and 56+ 1% for meth-
oxamine). The responses to phenylephrine and methoxamine
were not altered in the presence of cocaine and S-oestradiol
(both 1075 ™).

Chlorethylclonidine (1 x 10~* M, 30 min), produced about a
3 fold rightward shift in the concentration-effect curve and a
31 +£1% decrease in the maximum (Figure 2). WB 4101 was a
competitive antagonist producing dose-dependent rightward
shifts in the concentration-effect curves (pA, 9.0, slope
0.91+0.11, Figure 3). The same was also true for 5-methyl
urapidil (pA, 8.6, slope 0.99+0.09, Figure 4), phentolamine
(pA, 7.6, slope 1.06+0.06, Figure 5), benoxathian (pA, 8.5,

The human prostate was shown to contract to noradrenaline,
with its potency and maximal response being unaffected by
neuronal and extraneuronal uptake blockade by cocaine and
B-oestradiol, which were therefore not included in further ex-
periments. The a;-adrenoceptor agonists, phenylephrine and
methoxamine, also contracted the prostate, indicating that a;-
adrenoceptors mediate at least part of the response to nora-
drenaline. The most potent of the three agonists was nora-
drenaline with phenylephrine and methoxamine being about 3
and 10 fold less potent respectively. Phenylephrine and meth-
oxamine also appeared to be partial agonists with respect to
the maximum response to noradrenaline. Although they are
usually considered to be full agonists, it may be that they have
a slightly lower efficacy compared to noradrenaline and this is
not noticeable in other tissues where there is a larger receptor
reserve.

Another possible reason for the maximum response to
noradrenaline being greater than that of the other agonists in
this tissue is that it may also be mediated by a,-adrenoceptors.
However the full ay-adrenoceptor agonist, UK-14,304, did not
have any contractile effect in preliminary experiments, in
agreement with Chapple et al. (1989) and prazosin has a pA,
against the noradrenaline contraction consistent for an «;-
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adrenoceptor (Marshall et al., 1992). Therefore the response to
noradrenaline is mediated by a;-adrenoceptors, in agreement
with Chapple et al. (1989) and was therefore a suitable agonist
to study the a;,-adrenoceptor subtype(s) in this tissue. Human
hyperplastic prostatic tissue shows no relaxation to isoprena-
line in in vitro function studies (Caine et al., 1975; Kitada,
1983). Therefore it was considered unnecessary to include a -
adrenoceptor antagonist in these experiments.

Chlorethylclonidine selectively alkylates tissue «;g-adreno-
ceptors (e.g. in rat spleen, Burt et al., 1995) and the expressed
ap-adrenoceptor clone (Perez et al., 1991) rather than tissue
a1a-adrenoceptors (e.g. lack of effect in rat vas deferens, Burt
et al., 1995) or the expressed a;.- and a;4-adrenoceptor clones
(Forray et al., 1994a; Perez et al., 1991). The degree of sensi-
tivity to chlorethylclonidine of the a;. clone may however be
species-dependent to some extent (Forray et al., 1994a). The
response to noradrenaline in the prostate was antagonized by
chlorethylclonidine under the same conditions that were used
for the rat spleen and vas (Burt et al., 1995). However, its effect
was not as great as that observed on the rat spleen where it
caused about a 300 fold shift of the phenylephrine curve
compared to about a 3 fold shift of the noradrenaline curve in
the prostate. Hence, contraction of the prostate is unlikely to
be mediated solely by a;s-adrenoceptors but could be mediated
by a;a- or a;p-adrenoceptors, as the corresponding expressed
clones for these two subtypes (a;. and a,4), have both been
shown to be partially chlorethylclonidine-sensitive.

However, chlorethylclonidine did have a greater effect in the
prostate than in the rat vas deferens where it had no effect. One
problem with the interpretation of the effects of chlor-
ethylclonidine is that the degree to which it affects a functional
response depends to some extent on the receptor reserve of the
tissue. If a tissue has a large receptor reserve then a reduction
in receptor density may result in a rightward shift in the con-
centration-response curve without a reduction in the maximum
response. On the other hand, if a tissue has a small receptor
reserve then an equivalent reduction in receptor density may
result in a rightward shift of the concentration-response curve
and also a decrease in the maximum response. The fact that a
decrease in maximum response was observed in the prostate
after chlorethylclonidine treatment with a relatively small
rightward shift is consistent with a small receptor reserve in
this tissue. The rat vas deferens does have a large o;-adreno-
ceptor reserve (Diaz-Toledo & Marti, 1988) so a small shift in
the noradrenaline curve in this tissue would probably not be
accompanied by a reduction in maximum response. The re-
duced maximum response in the prostate would then only re-
present a difference in receptor reserve between the prostate
and the vas deferens. Therefore it could be argued that the 3
fold shift for the noradrenaline curve in the prostate shows
relatively little difference in the effects of chlorethylclonidine
between the two tissues. The classical a;s-subtype such as that
found in the rat vas deferens corresponds to the cloned «;.-
adrenoceptor (Laz et al., 1993; Perez et al., 1994; Burt et al.,
1995) and this clone also shows some species differences in
chlorethylclonidine-sensitivity. Therefore the subtypes in the
rat vas deferens and the human prostate could both be the a5-
subtype and the difference in chlorethylclonidine sensitivity
may reflect a species difference. Alternatively the subtype in the
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Effects of the two enantiomers, S-16257-2 and S-16260-2, of a new
bradycardic agent on guinea-pig isolated cardiac preparations
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1 The electromechanical effects of two enantiomers, S-16257-2 (S57) and S-16260-2 (R60), were studied
and compared in guinea-pig isolated atria and ventricular papillary muscles. The possible
stereoselectivity of the interaction on the cardiac Na* channel was analysed by comparing the effects
of the two enantiomers on the onset and recovery kinetics of the frequency-dependent V., block.

2 In spontaneously beating right atria, S57 and R60 (10~% M—10—% M) exerted a negative chronotropic
effect (pICso=5.07+0.19 and 4.76 +0.18, respectively) and prolonged the sinus node recovery time, this
effect being more marked with S57. In electrically driven left atria, S57 decreased (P<0.05) contractile
force only at 10~% M and R60 at concentrations >5x 105 M, whereas in papillary muscles the negative
inotropic effect appeared at concentrations >10~° M.

3 In papillary muscles driven at 1 Hz, S57 and R60 at concentrations higher than 5x 10~° M produced
a concentration-dependent decrease in the maximum upstroke velocity (Vn.,) and amplitude of the
cardiac action potential without altering the resting membrane potential or the action potential duration.
S57 and R60 had no effect on the characteristics of the slow action potentials elicited by isoprenaline in
ventricular muscle fibres depolarized in high K* (27 mM) solution.

4 At 5x1075 M, S57 and R60 produced a small tonic V., block. However, in muscles driven at rates
between 0.5 and 3 Hz both enantiomers produced an exponential decline in V. (frequency-dependent
Vmax block) which augmented at higher rates of stimulation. The onset and offset rates of the frequency-
dependent V,,,, block were similar for both drugs. Both S57 and R60 prolonged the recovery time
constant from the frequency-dependent block from 20.1+2.9 ms to 2—3 s.

5 At 5x107°M, S57 and R60 shifted the membrane responsiveness curve in a hyperpolarizing
direction.

6 It can be concluded that S57 and R60, the two enantiomers of the new bradycardic agent, produced a
similar frequency-dependent V.., block which indicated that the interaction with the Na* channel was
not stereospecific. The analysis of the onset and offset kinetics of the frequency-dependent V,,, block
suggested that both enantiomers can be considered as Na* channel blockers with intermediate kinetics,

e.g., class IA antiarrhythmic drugs.

Keywords: S 16257; contractile force; action potential; frequency-dependent ¥, block; bradycardic agents

Introduction

Sinus tachycardia is a common physiological response that
may help to maintain homeostasis by increasing cardiac output
but also increases myocardial oxygen demands and decreases
time for myocardial relaxation and diastolic ventricular filling
(Sonnenblick et al., 1968). In the presence of a flow-limiting
coronary artery stenosis a decrease in diastolic perfusion time,
secondary to exercise-induced tachycardia, may be especially
deleterious by further reducing subendocardial myocardial
perfusion (Boudoulas et al., 1979; Hoffman, 1984). Under
these circumstances, a reduction of heart rate prolongs the
diastolic perfusion time and reduces myocardial oxygen de-
mands, thus leading to an improvement in ischaemic zone
perfusion and function. Bradycardic agents, i.e. f-adreno-
ceptor blocking agents and calcium channel blockers are fre-
quently used in the treatment of effort-induced angina pectoris
(Cruickshank & Prichard, 1987; Opie, 1989). However, these
drugs also exhibit negative inotropic and hypotensive effects
which may antagonize the beneficial effects of the bradycardia
on myocardial blood flow by unmasking a-adrenoceptor va-
soconstrictor mechanisms or increasing the extracellular
component of coronary resistance (via an increase in left
ventricular end-diastolic pressure) and reducing coronary ar-
tery perfusion pressure, respectively.

! Author for correspondence.

Specific bradycardic agents represent a new approach in the
management of angina pectoris with depressed left ventricular
function (Kobinger & Lillie, 1987, Guth, 1991). They block
sinus tachycardia and markedly attenuate exercise-induced
increases in heart rate at concentrations at which they have no
direct effects on the inotropic state or vascular tone (Kobinger
& Lillie, 1987; Guth, 1991; O’Brien et al., 1992). The precise
mechanism of action of these agents is still uncertain even
when in rabbit sinoatrial node cells the bradycardic effect of
zatebradine has been attributed to a frequency-dependent in-
hibition of the hyperpolarizing-activated current (f) (Goethals
et al., 1993).

S-16257-2 (7,8-dimethoxy 3-{3{[1S)-(4,5-dimethoxybenzo-
cyclobutan-1-yl) methyl] methylamino}propyl} 1,3,4,5-tetra-
hydro-2H-benzazepine 2-one) is a new bradycardic agent that
slows the spontaneous rate in rabbit isolated sino-atrial node
and sheep Purkinje fibres and prolongs the action potential
duration (APD), this effect being quite marked in Purkinje
fibres, but very weak in guinea-pig ventricular papillary mus-
cles (Thollon et al., 1994). However, the effects of the drug on
phase 0 characteristics of the cardiac action potential have not
yet been reported. Furthermore, S-16257-2 is the (S)-en-
antiomer of a chiral molecule (Figure 1) and the (R)-en-
antiomer, S-16260-2, has been recently synthesized. Thus, the
present work was undertaken to compare the effects of S-
16257-2 (S57) and S-16260-2 (R60) on: (1) rate and contractile
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Figure 1 Chemical structure of 7,8-dimethoxy 3-{3-{[(4,5-dimethoxy
benzocyclobutan-1-yl)methyljmethylamino}propyl}1,3,4,5-tetrahydro-
2H-benzazepine 2-one. The asterisk shows the asymmetric carbon
that differentiates S-16257-2 (S57) from S-16260-2 (R60).

force in guinea-pig isolated atria and papillary muscles, and (2)
ventricular action potential characteristics. Moreover, (3) the
possible stereoselectivity of the interaction on the cardiac Na*
channel was analysed by comparing the effects of the two en-
antiomers on the onset and recovery kinetics of the frequency-
dependent V,,,,, block.

Methods

General procedure

Guinea-pigs of either sex weighing 350—450 g were killed by
cervical dislocation and their hearts were rapidly removed.
Right and left atria and left ventricular papillary muscles were
dissected and mounted vertically in 10 ml organ baths con-
taining Tyrode solution of the following composition (mM):
NaCl 125, KCl 5.4, CaCl, 1.8, MgCl, 1.05, NaHCO, 24,
NaH,PO, 0.42 and glucose 11. The solution was bubbled with
95% O,:5% CO, and maintained at 34°C. Under these condi-
tions right atria beat spontaneously, while left atria and papil-
lary muscles were electrically driven at a basal rate of 1 Hz
through bipolar platinum electrodes with rectangular pulses
(1 ms duration, twice threshold strength) delivered from a
multipurpose programmable stimulator (Cibertec CS 220, Ma-
drid, Spain). Rate and amplitude of contractions were measured
isometrically by a force-displacement transducer and recorded
on a Letica 2000 (Cibertec S.A., Madrid, Spain) polygraph.
Resting tension was adjusted to 1 g (left atria) and 0.5 g (pa-
pillary muscles) and a 30 min equilibration period was allowed
to elapse before control measurements were taken. The sinus
node recovery time was determined as described elsewhere
(Tamargo, 1980). After control values for each parameter were
obtained, incremental concentrations of each drug were added
every 30 min to the bath to obtain a complete concentration-
response curve. The values for the different parameters obtained
in the absence of each drug were used as controls and compared
with those obtained after each increment in drug concentration.
Only one drug was tested in each experiment.

Electrophysiological studies

Guinea-pigs of either sex (250-350 g) were killed by cervical
dislocation and hearts were rapidly removed and brought into
a dissection chamber where papillary muscles of 2—3 mm in
length and less than 1 mm in diameter were excised from the
right ventricle. The muscles were pinned to the bottom of a
Lucite chamber and superfused continuously at a constant rate
of 7 ml min~! with Tyrode solution bubbled with 95% O, and
5% CO, and maintained at 34+0.5°C (pH=7.4). The pre-
parations were initially driven at 1 Hz and a period of 1 h was
allowed for equilibration during which a stable impalement
was obtained. Driving stimuli were rectangular pulses (1 ms
duration, twice threshold strength) delivered to the prepara-
tion from a multipurpose programmable stimulator (Cibertec
CS-220). Electrical stimulation was applied to the surface of
the preparation through Teflon-coated bipolar electrodes of
silver wire.

Transmembrane action potentials were conventionally re-
corded through glass microelectrodes filled with 3 M KCl (tip
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Figure 2 Concentration-response effects of (a) S57 and (b) R60 on
(O) sinus rate, (@) peak contractile force and (A) sinus node
recovery time in spontaneously beating guinea-pig isolated right atria.
Ordinate scale: % of control values. Abscissa scale: drug concentra-
tion (M). Each point represents the mean+s.e.mean of at least 6
experiments. *P<0.05 vs control.

resistance of 815 MQ). The microelectrode was connected
via Ag-AgCl wire to high impedance, capacity neutralizing
amplifiers (WPI model 701, New Haven, CT, U.S.A.). The
maximal rate of depolarization (¥V,...) of the action potential
was obtained by electronic differentiation (Valenzuela et al.,
1988). The amplifier output was linear between 10—1000 V s~!
and had variable input filters (3 Hz-260 KHz, E. Ehler,
Homburg/Saar, Germany). A suitable frequency filter for
minimizing noise without reducing the V,,,, was selected for
each individual experiment. In order to avoid latency-induced
alterations of V,,,,, stimulus intensity and duration were ad-
justed throughout each experiment to maintain a constant la-
tency (1-2 ms) between stimulus and upstroke of the action
potential (Valenzuela et al., 1988). Both action potential and
Vmax Were displayed on a storage oscilloscope (model 4104N,
Tektronix Inc., Beaverton, OR, U.S.A.) and the oscilloscope
traces were photographed with a kymographic camera (Grass
C4, Grass Instrument Co., Quincy, MA, U.S.A.). The fol-
lowing action potential characteristics were determined from
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recordings: resting membrane potential, amplitude, V,.., and
action potential duration at the 50% (APDs,) and 90%
(APDy,) level of repolarization. All experirmental results were
obtained from a single continuous impalement throughout the
whole experiment.

To study rate-dependent effects on V,,,,, block produced by
S57 and R60, muscles were initially driven at a basal rate of
0.02 Hz. Following the equilibration period, the preparations
were driven by trains of stimuli at varying rates for 40 s (0.5, 1
and 2 Hz) and 16 s (3 Hz). Rest periods of 5 min, which were
sufficient to ensure full recovery from frequency-dependent
decreases in V,,,,, were interpolated between the trains of sti-
muli (Valenzuela et al., 1988; Delpon et al., 1990). A similar
experimental protocol was followed after exposure to S57 and
R60. Under these circumstances two types of V., inhibition
were detected, i.e. Tonic and frequency (use)-dependent V.,
block. Tonic blockade is the decrease of V,,,,, of the first action
potential preceded by a rest period, whereas frequency-de-
pendent blockade was defined by the decrease of V,,,, during a

train from the value of the first action potential to a new
steady-state. Recovery from frequency-dependent V,,,, block
was studied by applying a single test stimulus at various cou-
pling intervals after a stimulation train for 8 s at 3 Hz. The
strength of the test stimuli was adjusted so that the latency of
the conditioning and the test stimuli were identical and con-
stant (1-2 ms). For each drug, the onset of and recovery from
frequency-dependent V.., block were fitted by exponential
functions for calculations of the respective rate constants.
The effective refractory period (ERP), defined as the period
in which no propagated action potentials can be obtained, was
measured by introducing premature test-stimuli (S,) of twice
threshold strength at different intervals from the preceding
basic action potential. S, was delivered every eighth basic sti-
mulus. Premature test-stimuli were initially introduced late in
the diastole and then progressively earlier in the cycle. The
relationship between V., and the resting membrane potential,
i.e. membrane responsiveness, was studied in papillary muscles
driven at 0.1 Hz and the resting membrane potential was de-

Table 1 Electrophysiological effects of S57 on transmembrane action potentials in guinea-pig papillary muscles driven at 1.0 Hz

Concentration RMP APA me APDs, APDy,

™) (mV) (mV) (Vs™) (ms) (ms) ERP[APDy
Control -84.1+0.8 122.8+1.0  206.4+9.1 179.3+94 208.2+8.9 1.03+0.01
1077 -84.0+0.9 123.1£09  206.5+10.3 178.2+7.8 208.6+7.6 1.03+0.01
107 -83.1+1.0 122.7+0.7 207.1+11.6 184.3+8.2 211.4+89 1.03+0.01
5x 1076 -834+14 123.4+0.9 193.1+16.2 181.0+12.8 213.0+11.5 1.02+0.01
1078 -82.0+14 122.7+£0.8 1854+12.3* 188.2+9.1 219.6+10.0 1.03+0.01
5x 107 -82.7+2.2 120.5+1.8* 141.2+16.1** 154.4+3.6 1944152 1.04+0.01

Mean £s.e.mean, n=7. RMP, resting membrane potential; APA, amplitude of the action potential; V,,,,, maximal upstroke of the
action potential; APDs, and APDyg, action potential duration at the 50% and 90% level of repolarization; ERP, effective refractory

period. *P<0.05; **P<0.01.

Table 2 Electrophysiological effects of R60 on transmembrane action potentials in guinea-pig papillary muscles driven at 1.0 Hz

Concentration RMP APA me APDs, APDy,

(™) (mV) (mV) (Vs™) (ms) (ms) ERP|APDg
Control -86.2+1.3 120.0+0.8 211.9+13.6 171.0+10.3 201.5+9.7 1.04+0.00
1077 -86.0+1.4 121.2+0.8 213.0+13.3 174.5+9.2 206.0+8.0 1.03+0.00
10°¢ -85.6x1.5 121.4+09 207.5+11.7 177.0+10.4 210.5+9.8 1.03+0.00
5%107° -85.5+1.8 121.0+0.7 201.4+12.5 182.5+9.5 218.7+8.1 1.02+0.01
107 -85.5+1.8 119.8+0.5 191.0+7.1* 173.5+6.3 212.5+7.0 1.02+0.00
5x107° -852+1.7 117.0+1.1*  152.0+8.6* 154.4+8.4 198.1+10.1 1.03+0.00

Mean +s.e.mean, n=7. *P<0.05; **P<0.01. For abbreviations, see Table 1.

Table 3 Effects of S57 (A) and R60 (B) on slow action potentials elicited by 10 M isoprenaline in guinea-pig papillary muscles

depolarized with KCl (27 mMm) driven at a basal rate of 0.1 Hz

Concentration RMP APA
™) (mV) (ms)

A

Control —46.3+2.3 84.0+1.9
1077 —46.5+2.3 83.8+1.3
1076 —46.5+2.3 85.0+1.6
1075 —46.5+2.3 82.8+1.5
107 —455+1.8 81.0+2.1
B

Control —43.4+09 83.6+1.0
1077 -43.4+0.9 83.6+1.1
1076 —438+1.1 83.0+1.2
1075 —43.6+1.3 82.6+0.7
1074 —432+1.1 82.0+1.1

Vi APDs, APDs,
(Vs7) (ms) (ms)
18.4+1.9 219.0+13.7 234.5+15.4
20.1+1.6 228.5+14.6 243.7+13.4
19.8+1.7 223.0+12.9 238.5+12.1
192+1.8 224.0+10.8 240.5+10.8
16.1+1.6 232.0+12.8 256.0+12.5
16.9+1.1 272.5+£19.3 291.0+20.7
18.5+1.3 263.5+15.0 "288.0+16.6
18.6+2.0 247.5+14.4 271.5+16.3
182+1.9 264.0+18.5 289.5+21.1
15.5£1.8 240.0+20.1 273.5+21.4

Mean +s.e.mean, n=6. *P<0.05; **P<0.01. For abbreviations, see Table 1.
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Table 4 Frequency-dependent V,,,. block induced by S57 and R60 in guinea-pig papillary muscles

Frequency-dependent V., block (%)

0.5 Hz 1Hz 2 Hz 3 Hz
Control 22403 4.2+0.5 84+1.0 10.1+1.3
$57 (5% 107° M) 16.4+0.8** 30.5+1.3%** 46.2+1.9%** 56.1+£1.7%**
Control 1.6+0.7 34+0.5 7.2+1.1 10.8+1.9
R60 (5x 1075 M) 11.8+£0.4** 22.54+0.8*%** 37.7£1.2%%+ 49.3+1.8%**

Mean+s.e.mean, n=7; **P<0.01; ***P<0.001.
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Figure 3 Onset of frequency-degendent depression of V,,,, induced
by (a) S57 and (b) R60, 5x 10™° M, in guinea-pig papillary muscles
driven by trains of stimuli at various rates (0.5—3 Hz). Ordinate scale:
percentage of V.. block. Frequency-dependent V... block (%)
results from [1-V,,,,(ss,drug)/ V.. (first beat, drug)], where V,,,,(ss) is
the steady-state value attained during continuous stimulation and
Vomax(first beat) the value of the first beat of each train of stimuli.
Abscissa scale: number of action potentials. (@) 0.5Hz, (O) 1Hz,
(A) 2Hz and (A) 3Hz.

polarized by increasing the extracellular K* concentration,
[K*]o, from 2 to 16 mM (Delpon et al., 1990). The V.., was
measured each time after an equilibration period of 8 min.
Curves were obtained in the absence and after 30 min exposure
to the desired concentration of S57 and Ré60.

Slow action potentials were elicited in papillary muscles
rendered unexcitable by depolarizing with 27 mM K* Tyrode

Table 5 Rate constant of development of frequency-

dependent Vg,,ax block [K(AP )] in the presence of S57 or
R60 (5x 107 M)

Frequency

of stimulation (Hz) S57 R60

0.5 0.70+0.04 0.59+0.07

1.0 0.38+£0.02 0.41+0.04

2.0 0.28 +0.02 0.30+0.04

3.0 0.27+0.02 0.28+0.03

Mean +s.e.mean, n=6.

solution. Under these conditions, the fast inward Na* current
was voltage-inactivated and excitability, i.e. slow action po-
tentials, was restored in depolarized muscles driven at 0.1 Hz
by adding isoprenaline (10~¢ M) to the perfusate (Delpén et
al., 1989).

After control values for each parameter were obtained, in-
cremental concentrations of each drug were added to the bath
to obtain a complete concentration-response curve. The in-
terval between concentrations of each drug was 30 min, since
preliminary time-response studies indicated that their effects
had stabilized within 30 min. The values for the different
parameters obtained in the absence of each drug were used as a
control and compared with those obtained after each incre-
ment in drug concentration. Only one drug was tested in each
experiment.

Drugs used

S$57 and R60 were synthesized and kindly provided by Servier
(IRIS, Courbevoie, France). Drugs, as a powder, were initially
dissolved in distilled deionized water as a 10~2 M stock solu-
tion. Further dilutions were carried out in Tyrode solution.
Ascorbic acid (10~* M) was added to prevent oxidation of
isoprenaline. Throughout the paper data are given as the
means=+s.e. mean and Student’s paired ¢ test was used to es-
timate the significance of differences from control values. The
negative logarithm of the concentration of S57 or R60 pro-
ducing 50% inhibition of the maximal inotropic or chrono-
tropic response (pICsp) was calculated as the mean +s.e. mean
of the individual pICses using non-linear regression analysis.
For statistical comparison of more than two groups, a one-way
analysis of variance was performed. A P value of less than 0.05
was considered as significant. More details on each procedure
are given under Results.

Results

Effects on atrial rate and cardiac contractility

The effects of S57 and R60, 10~® M—10~* M, were compared
on rate and amplitude of spontaneous contractions in 12 right
atria. Control values of both parameters were 158+ 5 beats
min~! and 321 +24 mg, respectively. Figure 2 shows that both
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drugs produced a concentration-dependent decrease in both
rate and amplitude of spontaneous contractions. For S57 and
R60 the negative chronotropic effect reached significant values
at all concentrations tested (pICs, values being 5.07+0.19 and
4.76+0.18, respectively), while the negative inotropic effect
reached significant values at concentrations higher than
1079 M for S57 (pICsp=5.15+0.22) and higher than 10~* M
for R60 (pICsp=4.13+0.07. P<0.05). The negative inotropic
effect was reversed by increasing the Ca?* concentration in the
bathing media from 1.8 to 6 mM or by adding 10~% M iso-
prenaline. In contrast, the negative chronotropic effect was
only slightly reversed by adding 10~¢ M isoprenaline to the
bathing media. The control values for the sinus node recovery
time averaged 380+27 ms (n=12). S57 and R60 produced a
concentration-dependent prolongation of the sinus node re-
covery time (P<0.05), but at concentrations higher than
5x107% M this effect was more marked for S57 than for R60
(P<0.05). At these high concentrations the sinus node re-
covery time could not be measured in 2 out of 8 experiments
exposed to S57 because atria recovered their spontaneous ac-
tivity 10 s after being electrically paced. This is the reason why
these data were not included in Figure 2.

In isolated left atria and papillary muscles driven at a basal
rate of 1 Hz the control values for contractile force were
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Figure 4 Effects of (a) S57 and (b) R60 on the recovery process of
Vimax block. Ordinate scale: normalized ¥,,,, values (V/V,), where V;
is the V. of the test action potential and V, is the V,,,, of the first
action potential of the train. Abscissa scale: test interval defined as
the interval between the V,,,, of the last action potential of the train
and the V., of the test action potential.

560+30 mg (n=19) and 75+ 14 mg (n=12) respectively. At
concentrations up to 10~° M, S57 and R60 had no significant
effects on atrial contractile force, but at higher concentrations
R60 produced a significant (P <0.05) negative inotropic effect
which was also observed in the presence of 10~* M S57. At
concentrations >107° M, S57 and R60 also produced a sig-
nificant (P <0.05) negative inotropic effect in papillary mus-
cles. Thus, at 10~* M, S57 decreased atrial and ventricular
contractile force by 13+ 6% and 60+ 7% and R60 by 33 +7%
and 37+ 5%, respectively.

Effects of S57 and R60 on transmembrane action
potentials

The electrophysiological effects of S57 and R60 (10~7 M to
5 x 10~° M) on the action potential characteristics were studied
in guinea-pig papillary muscles driven at the basal rate of 1 Hz.
Results obtained under control conditions and 30 min after
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Figure 5 Effects of (a) S57 and (b) R60 on the relationship between
Vmax and the resting membrane potential from which the action
potential arises. Ordinate scale: normalized V,,,, values. Abscissa
scale: tsnembrane potential. (@) Controls; (O) S57 and R60,
5x107° M.
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each increment in drug concentration are shown in Tables 1
and 2. At concentrations between 10~7 and 5x 10~¢ M, S57
and R60 had no effect on transmembrane action potential
characteristics. At higher concentrations and even when they
had no effect on resting membrane potential or APDs, and
APDy, values, both enantiomers significantly (P<0.05) de-
creased the amplitude and V,,,,, of the action potential. S57 and
R60 did not modify the ERP and thus, the ERP/APDy, ratio
remained unaltered.

The effects of S57 and R60 were also studied on the slow,
Ca?*-dependent, action potentials elicited by isoprenaline,
10-¢M, in ventricular muscles depolarized in high K<
(27 mM) Tyrode solution and driven at 0.1 Hz. Results ob-
tained in 12 papillary muscles following perfusion with in-
creasing drug concentrations, between 10~7 M and 10~* M, are
summarized in Table 3. It can be observed that neither S57 nor
R60 produced changes in the characteristics of the slow action
potentials and, therefore, did not exhibit Ca?* channel
blocking properties.

Frequency-dependent effects of S57 and R60

The influence of stimulation frequency on the inhibitory effect
of S57 and R60 on V,,,, was studied in papillary muscles by
applying trains of pulses at different rates (0.5-3 Hz), sepa-
rated from one another by a rest period of 5 min. Following
the perfusion with 5 x 10~> M S57 and R60, the V., of the first
action potential in each train preceded by a rest period was
reduced (e.g. tonic block) by 8.8+0.4% (n=7) and 6.2+1.1%
(n=17), respectively. These data indicated that even at this high
concentration these drugs exhibited a low affinity for the
resting state of the Na* channels. When applying a train of
pulses in the presence of S57 and R60 there was a gradual
decrease of V., from beat to beat to a new steady-state, which
depended on the stimulation frequency. Table 4 summarizes
the percentage decrease in V,,,, from the first action potential
of the train to a new steady-state level in the absence and in the
presence of 5x 10~° M S57 and R60 in muscles driven at 0.5—
3 Hz. Under control conditions an increase in driving rate
progressively decreased V.. by approximately 10%. In the
presence of S57 and R60, the degree of frequency-dependent
Vmax block significantly increased with the driving rate
(P<0.01), this increase being more marked at fast (2 and 3 Hz,
P<0.001) than at slow (0.5 and 1 Hz, P<0.01) stimulation
frequencies. However, the maximum frequency-dependent
Vmax block produced at 3 Hz was similar for both enantiomers.
The frequency-dependent ¥,,,, block produced by 5x 10~°M
S$57 and R60 in two different papillary muscles driven at 0.5-
3 Hz is shown in Figure 3.

Onset kinetics of frequency-dependent V. block can be
defined in terms of a rate-dependent process. In muscles driven
at 0.5-3 Hz, the onset kinetics of S57 and R60 were best fitted
by a single exponential curve, from which the onset rate con-
stant per action potential [K, (AP~")] was calculated. The value
of K depends on stimulation frequency, decreasing to a similar
extent at faster driving rates in the presence of S57 and R60
(Table 5).

Recovery kinetics of frequency-dependent V.., block

To study the effects of S57 and R60 on the recovery kinetics of
frequency-dependent V,,,, block, papillary muscles were driven
every 5 min by a train of stimuli at a frequency of 3 Hz for 8 s
and a test-stimulus was applied at variable coupling intervals
from 250 ms to 10 s. Under control conditions, the recovery
from inactivation occurred as a monoexponential process with
a time constant () which averaged 21.7+£2.9 ms (n=12). In
the presence of S57 and R60, 5x 10~° M, the recovery from
Vomax block was also fitted by a monoexponential function and
the values of the 7, averaged 2.3+0.4s (n=6) and 2.9+0.2 s
(n=6) (Figure 4), respectively. The y-intercept of the ex-
ponential fit can be taken as the fraction of Na* channels
blocked, which rose to values of 56.1+2.2% and 52.6+2.8%

for S57 and R60, respectively (P> 0.05). These data suggested
that the block of Na™* channels induced by both enantiomers
was not stereoselective.

Effect on membrane responsiveness

The relationship between V., and the membrane resting po-
tential from which the action potential arises, i.e. membrane
responsiveness, was analysed in 8 papillary muscles driven at a
basal rate of 0.1 Hz. The resting membrane potential was de-
polarized stepwise by increasing the [K *], in the bathing media
from 2 to 16 mM and the V,,,, values were measured when the
resting membrane potential reached steady-state at each [K *]..
Figure 5 shows that at 5x 10~° M, S57 and R60 shifted the
membrane responsiveness curve in a hyperpolarizing direction,
so that the membrane potential at which ¥V, was reduced to
half of its maximum value was shifted by 3.2+0.5 mV (n=4)
and 4.3+04 mV (n=4). These results indicated that de-
pressant effects on V,,,, were slightly more pronounced at
depolarized than at normal membrane potentials.

Discussion

This study compared the electromechanical properties of two
enantiomers, S57 and R60, in guinea-pig isolated atrial and
ventricular muscle fibres. The present results indicated that S57
and R60: (a) reduced atrial rate and prolonged the sinus node
recovery time at concentrations which induced no negative
inotropic effects; (b) produced a similar voltage- and fre-
quency-dependent V,,, block of the ventricular action poten-
tial, which suggested that their interaction with the Na™*
channel was not stereospecific; and (c) the onset and recovery
kinetics of frequency-dependent V.. block are compatible
with those of intermediate kinetics Na* channel blockers, e.g.,
class IA antiarrhythmic drugs. Both S57 and R60 produced a
similar decrease in atrial rate and prolonged the sinus node
recovery time, a more sensitive test for sinus function, but this
prolongation was more marked with S57. Since the negative
chronotropic effect was observed at concentrations
(<5x10~% M) at which both drugs had no effect on action
potential characteristics, it is unlikely that it may be associated
with an inhibition of the Iy, or with changes in action potential
duration. However, at higher concentrations the bradycardic
effect produced by both enantiomers can be related, at least
partly, to their inhibitory effect on the I,. Both enantiomers
also decreased contractile force in spontaneous right atria, S57
being more potent than R60. Because in guinea-pig atria a
decrease in rate may produce parallel changes in contractile
force (Koch-Weser & Blinks, 1963), their inotropic effects were
also studied in electrically driven left atria and papillary
muscles. Under these conditions, S57 and R60 decreased
contractile force only at the highest concentrations tested
(>1073 M). Therefore, S57 and R60 depress sinoatrial func-
tion at concentrations two to three orders of magnitude lower
than those that decrease cardiac contractile force and sug-
gested that the negative inotropic effects observed in right atria
may be related to their negative chronotropic effect.

Na™* channel blockers are characterized by their ability to
depress the V., of the cardiac action potentials (Hondeghem
& Katzung, 1984; Tamargo et al., 1992). In this study, Viax
values were used as an indirect index of the magnitude of the
Ix.. The V.. is a monotonic but non-linear index of peak Iy,,
but there is little doubt that V,,,, is mainly generated by this
current (Hondeghem, 1978; Sheets ez al., 1988). Whether or
not possible non-linearities between V,, and Na*® con-
ductance affect the present results remains to be seen in reliable
patch-clamp experiments performed under physiological con-
ditions of both temperature and external Na* concentration.

S57 and R60 inhibited the ¥, of the ventricular action
potentials without altering the resting membrane potential and
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thus, they exhibied Na* channel blocking (class I antiar-
rhythmic) actions. According to the modulated receptor hy-
pothesis (Hondeghem & Katzung, 1984), Na* channel
blockers bind to a specific binding site located within or
functionally associated with the Na* channel and its affinity
increases with the transition from the rested to the activated/
inactivated state of the channel. Like other Na* channel
blockers (Campbell, 1983a,b; Hondeghem & Katzung, 1984;
Tamargo et al., 1992), high concentrations of S57 and R60
caused little tonic V.., block in normally polarized ventricular
fibres, which indicated that they exhibit little affinity for the
resting state of the channel. Frequency-dependent V,,,, block
can be explained by a preferential binding of the drugs to the
activated and/or inactivated state of the Na* channel during a
train of action potentials when the diastolic interval between
pulses is too short to allow complete recovery of Na* avail-
ability (Hondeghem & Katzung, 1984; Tamargo et al., 1992).
In the presence of S57 and R60, the onset rate of frequency-
dependent V... block was faster at higher drug concentrations
and at the lower stimulation frequencies. At 3 Hz the K values
(0.27+0.02 AP~' and 0.28+0.03 AP~!, respectively) were
quite similar to those reported for tocainide, a fast kinetics
Na™* channel blocker (Campbell, 1983a,b). The rate of onset of
frequency-dependent V., block, however, is affected by
changes in drug concentration and stimulation rate (Honde-
ghem & Katzung, 1984; Grant et al., 1984; Tamargo et al.,
1992). The 7., which represents the rate of unbinding of the
drugs from the inactivated Na* channels, is independent of
changes in drug concentration or the stimulation rate and,
therefore, is considered one of the most reliable parameters to
subdivide Na* channel blockers (Campbell, 1983a,b; Honde-
ghem & Katzung, 1984; Tamargo et al., 1992). S57 and R60
prolonged the 1, to 2.3—-2.9 s. These values are similar to
those previously described for procainamide (2.3 s, Courtney,
1980), imipramine (2.5 s, Delp6n et al., 1993) and quinidine
(3.7, Sanchez-Chapula, 1985), e.g. intermediate kinetics Na*
channel blockers (class IA antiarrhythmic drugs). The similar
prolongation of the . explains why the diastolic interval
during the trains was short enough to avoid a complete re-
covery of V.. and thus, S57 and R60 produced a similar
frequency-dependent V,,,,, block at all driving rates. Therefore,
since no differences in the onset and offset kinetics of the V...
block were observed in the presence of S57 and R60, their
interaction with the Na* channel was not stereospecific. Fur-
thermore, in muscles driven at a basic rate much greater than
the .., S57 and R60 shifted the relationship between V,,,, and
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Mechanisms of angiotensin II chronotropic effect in
anaesthetized dogs
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1 The chronotropic effect of angiotensin II (5 ug in 1 ml of Tyrode solution), injected directly into the
sinus node artery of 24 anaesthestized and vagotomized dogs pretreated with a B-adrenoceptor
antagonist, was evaluated before and after the administration of: (a) an angiotensin II AT, receptor
antagonist (losartan, 50 pug kg™ min~' infused i.v. for 120 min), (b) an a-adrenoceptor antagonist
(prazosin, 1 mg kg~' i.v. bolus injected), (c) a Ca?* channel blocker (nifedipine 50, 100 and 200 ug kg~!
i.v. bolus injected) and (d) a protein kinase inhibitor (staurosporine, 800 nM infused via the sinus node
artery at 0.6 ml min—! for 15 min).

2 Losartan and staurosporine by themselves had no effect on basal systemic arterial pressure and heart
rate, whereas prazosin and nifedipine caused significant diminutions of both parameters.

3 Angiotensin II induced significant increases in heart rate, the mean augmentations being
29+2 beats min~'. Losartan, nifedipine and staurosporine significantly decreased the chronotropic
effect of angiotensin II, the mean respective diminutions being 65+8, 40+9 and 64+ 10%, whereas
prazosin had no effect.

4 This work has demonstrated that angiotensin II exerts in vivo a significant positive chronotropic effect
that is mediated via AT, receptors located in the region of the sinoatrial node. This effect is independent
of the adrenergic system. It is decreased by the inhibition of the production of protein kinases, most
probably of protein kinase C, and by the blockade of the voltage-sensitive L-type Ca®>* channels. Other
studies are obviously needed to ascertain the role of angiotensin II in the control of heart rate and/or the
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genesis of arrhythmias.
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Introduction

Recent biochemical and functional evidence strongly suggests
the presence of a renin-angiotensin system, as well as, the
synthesis of angiotensin II in the heart (Lindpainter & Ganten,
1988). It has been suggested that angiotensin II may, in the
normal heart, modulate coronary blood flow, inotropy, and
chronotropy, whereas under pathological conditions, the car-
diac renin-angiotensin system may influence or contribute to
ventricular growth, postinfarction ventricular remodelling and
myocardial metabolism. It may also generate ventricular ar-
rhythmias during ischaemia and reperfusion-induced myo-
cardial injury (Dostal & Baker, 1993).

It has been shown by this laboratory that angiotensin II has
a significant positive chronotropic effect, when injected into the
sinus node artery of dogs (Lambert et al., 1991). It has also
been reported that the stimulatory effects of angiotensin II on
the contractile frequency of spontaneously beating cardio-
myocytes of neonatal rats are blocked by specific angiotensin
II receptor antagonists (Rogers et al., 1986). These results in-
dicate that angiotensin II can increase heart rate. Furthermore,
they are in agreement with the findings that high-affinity an-
giotensin II binding sites are present in heart membrane pre-
parations, as well as, in the specialized conduction system of
the rat heart, where the highest concentrations were found in
the sinoatrial but mainly in the atrioventricular nodes (Saito et
al., 1987; Sechi et al., 1992).

It has been demonstrated that the binding of angiotensin IT
to its specific G-protein-coupled AT, receptors can stimulate
phospholipase C in the majority of its target tissues. In turn,
this results in the hydrolysis of phosphoinositides and the
production of two intracellular second messengers, ino-
sitoltriphosphate and diacylglycerol. Inositoltriphosphate
releases Ca?* from intracellular stores and diacylglycerol in-
creases the affinity of protein kinase C for Ca®*. It has also
been shown that the activation of angiotensin II receptors

promotes Ca®* influx either by increasing the activity of re-
ceptor-operated channels or by modulating the activity of
voltage-sensitive Ca?* channels (Catt et al., 1993; Edwards &
Ruffolo, 1994). The mechanisms implicated in the angiotensin
II chronotropic effect are still unknown. The aim of the present
study was to evaluate the roles of angiotensin II AT, receptors,
of extracellular Ca* influx and of protein kinase C, in this
effect. To do so, the chronotropic effect of angiotensin, injected
directly into the canine sinus node artery, was evaluated before
and after the administration of a specific angiotensin IT AT,
receptor antagonist (losartan), of a Ca?* channel blocker (ni-
fedipine) and of a protein kinase inhibitor (staurosporine).
Since it is well recognized that an interaction exists between the
renin-angiotensin system and the sympathetic nervous system,
the influence of a-adrenoceptors on the angiotensin II chron-
otropic effect was investigated by studying the chronotropic
effect of angiotensin II before and after the administration of a
specific a-adrenoceptor antagonist (prazosin).

Methods

Animal preparation

Adult mongrel dogs (n=24) of either sex, weighing 20 to
30 kg, were anaesthetized with sodium thiopentone
(25 mg kg~!, i.v.) and a-chloralose (80 mg kg~' followed by
300 mg i.v. hourly) and heparinized (200 iu kg~', i.v.). Arti-
ficial respiration was maintained with room air through an
endotracheal tube by means of a Harvard pump (model 607).
A right thoracotomy was performed at the level of the fourth
intercostal space, the pericardium was incised and the heart
was suspended in a pericardial cradle. The main sinus node
artery was cannulated with a polyethylene catheter connected
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to a 3-way stopcock. The sinus node arterial flow, evaluated
retrogradely in all the preparations, ranged from 0.35 to
1.00 ml min~!. The sinus node artery was perfused with fresh
blood, withdrawn from the femoral vein, at an individualized
constant flow (mean value of 0.55+0.05 ml min~!) using a
Harvard pump (model 22) until the end of the experiment. This
technical procedure has no effect on sinus node function be-
cause of extensive arterial anastomoses in the region of the
canine sinus node (Nadeau & James, 1966). The left femoral
artery and vein were cannulated for pressure measurements
and drug injections, respectively. The animals were submitted
to a bilateral cervical vagotomy and administered propranolol
(1 mg kg~!, i.v.). The blockade of B-adrenoceptors was as-
certained in 4 dogs by the pre- and post-propranolol admin-
istration of isoprenaline (0.01 ug kg=!, i.v.). Isoprenaline
produced mean increases of 40+ 22 beats min~' before pro-
pranolol, whereas it had no effect (0+0 beats min~!) after
administration of propranolol.

Experimental protocol

After the completion of all the surgical preparations and a
30 min period of stabilization, Tyrode solution (2 x 1 ml) was
bolus injected (1 min) into the sinus node artery with an in-
tervening 30 min interval. These control injections were fol-
lowed by 2 injections of angiotensin II (5 ug in 1 ml of Tyrode
solution) also at 30 min intervals. Systolic and diastolic blood
pressures and heart rate were determined.

Following these 4 baseline determinations, the animals were
separated into 4 groups (n=6 per group) and received either:
(1) losartan (DuP 753) 50 ug kg~! min~—! infused for 120 min
via the femoral vein at 0.4 ml min~! (Timmermans et al.,
1993); (2) prazosin 1 mg kg~! bolus injected via the femoral
vein (Stanaszek et al., 1983); (3) nifedipine 50, 100 and
200 ug kg~! bolus injected via the femoral vein at 30-min in-
tervals (Talajic & Nattel, 1986); or (4) staurosporine 800 nM
infused for 15 min via the sinus node artery at 0.6 ml min~!
(Matsui et al., 1991).

The blockade of a-adrenoceptors was ascertained in 6 dogs
by the pre- and post-prazosin administration of phenylephrine
(1.0 ug kg, i.v.). Phenylephrine produced significant mean
increases in blood pressure of 21+ 3 mmHg before prazosin,
whereas it had only a slight effect (3+2 mmHg) after admin-
istration of prazosin. The doses of nifedipine were based on the
results of Talajic & Nattel (1986) who demonstrated that these
dosages produce blood concentrations that significantly de-
crease arterial blood pressure and significantly increase AV
conduction time, effective refractory period and Wenckebach
cycle length in anaesthetized dogs. The concentration of
staurosporine was based on a previous report by Tamaoki et
al. (1986) who demonstrated in vitro that nanomolar con-
centrations of staurosporine significantly inhibit protein kinase
C extracted from rat brain. However, as suggested by Matsui
et al. (1991), in our study the concentration of staurosporine
was increased to counteract the poor intracellular penetration
of the drug when administered in vivo. Direct sinus node artery
injections of angiotensin II were repeated: (1) 60 and 120 min
following the beginning of losartan infusion; (2) 15 and 45 min
following the bolus injection of prazosin; (3) 15 min after each
bolus injection of nifedipine; and (4) immediately and 30 min
after the end of staurosporine infusion. Systolic and diastolic
arterial blood pressures and heart rate derived from an elec-
trocardiogram (lead II) were recorded on a polygraph system
(Ealing Scientific Ltd., model 50-9927).

Angiotensin II was injected into the sinus node artery at
30 min intervals to avoid tachyphylaxis. A previous study in
this laboratory, using the same experimental model, demon-
strated that under these conditions, the chronotropic effect of
angiotensin I or II, is maintained for at least 150 min (Lambert
et al., 1991). Since the present protocols never exceeded
150 min, it was assumed that the responses to angiotensin II
remained constant with the different time cycles that were
used.

All the procedures for animal experimentation were done in
accordance with the guidelines of the Canadian Council for
Animal Care and monitored by an institutional animal care
committee.

Drugs

Angiotensin II acetate salt (Sigma Chemical Co., St-Louis,
Mo, U.S.A.) was dissolved in Tyrode solution. The solutions
of angiotensin II were kept on ice to assure stability and
warmed to 37°C immediately prior to injection. Losartan
(DuP 753) potassium salt (Du Pont Medical Products,
Billerica, Ma., U.S.A.) was dissolved in NaCl 0.9%. Pra-
zosin hydrochloride (Sigma Chemical Co., St-Louis, Mo.,
U.S.A.) was dissolved in dimethylsulphoxide (DMSO):NaCl
0.9% (5:35 ml) immediately before use. Nifedipine (Sigma
Chemical Co., St-Louis, Mo., U.S.A.) was dissolved in 2 ml
of ethanol 90%. Staurosporine (Boehringer Mannheim Bio-
chemica, Laval, Canada) was dissolved in DMSO:Tyrode
solution (10 ul:25 ml). (£)-Propranolol hydrochloride, (+)-
isoprenaline hydrochloride and (—)-phenylephrine hydro-
chloride (Sigma Chemical Co., St-Louis, Mo, U.S.A.) were
dissolved in NaCl 0.9%. DMSO and all the components of
the Tyrode solution were purchased from Fischer Scientific
(Montréal, Canada).

Statistics

Data are presented as the meanzs.e.mean. Results were
evaluated by Student’s paired ¢ tests or one-way repeated
measures analysis of variance (ANOVA) and Bonferroni ¢
tests. The critical level of significance was set at P<0.05.

Results

Effects of bilateral vagotomy and blockade of B-
adrenoceptors

Bilateral vagotomy and blockade of f-adrenoceptors caused a
significant decrease (7+3%) in basal heart rate, which
remained relatively constant throughout the control period,
the mean value being 115+4 beats min~'. Basal mean
systemic arterial pressure was not affected by these manipu-
lations, the mean value being 104 +4 mmHg.

Effects of Tyrode solution and angiotensin I

The injection of Tyrode solution (1 ml) into the sinus node
artery of the 24 dogs caused a slight increase in heart rate with
a mean augmentation of 6+ 1 beats min~!, whereas it had no
effect on mean systemic arterial pressure.

The injection of angiotensin II (5 ug in 1 ml of Tyrode so-
lution) into the sinus node artery of the 24 dogs caused sig-
nificant increases in heart rate and mean systemic arterial
pressure with mean augmentations of 29 +2 beats min~' and
44 +2 mmHg, respectively.

Effects of angiotensin II AT, receptor antagonist,
losartan

Lambert et al. (1994) reported, using the same experimental
model in 2 dogs, that a slight increase (3 and 5%) in heart rate
and a decrease (26 and 8%) in mean systemic arterial pressure
were noted following an infusion of NaCl 0.9% at 2 ml min~!
for 180 min. In the present study, losartan was dissolved in
NaCl 0.9% and infused i.v. at 0.4 ml min~' for 120 min.
Losartan had no significant chronotropic or pressor effects, the
mean values being 117+7, 109+ 7 and 104+ 7 beats min~!
and, 85+9, 64+ 12 and 65+ 6 mmHg at baseline as well as
after 60 and 120 min of infusion. However, the chronotropic
effect of angiotensin II was diminished (37+16%) and
significantly reduced (65+8%) following the 60 and 120 min
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Figure 1 Effects on heart rate and mean systemic arterial pressure of
Tyrode solution (1ml) and angiotensin II (AII) (Sug in 1ml of
Tyrode solution) bolus injected directly into the sinus node artery of
anaesthetized and vagotomized dogs pretreated with a B-adrenocep-
tor antagonist, before as well as after the i.v. infusion of losartan
(50 ugkg~'min~"! for 120 min). Data are shown as mean +s.e.mean
(n=6). Results were evaluated by one-way repeated measures
analysis of variance (ANOVA) and Bonferroni ¢ tests. Asterisks (*)
indicate significant differences from the baseline response to AIl
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Figure 2 Effects on heart rate and mean systemic arterial pressure of
Tyrode solution (1ml) and angiotensin II (AIl) (S5ug in 1ml of
Tyrode solution) bolus injected directly into the sinus node artery of
anaesthetized and vagotomized dogs pretreated with a B-adrenocep-
tor antagonist, before as well as 15 and 45 min after a bolus i.v.
injection of prazosin (1mg kg~!). Data are shown as meanz*
s.e.mean (n=6). Results were evaluated by one-way repeated
measures analysis of variance (ANOVA) and Bonferroni ¢ tests.

infusion of losartan. The systemic arterial pressor effect of
angiotensin II was also affected with significant decreases of
70+4 and 74+4% after 60 and 120 min of losartan,
respectively (Figure 1).

Effects of a-adrenoceptor antagonist, prazosin

Prazosin was dissolved in DMSO: NaCl 0.9% (5:35 ml). Pre-
liminary studies in 4 dogs have determined that the injection of
the vehicle alone had no chronotropic (131+13 vs
131+ 14 beats min~') or pressor (116+4 vs 112+5 mmHg)
effect in our experimental model. Nor did it have any effect on
the chronotropic (130 + 3 vs 728 + 4 beats min~") or press-
or (T35+1vs ?34 + 2 mmHg) effect of angiotensin II. Prazosin
caused significant decreases in heart rate and mean systemic
arterial pressure with mean values of 108+8 and
102+ 6 beats min~' and, 104 + 8 and 90 + 4 mmHg before and
after the bolus injection, respectively. However, as depicted in
Figure 2, the a-blockade had no influence on the chronotropic
or pressor effect of angiotensin II.

Effects of Ca’* channel blocker, nifedipine

Nifedipine was dissolved in ethanol 90% (2 ml). Preliminary
studies in 4 dogs have determined that the injection of the
vehicle alone had no chronotropic (114+12 vs 114+ 12 beats
min~") or pressor (78 + 18 vs 74+ 19 mmHg) effect in our ex-
perimental model. Nor did it have any effect on the chrono-
tropic (T36+10 vsT36+ 10 beats min~') or pressor (T55+9
vsT46 + 5 mmHg) effect of angiotensin II. The bolus injections
of nifedipine caused significant dose-dependent decreases in
heart rate and systemic arterial pressure, the mean maximal
reductions being 27+ 11 and 30+ 7%, respectively (Table 1).
As depicted in Figure 3, the Ca®* channel blockade sig-
nificantly reduced the chronotropic and pressor effect of an-
giotensin II, the mean maximal reductions being 40+9 and
68 + 5%, respectively. These decreases were both dose-related.

Effects of protein kinase inhibition by staurosporine

Staurosporine was dissolved in DMSO: Tyrode solution
(10 pl:25 ml). Preliminary studies have determined that the
injection of the vehicle alone, directly into the sinus node ar-
tery for 15 min at 0.6 ml min~!, had no chronotropic or
pressor effect, nor any effect on the chronotropic or pressor
effect of angiotensin II in our experimental model. Stau-
rosporine caused no significant effect in heart rate and mean
systemic arterial pressure with mean values of 114+10 and
115+ 12 beats min~' and, 111 £+ 14 and 116 £+ 12 mmHg before
and after the 15 min infusion. The chronotropic effect of an-
giotensin II was significantly reduced (64 + 10%) immediately

Table 1 Effects on heart rate and mean systemic arterial
pressure of i.v. injections of nifedipine at 30 min intervals, to
anaesthetized and vagotomized dogs pretreated with a S-
adrenoceptor antagonist

Nifedipine
(ug kg™)
Baseline 50 100 200

Heart rate 125+11 119+11 108+12 87+11*
(beats min')
Mean arterial 93+11 70+12* 61+9* 63+9*
systemic pressure
(mmHg)

Data are shown as meanzs.e.mean (n=6). Results were
evaluated by one-way repeated measures analysis of variance
(ANOVA) and Bonferroni ¢ tests. Asterisks (*) indicate
significant differences from the baseline values.
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Figure 3 Effects on heart rate and mean systemic arterial pressure of
Tyrode solution (1ml) and angiotensin II (AIl) (Sug in 1ml of
Tyrode solution) bolus injected directly into the sinus node artery of
anaesthetized and vagotomized dogs pretreated with a S-adrenocep-
tor antagonist, before as well as 15 min after bolus i.v. injections of
nifedipine (50, 100 and 200 ug kg~!) at 30 min intervals. Data are
shown as mean +s.e.mean (n=6). Results were evaluated by one-way
repeated measures analysis of variance (ANOVA) and Bonferroni ¢
tests. Asterisks (*) indicate significant differences from the baseline
response to All

after the infusion of staurosporine, but it had returned to
baseline values 30 min later. The pressor effect of angiotensin
II was not affected by the infusion of staurosporine (Figure 4).

Discussion

The dose of angiotensin II injected in our model (5 ug) was
selected to produce a significant and reproducible positive
chronotropic effect. It is similar to the doses used by other
investigators in the dog (Doursout et al., 1988), rat (Knape &
van Zwieten, 1988), and sheep (Lee et al., 1980). The cardiac
concentrations obtained after the injection of this dose of an-
giotensin II into the sinus node artery, are certainly many times
higher than the normal endogenous plasma concentrations.
Nevertheless, we believe that our findings are compatible with
physiopathological roles of angiotensin II since following the
discovery of local renin-angiotensin systems, it has been sug-
gested by Dzau (1987) that tissue angiotensin concentrations
might exceed those of circulating plasma and by Dostal &
Baker (1993) that in the presence of the appropriate stimuli,
high concentrations of angiotensin II might be achieved in the
heart, which could influence cardiac function. In agreement
with these propositions, Lambert ez al. (1991) have previously
reported that the injection of 5 ug of angiotensin I into the
canine sinus node artery produced an increase in heart rate
similar to the augmentation related to the same dose of an-
giotensin II. This effect of angiotensin I was almost completely
blocked by the administration of captopril, an angiotensin
converting enzyme inhibitor, suggesting the presence of a
converting enzyme system in the region of the sinus node and
moreover, that the tissue concentrations of angiotensin I ob-
tained were in a physiopathological range.

8
|
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b}

Increase in heart rate

Increase in mean systemic
arterial pressure (mmHg)
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£

Omin 45 min

Figure 4 Effects on heart rate and mean systemic arterial pressure of
Tyrode solution (1ml) and angiotensin II (AIl) (Sug in 1ml of
Tyrode solution) bolus injected directly into the sinus node artery of
anaesthetized and vagotomized dogs pretreated with a S-adrenocep-
tor antagonist, before as well as immediately and 30 min after the
direct infusion into the sinus node artery of staurosporine (800 nM at
0.6mimin~" for 15 min). Data are shown as mean +s.e.mean (#=6).
Results were evaluated by one-way repeated measures analysis of
variance (ANOVA) and Bonferroni ¢ tests. Asterisk (*) indicates
significant differences from the baseline response to AIl.

Losartan is a potent, non-agonistic, orally active, selective
and competitive angiotensin receptor antagonist with a long
duration of action (Timmermans et al., 1991). It shows a very
high selectivity for the AT, receptor subtype (30,000 more than
for AT,) (Chiu et al., 1990). Its effects have been studied in
numerous conscious and anaesthetized, as well as, normoten-
sive and hypertensive experimental dog models. It has been
demonstrated that an i.v. infusion of 5 ug kg=! min~! of lo-
sartan does not lower blood pressure in anaesthetized dogs,
but that it does block the pressor response to an i.v. bolus of
angiotensin II (Chan et al., 1991; Timmermans et al., 1993).
Our results are in agreement with these findings since, in our
model, the 120 min i.v. infusion of losartan had no effect on
basal heart rate, caused only a non-significant diminution in
basal mean systemic arterial pressure and, significantly de-
creased the chronotropic and pressor effects induced by an-
giotensin II injected directly into the sinus node artery. In our
study, the pressor effect induced by angiotensin II was affected
first by losartan before the chronotropic effect. As already
discussed, when angiotensin II is injected locally, its con-
centrations in the area of the sinus node are certainly many
times higher than its systemic and vascular concentrations.
Losartan is a competitive antagonist of angiotensin II re-
ceptors. Our results suggest that a significant degree of cardiac
accumulation of losartan was required before it could inhibit
the chronotropic effect related to the high cardiac concentra-
tions of angiotensin II that were obtained. Our findings also
strongly suggest that the activity of angiotensin II on heart rate
is mediated through the AT, receptors. A recent report by
Saavedra et al. (1993) supports this concept. Using quantita-
tive autoradiography in rat heart sections, they demonstrated
that binding could be totally displaced by losartan in both the
sinoatrial and atrioventricular nodes, whereas it was in-
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sensitive to a specific AT, receptor antagonist (PD 123177),
again suggesting that angiotensin II receptors in the conduc-
tion system belong to the AT, subtype.

It is well established that the sympathetic nervous system
has an important role in the control of myocardial function.
For many years, f-adrenoceptors have been considered to be
the exclusive adrenoceptor population through which ca-
techolamines exert their actions on cardiac muscle. In our
experiment, blockade of the p-adrenoceptors was accom-
plished with propranolol so that these receptors could not be
implicated as mediators of any of the effects that we observed
on heart rate. On the other hand, during the last 20 years, a;-
adrenoceptors have also been identified in myocardial extracts.
Furthermore, it is now recognised that these receptors could
participate in the regulation of the cardiac rhythm, conduction
and force of contraction by affecting different electro-
mechanical processes under either physiological or pathologi-
cal conditions (Terzic et al., 1993). Even if usually, in normal
adult hearts, a;-adrenoceptor agonists induce no effect on sinus
node automaticity (Hewett & Rosen, 1985), since the a-adre-
noceptors were not blocked in our study, the possibility that a
direct or reflex mediated stimulation of these receptors might
have contributed to or modulated the angiotensin II-induced
chronotropic effect was not totally precluded.

To examine this possibility, the chronotropic effect of an-
giotensin II was evaluated before and after the acute i.v. ad-
ministration of prazosin, a potent competitive postsynaptic a;-
adrenoceptor antagonist (Stanaszek et al., 1983). In this study,
prazosin significantly decreased both basal mean systemic ar-
terial pressure and heart rate. This is in agreement with the
observation of other investigators who have reported that the
arteriolar and venous vasodilatation produced by prazosin is
not consistently associated with reflex tachycardia (Brogden et
al., 1977) and that prazosin exerts a direct negative chrono-
tropic effect on the canine sinus node (Schwartz et al., 1982). In
the present experimental model, the blockade of the a;-adre-
noceptors had no influence on angiotensin II-induced increase
in heart rate, suggesting that these receptors do not directly or
indirectly participate or contribute to the chronotropic effect
of angiotensin II.

The chronotropic effect of angiotensin II was evaluated
before and after the administration of increasing doses of ni-
fedipine. As expected, nifedipine by itself caused dose-related
significant decreases in basal mean systemic arterial pressure
and heart rate. It also significantly reduced both the chrono-
tropic and pressor effect induced by angiotensin II. It is ob-
vious that the interaction between angiotensin II and
nifedipine might be an entirely non-specific relation between a
positive and a negative chronotropic agent. In the case of
specific interaction, our results suggest that angiotensin II
produces its effect on heart rate, at least in part, through the
activation of voltage-sensitive Ca?* channels of the L-type.
Other studies are obviously needed to investigate the possibi-
lity that angiotensin II modulates cardiac voltage-sensitive
Ca?* channels of the T-type and that this modulation parti-
cipates in its chronotropic effect.

The chronotropic effect of angiotensin II was also evaluated
before and after the administration of staurosporine a highly
potent, nonselective, inhibitor of several kinases (Xu et al.,
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Adenosine A, receptor-mediated changes in basal and histamine-
stimulated levels of intracellular calcium in primary rat astrocytes

'"Marie-Claire Peakman & Stephen J. Hill

Department of Physiology & Pharmacology, Medical School, Queen’s Medical Centre, Nottingham NG7 2UH

1 The effects of adenosine A, receptor stimulation on basal and histamine-stimulated levels of
intracellular free calcium ion concentration ([Ca”*];) have been investigated in primary astrocyte cultures
derived from neonatal rat forebrains. )

2 Histamine (0.1 uM—-1 mM) caused rapid, concentration-dependent increases in [Ca®*]; over basal
levels in single type-2 astrocytes in the presence of extracellular calcium. A maximum mean increase of
1,468 =94 nM over basal levels was recorded in 90% of type-2 cells treated with 1 mM histamine (n=49).
The percentage of type-2 cells exhibiting calcium increases in response to histamine appeared to vary in a
concentration-dependent manner. However, the application of 1 mM histamine to type-1 astrocytes had
less effect, eliciting a mean increase in [Ca®*]; of 805+ 197 nM over basal levels in only 30% of the cells
observed (n=24).

3 In the presence of extracellular calcium, the A, receptor-selective agonist, N°-cyclopentyladenosine
(CPA, 10 uM), caused a maximum mean increase in [Ca2*]; of 1,110+ 181 nM over basal levels in 30% of
type-2 astrocytes observed (n=>53). The size of this response was concentration-dependent; however, the
percentage of type-2 cells exhibiting calcium increases in response to CPA did not appear to vary in a
concentration-dependent manner. A mean calcium increase of 605+89 nM over basal levels was also
recorded in 23% of type-1 astrocytes treated with 10 um CPA (n=30).

4 In the absence of extracellular calcium, in medium containing 0.1 mM EGTA, a mean increase in
[Ca®*}; of 504+ 67 nM over basal levels was recorded in 41% of type-2 astrocytes observed (n=41) after
stimulation with 1 uM CPA. However, in the presence of extracellular calcium, pretreatment with the A,
receptor-selective antagonist, 8-cyclopentyl-1,3-dipropylxanthine, for 5—10 min before stimulation with
1 uM CPA, completely antagonized the response in 100% of the cells observed.

5 In type-2 astrocytes, prestimulation with 10 nM CPA significantly increased the size of the calcium
response produced by 0.1 uM histamine and the percentage of responding cells. Treatment with 0.1 um
histamine alone caused a mean calcium increase of 268 £34 nM in 41% of the cells observed (n=234).
After treatment with 10 nM CPA, mean calcium increase of 543+97 nM was recorded in 100% of the
cells observed (n=33).

6 These data indicate that adenosine A, receptors couple to intracellular calcium mobilization and
extracellular calcium influx in type-1 and type-2 astrocytes in primary culture. In addition, the
simultaneous activation of adenosine A; receptors on type-2 astrocytes results in an augmentation of the

calcium response to histamine H, receptor stimulation.
Keywords: Rat astrocytes; intracellular calcium; adenosine A, receptors; histamine H, receptors

Introduction

In 1979, Van Calker et al. proposed the existence of adenosine
A; and A, receptors which were respectively negatively and
positively coupled to adenylyl cyclase via G;- and G,-proteins.
The A, receptor subtype has since been further subdivided into
A, and A, populations on the basis of the selective actions of
the agonist, CGS 21680 (Jarvis et al., 1989) and the antagonist,
PD115,199 (Bruns et al., 1987) at A, receptors in rat striatal
membranes (Daly et al., 1983). Support for this classification
has been obtained from the molecular cloning and expression
of proteins which appear to correspond to the rat (Mahan et
al., 1991), dog (Libert et al., 1991), human (Libert et al., 1992)
and bovine (Olah et al., 1992) A, receptors, the dog (Maenhaut
et al., 1990) and human (Furlong et al., 1992) A,, receptors
and the rat (Rivkees & Reppert, 1992; Yakel et al., 1993) and
human (Pierce et al., 1992) A,, receptors. Recently novel
proteins from rat (Zhou et al., 1992), sheep (Linden et al.,
1993) and human (Salvatore et al., 1993) brain have been
cloned and expressed and are thought to represent a putative
A; adenosine receptor binding site.

'Present address: Department of Molecular Biophysics and
Biochemistry, Yale Medical School, New Haven. CT. 06510, U.S.A.
2 Author for correspondence.

The presence of A; receptors with the ability to inhibit
adenosine 3":5'-cyclic monophosphate (cyclic AMP) produc-
tion via G;-proteins has been demonstrated in various brain
regions such as rat cerebral cortex, cerebellum, hippocampus
and striatum (Ebersolt et al., 1983). However, it is now clear
that A, receptors can also couple to a variety of effector sys-
tems other than adenylyl cyclase. In peripheral tissues such as
guinea-pig myometrium (Schiemann et al., 1991), a rabbit
cortical collecting tubule cell line (Arend et al., 1989), the
hamster vas deferens smooth muscle cell line, DDT,;MF-2
(White ez al., 1992) and in CHO-K1 cells expressing the human
A, receptor transfect (Megson et al., 1995), A, receptor sti-
mulation causes the production of inositol phosphates. Fur-
thermore, A, receptor-mediated increases in intracellular free
calcium ion concentration have been reported in a renal epi-
thelial cell line (Weinberg et al., 1989), cultured mesangial cells
(Olivera et al., 1992), cortical collecting tubule cells (Arend et
al., 1988), tracheal epithelial cells (Galietta et al., 1992) and in
both CHO-KI1 cells expressing the transfected human A, re-
ceptor (Iredale et al., 1994) and DDT;MF-2 cells (Dickenson
& Hill, 1993a), in which the effects were sensitive to pertussis
toxin treatment. The precise mechanism for this response has
not yet been determined; however, it may involve either a di-
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rect coupling of A,; receptors to phospholipase C via a G;-
protein or the activation of phospholipase C by G;-derived By
subunits (Dickenson & Hill, 1994).

Kriegler & Chiu (1993) have previously described transient
elevations of [Ca%*]; mediated by adenosine in glial cells of
intact neonatal rat optic nerves injected with a fluorescent
calcium indicator. However the receptor subtype involved in
this response, was not characterized. In the present paper we
have used subtype selective compounds combined with dy-
namic imaging techinques to investigate the coupling of ade-
nosine A, receptors to the elevation of [Ca’*}; in primary
mixed astrocyte cultures. Furthermore, in type-2 astrocytes we
have also studied the effects of A, receptor activation on the
histamine H, receptor-mediated increases in intracellular cal-
cium.

Methods

Cell culture

Primary cultures of mixed astrocytes were prepared by me-
chanical dissociation of tissue from 2 day old rat forebrains as
previously reported (Peakman & Hill, 1994). Cells in 75 cm?
flasks were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM L-glutamine and 10%
foetal calf serum (FCS) at 37°C in a water saturated atmo-
sphere of 10% CO, in air. Penicillin 100 u ml™" and strepto-
mycin 100 ug ml~! were also present during the first 24 h of
culture. The medium was changed after 1 and 3 days in vitro
and thereafter every 5 days.

Image analysis

After 13—17 days in vitro, cells were removed with trypsin-
EDTA solution and reseeded, using a 1:2 or 1:3 split ratio,
onto glass coverslips. Two days later, cells had become at-
tached to the coverslips and had differentiated into the classic
polygonal, type-1 and stellate, type-2 morphologies. The cells
were washed 3 times with 2 ml physiological saline (PSS,
composition, mM: NaCl 145, KCl 5.0, CaCl, 2.0, MgSO, 1.0
HEPES 10.0, glucose 10.0, adjusted to pH 7.4) and incubated
at 37°C with 200 ul PSS containing 10% foetal calf serum and
5 uM fura-2 acetoxymethylester. After 1 h, excess dye was re-
moved by a further 2 washes with 2 ml PSS. The coverslips
were maintained in 2 ml PSS at 37°C in the dark and used
within 2 h of loading.

Coverslips were mounted so that they formed the base of an
open, cylidrical coverslip holder which was maintained at 37°C.
The cells were bathed in 900 ul PSS or calcium-free PSS con-
taining 0.1 mM EGTA. Where appropriate, the antagonist 8-
cyclopentyl-1,3-dipropyladenosine (DPCPX, 0.1 uM) was in-
cluded in this solution and incubated with the cells for 5—10 min
before image capture. Dynamic video imaging was performed
with MagiCal hardware and TARDIS software supplied by
Applied Imaging International Ltd. (Hylton Park, Sunderland,
Tyne and Wear) as previously described (Marsh & Hill, 1993; see
also Neylon et al., 1990 for detail). Two images, I (340 nm) and J
(380 nm) were captured from an area of the coverslip which was
devoid of cells in order to record the background fluorescence.
An appropriate field of view containing type-1 and/or type-2
cells was then selected on the basis of cell morphology as ob-
served through the eyepiece of the microscope. A sequence of
118 frames (each 256 x 256 pixels) was captured at alternating
340 nm (A frames) and 380 nm (B frames) wavelengths with a
1.5 s delay between each image pair. A 200 ms switch time be-
tween the two wave lengths was imposed by the hardware
averaging of 8 consecutive images to produce each frame.
Agonists were added in 100 ul PSS after approximately 14 A and
B frames had been captured to provide basal measurements.
When the effects of two agonists were investigated in the same
capture sequence, the first agonist was added in 90 ul of PSSto a
coverslip bathed in 810 ul PSS. The second agonist was then

added in 100 ul PSS as usual. At the end of sequence capture,
frame I was subtracted from all A images and frame J from all B
images. The corrected A and B frames were ratioed to produce R
frames. Single cells in the R frames were defined by using a light
pen and the average fluorescence intensity of all pixels in the
defined region was calculated by TARDIS for each time point in
the experiment. The average fluorescence intensities of pixels
were correlated with calcium ion concentration using the
Grynkiewicz et al. (1985) equation:

[Ca?*]= K4B [R-Rpin/Rumax-R]

where Ky= the dissociation constant (224 nM) for fura-2 and
calcium at 37°C; R =the measured fluorescence ratio (intensity
at 340 nm/intensity at 380 nm); R,,,, =the measured fluores-
cence ratio of Ca?*-saturated fura-2; Ry, =the measured
fluorescence ratio in the absence of Ca’* ions; = (the fluor-
escence intensity at 380 nm in the absence of Ca?* ions)/(the
fluorescence intensity at 380 nm of Ca?*-saturated fura-2)

Values for R, and R, were calculated by the addition of
100 ul PSS containing either 20 mM CaCl, and 40 uM iono-
mycin (for R, or 15 mM EGTA, 40 uM ionomycin and
0.1 M NaOH (for R,;,). The two types of astrocytes in primary
cultures were initially calibrated separately. The average values
obtained for type-1 astrocytes were Rp.x=1.6+0.2 (n=20
cells, 10 separate coverslips), Rpnin=0.5+£0.1 (n=16 cells, 8
separate coverslips) and f=4.4+1.7. The average values ob-
tained for type-2 astrocytes were Ry =1.6+£0.1 (n=41 cells,
12 separate coverslips), Ry, =0.5+0.05 (n=34 cells, 9 sepa-
rate coverslips) and $=6.7+1.0. Since the calibration values
were so similar for each cell type, they were combined to
produce values of Rp.x=1.6+£0.1 (n=61 cells), Ryn=
0.5+0.05 (n=50 cells) and f=15.9+0.8. Plots of calcium ion
concentration against time were generated by TARDIS for
each individual cell within the R frames.

Data analysis

Agonist concentration-response data were combined so that
each data point represented the mean +s.e.mean of the in-
crease in [Ca2*]; over basal levels from n cells on at least 3
separate coverslips derived from different preparations. These
values were calculated using two different values for n so that
the results were expressed either as a mean=s.e.mean of all
cells observed (regardless of whether they responded or not) or
as a mean=s.e.mean of only those cells which exhibited in-
creases in [Ca%*],. Agonist concentration-response curves were
fitted to a logistic equation using the non-linear regression
program, GraphPAD (ISI). The equation fitted was:

Emax x A"
(ECso) + A™
where E.., is the maximal response, A is the agonist con-
centration, ECs is the concentration of agonist producing half
maximal stimulation, and n is the Hill coefficient.

Statistical analysis was performed within single experiments
by using Student’s unpaired ¢ test or one way analysis of
variance (ANOVA) with post-hoc Newman-Keuls. Statistical
analysis was performed between multiple experiments by using
Student’s paired ¢ test or two way analysis of variance (AN-
OVA) with post-hoc Newman-Keuls.

Response =

Materials

Wistar rats were obtained from the Medical School Animal
Unit, University of Nottingham. DMEM was obtained from
Biological Industries (Cumbernauld, U.K.) and foetal calf
serum was purchased from Advanced Protein Products
(Brierley Hill, U.K.). Fura-2 acetoxymethylester was pur-
chased from Calbiochem Novabiochem Corpn., Beeston,
Nottingham. NS-cyclopentyladenosine and histamine were
supplied by Sigma Chemical Co. (Poole U.K.). 8-Cyclopentyl-
1,3-dipropylxanthine (DPCPX) was supplied by Research
Biochemicals Inc. Semat (St. Albans, U.K.).
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Results

Imaging experiments were performed using coverslips con-
taining populations of both type-1 and type-2 astrocytes as
described in the Methods. The calcium responses of each cell
type were then analysed separately by use of a light pen to
outline single cells within each field of view. In this section, the
results obtained for each astrocyte subtype have been con-
sidered individually.

Type-2 astrocytes

Type-2 astrocytes in cultures containing a mixture of type-1
and type-2 populations had a mean basal [Ca®*]; of 192+ 5 nM
(n=697 cells). In the presence of extracellular calcium, the
application of high concentrations of histamine caused a large
elevation in this level. Figure 1a and 1b shows examples of
traces obtained from single cells stimulated with either 1 mM
or 10 uM histamine respectively. The peak [Ca®*}; attained in
each type-2 cell was recorded and the size of this response was
found to be concentration-dependent (Figure 2). In Figure 2a
the effects of increasing concentrations of histamine are ex-
pressed as the mean increases in [Ca?*}; over basal levels in all
type-2 astrocytes which were visible in the captured frames.
However, a number of cells did not respond to histamine with
an increase in [Ca®*]; and therefore, Figure 2b shows the mean
values calculated from responding cells only. An apparently
maximal response was achieved with histamine at concentra-
tions between 1 uM and 1 mM (1 mM histamine, mean [Ca?*];
increase in responding cells = 1,468 + 94 nM over basal levels,
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Figure 1 Effect of histamine (Hist) on the intracellular calcium ion
concentration in single type-2 astrocytes shown in real time. (a)
Traces represent the changes in [Ca2*]; in 2 single cells in the same
field of view, in response to treatment with 1 mM histamine added at
the arrow. (b) Traces represent the changes in [Ca*}; in 3 single cells
in the same field of view, in response to treatment with 10um
histamine added at the arrow.

n=44). A much lower response, however, was obtained with
0.1 uM histamine (mean [Ca’*]; increase in responding
cells=337 + 34 nM over basal levels, n=26). The percentage of
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Figure 2 Mean effects of histamine on the elevation of intracellular
calcium ion concentration in single type-2 astrocytes. Numbers inside
the columns indicate the number of cells analysed, from at least 3
separate animal preparations, in order to generate the value at that
agonist concentration. (a) Values represent the means +s.e.means of
the maximal increases in [Ca2*]; over basal in all visible type-2
astrocytes. (b) Values represent the means + s.e.means of the maximal
increases in [Ca?"}; over basal in responding type-2 astrocytes only.

Table 1 Frequency of the intracellular calcium responses to
histamine and -cyclopentyladenosine in single type-2

astrocytes
Agonist Frequency of response (%)
™M) Histamine  N°-cyclopentyladenosine
1073 90 (44/49) NR
107 88 (28/32) NR
1078 88 (28/32) 30 (16/53)
10°¢ 62 (28/45) 31 (32/104)
1077 39 (26/67) 11 (4/36)
10 NR 17 (14/82)
107° NR 22 (4/18)

The frequency of response was obtained from cells on at
least 3 separate coverslips derived from different primary
mixed astrocyte preparations and was calculated by
expressing the number of responding type-2 astrocytes as a
percentage of the total number of type-2 astrocytes
observed. The numbers in parentheses indicate the number
of responding type-2 cells/the total number of type-2 cells
observed. NR, not recorded.
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responding cells at each agonist concentration is shown in
Table 1. Calcium elevations were recorded in approximately
90% of cells after stimulation with 10 uM histamine or above,
however, only 39% of the 67 cells treated with 0.1 uM hista-
mine responded with increases in [Ca?*];. Typical traces from 3
type-2 cells which did not respond to stimulation with 0.1 uM
histamine are shown in Figure 8a. The traces in Figure 1 in-
dicate that the temporal pattern of the response to histamine
was not the same in all cells. Figure 3 shows example traces
from individual cells which illustrate the types of response
observed. The most frequent response, recorded in 68% of the
154 cells responding to histamine, was a dramatic, transient
peak in [Ca2*}; which declined to basal (Figure 3a) or to some
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Figure 3 Typical examples of the alterations in intracellular calcium
ion concentration observed in type-2 astrocytes after treatment with
0.1 mM histamine (Hist). The most frequent response was a dramatic
elevation in [Ca®*}); which was either transient, declining quickly to
basal values (a) or biphasic, declining to some persistently elevated
level (b). On a number of occasions the elevation of [Ca*}; was
sustained for the remainder of the experiment (c).
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Figure 4 Effect of N°-cyclopentyladenosine on the intracellular
calcium ion concentration in single type-2 astrocytes shown in real
time. Traces represent the changes in [Ca®*}; in 3 single cells in the
same field of view, in response to the addition of 1um N°-
cyclopentyladenosine (CPA) at the first arrow followed by the
further addition of 10 uM histamine (Hist) at the second arrow. Two
cells responded to both CPA and histamine. One cell did not exhibit
an increase in [Ca2*}; in response to CPA but did subsequently
respond to histamine.
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Figure 5 Mean effects of N°-cyclopentyladenosine on the intracel-
lular calcium ion concentration in single type-2 astrocytes. Numbers
inside the columns indicate that the number of cells analysed, from at
least 3 separate animal preparations, in order to generate the value at
the agonist concentration. (a) Values represent the means + s.e.means
of the maximal increases in [Ca2*]; over basal in all visible type-2
astrocytes. (b) Values represent the means +s.e.means of the maximal
increases in [Ca®*}; over basal in responding type-2 astrocytes only.
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Figure 6 Typical examples of the alterations in intracellular calcium
ion concentration observed in type-2 astrocytes after treatment with
various concentrations of N°-cyclopentyladenosine. Responses were
generally spiky and predominantly transient (a) or oscillatory (b).
Sustained (c) and biphasic (d) responses were also observed.

lower but persistently elevated level (Figure 3b). A sustained
increase in [Ca®*]; was observed in 21% of responding cells
(Figure 3c). The shape of the calcium response observed did
not appear to correlate with agonist concentration.
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Figure 7 Effect of 8-cyclopentyl-1,3-dipropylxanthine or the absence
of extracellular calcium on the N®-cyclopentyladenosine-mediated
increases in intracellular calcium ion concentration in single type-2
astrocytes shown in real time. Traces represent the changes in [Ca?*};
in single type-2 astrocytes on separate coverslips derived from the
same animal preparation and analysed on the same day, in response
to the addition of 1uM NS-yclopentyladenosine (CPA) at the first
arrow followed by the further addition of 1 mM histamine (Hist) at
the second arrow. (a) Traces show that in the absence of extracellular
calcium (EGTA 0.1 mMm) elevations in [Ca2*]; were still generated by
both CPA and histamine. (b) The control trace for a single type-2
astrocyte in the presence of extracellular calcium and the absence of
8-cyclopentyl-1,3-dipropylxanthine (DPCPX) reveals responses to
both agonists. (c) Traces show that in the presence of extracellular
calcium and after 10min pretreatment with 0.1 um DPCPX, three
cells did not respond to 1 um CPA with an increase in [Ca®™}; but
subsequently responded to 1 mM histamine. In addition, one cell did
not respond to either CPA or histamine.
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Table 2 Characteristics of the intracellular calcium responses to a combination of histamine (0.1 pM) and N°-cyclopentyladenosine

(10 nM) in type-2 astrocytes

Mean [Ca®" ]; increase (nM)

Agonist All cells

Histamine (0.1 uM) 108 +25

CPA (10 nM) 543+97
+ histamine

Frequency of response

Responding cells (%)
268 +34 41 (14/34)
543197 100 (33/33)

The mean increase in intracellular calcium ion concentration was calculated both for all type-2 astrocytes observed in each field (4//
cells) of view and for just those cells which responded to histamine or a combination of N°-cyclopentyladenosine (CPA) and histamine
(Responding cells). The frequency of response was obtained from cells on 5 separate coverslips derived from 3 different animal
preparations and was calculated by expressing the number of responding type-2 astrocytes as a percentage of the total number of type-2
astrocytes observed. The numbers in parentheses indicate the number of responding type-2 cells/total number of type-2 astrocytes
observed. Where appropriate CPA was applied prior to addition of histamine (see Figure 8). No change in [Ca*]; was observed in
response to the application of CPA in 32 of the 33 cells observed. In one cell, CPA produced a calcium elevation of 611 nM.
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Figure 8 Effect of NP-cyclopentyladenosine on the intracellular
calcium ion concentration in histamine-treated single type-2 astro-
cytes shown in real time. (a) Traces represent the effect of 0.1 um
histamine (Hist, added at the arrow) on 3 single type-2 astrocytes. No
responses were visible. (b) A second coverslip derived from the same
animal preparation and analysed on the same day as the coverslip in
(a) was used to investigate the effects of NS-cyclopentyladenosine
(CPA) pretreatment. Traces represent the changes in [Ca®*]; in 3
single type-2 astrocytes in response to the addition of 10nM CPA at
the first arrow followed by the further addition of 0.1 uM histamine at
the second arrow. The addition of 10nM CPA had little or no direct
effect on [Ca™ J;, however, a significant augmentation of the effects of
0.1 uM histamine was seen in all cells.

In further studies, in the presence of extracellular calcium,
the adenosine A, receptor-selective agonist, N°-cyclopentyl-
adenosine (CPA) also caused an elevation of [Ca®*]; in some
type-2 astrocytes. In 16 cells (30%) out of a total of 53 which
were observed, 10 uM CPA increased [Ca?*]; by a mean value
of 1,110+ 181 nM over basal levels. Examples of the profiles

obtained from 3 single type-2 cells after stimulation with 1 uM

CPA are shown in Figure 4. Rapid spikes in [Ca®*]; were
generated by two cells whereas a third cell did not appear to
exhibit a calcium response. Since the frequency of response
was much lower than had previously been observed for his-
tamine, a relatively high concentration of histamine was added
to the cells towards the end of each experiment in order to
provide some indication of their viability. In Figure 5a the
effects of a range of concentrations of CPA are expressed as
the mean increases in [Ca?*]; in all type-2 astrocytes which
were visible in the captured frames. These results are expressed
in Figure 5b as the mean increases in [Ca2*]; in only those
type-2 cells which responded to CPA. The elevations in [Ca*};
were apparently concentration-dependent and the frequency
of responding cells at each agonist concentration is shown in
Table 1. A maximal responding frequency of approximately
30% was recorded after stimulation with 1 uM (n=104 cells in
total) or 10 uM (n=>53 cells in total) CPA; however, there did
not appear to be a concentration-dependent increase in the
frequency of the response up to this level. The profiles in
Figure 6 provide typical examples of the responses to CPA
observed in individual cells. Approximately 65% of the 70
CPA-mediated calcium responses observed were rapid and
spiky in appearance, the majority of these being transient in
nature (Figure 6a). In approximately 21% of the responding
cells, oscillatory responses with a mean frequency of
3.3+0.4 min~! (n=15 cells) were recorded (Figure 6b). Sus-
tained elevations of [Ca2*]; were observed in approximately
16% of responding cells (Figure 6¢c) and the remaining re-
sponses tended to be biphasic with a rapid elevation of [Ca?*];
followed by a slower decline to basal levels (Figure 6d). No
apparent relationship was evident between the agonist con-
centration and the shape of the resulting response.

The CPA-mediated response in type-2 astrocytes was further
investigated either in the presence of A, receptor-selective an-
tagonist, DPCPX, or in the absence of extracellular calcium. A
protocol was adopted using 3 consecutive coverslips of cells
derived from the same animal preparation so that, as far as was
possible, direct comparisons could be made between coverslips.
The first coverslip (in the absence of DPCPX) was stimulated
with 1 uM CPA in calcium-free PSS (containing 0.1 mM
EGTA). The second coverslip was stimulated with 1 uM CPA
in the absence of DPCPX and in calcium-containing PSS. The
third coverslip (in calcium-containing PSS) was stimulated with
1 uM CPA in the presence of 0.1 uM DPCPX. This design en-
abled the second coverslip, to be considered as a control for
both the first and the third coverslips. In 5 separate control
coverslips derived from 3 different animal preparations, 1 uM
CPA, produced a mean increase in [Ca?*]; of 975 + 189 nM over
basal levels in 31% (10) of 32 cells observed. Figure 7b shows
responses to 1 uM CPA and 1 mM histamine obtained from a
single type-2 cell on a typical control coverslip.

In the presence of extracellular calcium, the CPA-mediated
elevation of [Ca?*]; in type-2 astrocytes was antagonized by the
A, receptor-selective antagonist, DPCPX. In 28 type-2 cells on
5 coverslips pretreated with 0.1 uM DPCPX for 5—-10 min, no
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Table 3 Characteristics of the intracellular calcium responses to histamine and NS-cyclopentyladenosine (CPA) in single type-1

astrocytes
Mean [Ca’™ ]; increase (nM) Frequency of response
Agonist ™M) All cells Responding cells (%)
Histamine 1072 268+99 805+197 33 (8/24)
10 337+127 1123 +£300 30 (9/30)
CPA 1073 141 +£50 605+ 89 23 (7/30)
107 0 0 0 (0/33)

The mean increase in intracellular calcium ion concentration was calculated both for all type-1 astrocytes observed in each field (4l
cells) of view and for just those cells which responded to the agonist (Responding cells). The frequency of response was obtained from
cells on at least 3 separate coverslips derived from different primary mixed astrocyte preparations and was calculated by expressing the
number of responding type-1 astrocytes as a percentage of the total number of type-1 astrocytes observed. The numbers in parentheses
indicate the number of responding type-1 cells/the total number of type-1 cells observed.

increases in [Ca?*); were recorded in response to 1 um CPA.
The traces in Figure 7c were obtained from 4 cells on a sepa-
rate coverslip which were derived from the same animal pre-
paration as the cell in Figure 7b and analysed immediately
after it. The cells were pretreated with DPCPX for 10 min and
then stimulated with 1 uM CPA followed by 1 mM histamine.
Three of the cells did not exhibit calcium responses to CPA but
did subsequently respond to histamine. One cell did not re-
spond to either CPA or histamine (Figure 7b). The mean in-
crease in [Ca®*]; obtained in response to histamine (1 mM)
following DPCPX (0.1 uM) treatment in responding cells
(1907 £ 119 nM; n=11), and the frequency of responding cells
(85%; 11/13), were similar to the values obtained in the ab-
sence of DPCPX (Table 1, Figure 2b).

In the absence of extracellular calcium ions there was a
significant drop (P<0.001, Student’s unpaired ¢ test) in the
mean basal level of [Ca®*]; in type-2 astrocytes from
192+ 5 nM (n= 607 cells), calculated in the presence of extra-
cellular calcium, to 141+7 nM (n=103 cells). Under these
conditions, however, CPA was still able to elicit increases in
[Ca®"]; in type-2 astrocytes. On 5 separate coverslips stimu-
lated with 1 um CPA in the absence of extracellular calcium
and in the presence of 0.1 mM EGTA, a mean elevation in
[Ca%*]; of 504+ 67 nM over basal levels was observed in 41%
(17) of 41 cells analysed. Figure 7a shows profiles obtained
from two individual cells which were derived from the same
animal preparation as the cell in Figure 7b. The cells were
bathed in calcium-free medium and then stimulated wth 1 umM
CPA followed by 1 mM histamine. One cell produced large
responses to both CPA and histamine. The second cell gave a
large response to CPA but subsequently only a small response
to histamine.

The effect of CPA on the response to a low histamine
concentration was studied. Coverslips of cells derived from the
same animal preparation were alternatively stimulated with
either 0.1 M histamine alone or with 10 nM CPA followed by
0.1 uM histamine. In 5 separate control coverslips from 3 dif-
ferent animal preparations, treatment with 0.1 uM histamine
alone caused a mean increase in [Ca®*]; of 268 +34 nM over
basal levels in 41% (14) of 34 type-2 cells analysed (Table 2). In
5 corresponding coverslips pretreated with 10 nM CPA, all of
the 33 cells observed, responded to 0.1 uM histamine with a
mean increase in [Ca?*]; of 543+97 nM over basal levels
(Table 2). In these experiments, however, a calcium elevation
of 611 nM over basal levels was only recorded in a single cell in
response to treatment with 10 nM CPA. The other cells were
insensitive to the first application of CPA. This was notably
lower than the 17% responding frequency (see Table 1) pre-
viously observed at this concentration of CPA. Figure 8 shows
examples of responses observed in corresponding coverslips
from the same animal preparation. In Figure 8a traces from 3
cells show no elevations of [Ca’*}; in response to 0.1 uM his-
tamine alone. In Figure 8b the addition of 10 nM CPA to a
separate coverslip appeared to cause a small increase in [Ca®*];

in one cell but to have no effect on 2 other cells. Subsequent
treatment with 0.1 uM histamine resulted in a much augmented
effect and elevations of [Ca%*]; were recorded in all 3 cells.

Type-1 astrocytes

In cultures containing mixed type-1 and type-2 astrocyte po-
pulations a mean basal [Ca?*]; of 207 £+ 8 nM (n =254 cells) was
calculated for type-1 cells. At high concentrations, histamine
caused elevations of [Ca?*}; in approximately 30% of the type-
1 astrocytes observed. The data obtained are summarized in
Table 3. The application of 1 mM histamine elicited a mean
[Ca%*); elevation of 805+ 197 nM over basal levels in 8 of 24
type-1 cells observed on 6 separate coverslips derived from 5
different animal preparations. A mean [Ca®*}; increase of
605+89 nM over basal levels was also recorded in 23% of
type-1 astrocytes on 7 separate coverslips derived from 5 dif-
ferent animal preparations which were stimulated with 10 uM
CPA (n=30). When 1 uM CPA was used, no calcium responses
were observed. Table 3 summarises the data which were ob-
tained.

Discussion

Previous investigations in our laboratory have shown that in
the hamster-derived DDT,;MF-2 cell line and in CHO-K1 cells
expressing the human A, receptor transfect, A; receptor acti-
vation causes the stimulation of phospholipase C resulting in
an elevation of inositol phosphate accumulation and a sub-
sequent increase in [Ca?*]; (White et al., 1992; 1993; Dickenson
& Hill, 1993a; Iredale et al., 1994). Furthermore, in the smooth
muscle cell line, A, receptor-mediated potentiations of the
calcium responses elicited by low concentrations of histamine
have also been reported (Dickenson & Hill, 1993b). In slices of
guinea-pig cerebral cortex, A,-like receptor activation appears
to potentiate histamine H, receptor-mediated phosphoinosi-
tide turnover (Hollingsworth et al., 1986); however, the cell
type involved in this interaction remains to be defined. In the
present studies we have therefore investigated the effect of A,
receptor activation on [Ca2*}; in rat-derived type-1 and type-2
astrocytes in culture.

Previous studies investigating calcium responses in type-1
astrocytes have reported that in 3—9% of cells, spontaneous
oscillations in basal [Ca2*]; with a frequency of 1.2-1.8 min™!
were observed (Nilsson et al., 1991a,b; Helen et al., 1992). In
these experiments the authors noted that agonist addition
often caused an increase in the frequency and magnitude of
these fluctuations. One out of 23 type-2 astrocytes examined
by Dave et al. (1991) exhibited similar spontaneous oscilla-
tions although the frequency of these was not reported. In the
present studies, spontaneous oscillations were observed in a
total of 5 type-2 astrocytes (n=697) but in no type-1 cells
(n=254). Unfortunately, the frequency of these fluctuations
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could not be measured as only one spike in [Ca2*]; was ob-

served prior to agonist addition (at approximately 20 s) in
each case. Four of the oscillating cells were treated with CPA
(1 uMm or 10 uM) and of these, three responded with an in-
crease in the frequency of oscillations and one produced a
sustained [Ca?*]; increase.

Histamine at concentrations of 0.1 uM and above caused
elevations of [Ca%*]; in some type-2 astrocytes. Previously,
these effects have been shown to be the result of intracellular
calcium mobilisation and extracellular calcium influx mediated
via the stimulation of H, receptors coupled in a pertussis toxin-
insensitive manner to phospholipase C and inositol phosphate
production (Fukui et al., 1991; Inagaki et al., 1991b). How-
ever, even after the application of 1 mM histamine, a propor-
tion of type-2 astrocytes did not appear to respond in this
manner. The frequency of responding cells at each agonist
concentration was in close agreement with the values of 62%
at 1 uM and 73% at 10 uM reported by Inagaki et al. (1991b).
A constant maximum responding frequency of approximately
90% was recorded over the concentration range of 10 uM to
1 mM which suggests that about 10% of type-2 astrocytes in
the neonatal rat forebrain do not express functional histamine
H, receptors coupled to phospholipase C. These observations
support earlier works which have described a heterogeneous
expression of neurotransmiiter receptors in populations of the
two astrocyte subtypes (Lerea & McCarthy, 1989; Dave et al.,
1991; Inagaki et al., 1991a,b; Jensen & Chiu, 1991; McCarthy
& Salm, 1991; Nilsson et al., 1991a,b). When the sizes of the
elevations in [Ca?*]; were combined to produce mean re-
sponses for all the cells observed at a specific histamine con-
centration, they were found to increase in a concentration-
dependent manner. The ECs, value for histamine appeared to
be between 0.1—-1 uM which was somewhat lower than the
value of approximately 10 uM which has previously been ob-
served for this effect (Fukui et al., 1991; Inagaki et al., 1991b).
The contribution of non-responding cells to the relationship
was indicated by combining the data from responding cells
only. The increasing recruitment of responsive cells with in-
creasing histamine concentration may indicate that different
cells express receptors which possess variable agonist sensi-
tivities. The temporal patterns of histamine-mediated calcium
responses were similar in nature to those previously described
by Fukui et al. (1991) who classified them into transient, os-
cillatory, sustained and biphasic (transient peak declining to a
persistently elevated level) patterns of response. This group
suggested that oscillatory and transient responses were pre-
dominantly mediated by intracellular calcium release whereas
extracellular calcium influx had greater importance in biphasic
and sustained responses. At all concentrations of histamine
investigated in the studies described here, the predominant
responses were sustained or biphasic and no purely oscillatory
responses were observed.

Histamine-stimulated [Ca®*]; elevations were only apparent
in 30% of type-1 astrocytes treated with 0.1 mM agonist in-
dicating that histamine H, receptors functionally coupled to
phospholipase C are predominantly expressed by type-2 as-
trocytes. These data concur with earlier studies which have
recorded calcium elevations in only 25% (McCathy & Salm,
1991) and 17% (Fukui et al., 1991) of cortical type-1 astrocytes
stimulated with 0.1 mM histamine and have shown no effect of
histamine on inositol phospholipid hydrolysis (Fukui et al.,
1991; Kondou et al., 1991).

In type-2 astrocytes concentration-dependent elevations of
[Ca®*]; were recorded after treatment with CPA at con-
centrations of 1 nM or above. The percentage of cells re-
sponding with calcium increases was lower than previously
seen with histamine, reaching a maximum of approximately
30% at 1 uM CPA, and did not appear to be dependent on
agonist concentration. The temporal changes in [Ca®*]; pro-
duced by CPA in type-2 astrocytes tended to be more spiky
than those produced by histamine and transient or oscillatory
profiles were notably more frequent. These effects appeared to
be mediated via the stimulation of adenosine A, receptors since

2+]'
1

they were completely abolished by pretreatment of the cells
with 0.1 uM DPCPX, an A, receptor-selective antagonist. In
the absence of extracellular calcium the response to 1 um CPA
was still observed. However, under these conditions, the mean
increase in [Ca?*]; calculated from 17 responding cells was
significantly reduced to 51.7% (P <0.01 Student’s unpaired ¢
test) of the mean increase calculated from 10 responding cells
on matched coverslips in calcium containing buffer. Similar
effects on the histamine-induced elevation of [Ca’*], in
DDT,MF-2 cells have been reported (Dickenson & Hill, 1991;
1992) although, in contrast, the CPA-mediated increases of
[Ca?*]; in this cell line were unaffected by removal of extra-
cellular calcium (White et al., 1992). The data imply that the
CPA response in type-2 astrocytes has two components: (1) the
release of calcium from intracellular stores and (2) influx of
extracellular calcium through calcium channels in the plasma
membrane. Numerous reports are now appearing which de-
scribe A; receptor coupling to phosphoinositide turnover
(Arend et al., 1988; Schiemann et al., 1991) or the elevation of
[Ca?*]; (Arend et al., 1988; Weinberg et al., 1989; Galietta et
al., 1992; Olivera et al., 1992) in peripheral cell lines and tis-
sues. Adenosine has also been observed to cause transient
calcium elevations in glial cells of rat intact neonatal optic
nerves (Kriegler & Chiu, 1993). These experiments, provide the
first description of A, receptor-mediated calcium responses in
primary cultures of astrocytes derived from the CNS.

CPA induced elevations of [Ca?"]; in only a small propor-
tion (23%) of type-1 astrocytes even when used at a con-
centration of 10 uM. These data suggest that in rat forebrain
cultures, adenosine A receptors are predominantly located on
type-2 and not type-1 astrocytes. In previous experiments we
have shown a lack of A, receptor-mediated inhibition of ele-
vated [*H]-cyclic AMP levels in forebrain-derived type-1 as-
trocytes (unpublished observations) providing further support
for this proposal. A recent study by Ogata et al. (1994) which
reported the presence of adenosine A, receptors on type-1 as-
trocytes derived from embryonic rat hippocampi may there-
fore indicate that glial A, receptor expression varies with brain
region.

The calcium response induced in type-2 astrocytes by low
concentrations of histamine (0.1 uM) was significantly po-
tentiated by prior treatment with a low (10 nM) concentration
of CPA. Two separate effects were apparent. The frequency of
responding cells on matched coverslips increased from 41%
(n=34) responding to 0.1 uM histamine alone, to 100%
(n=33) after pretreatment with 10 nM CPA. In addition, the
mean increase in [Ca?*]; calculated for the 33 cells pretreated
with CPA, was double that calculated for the 14 cells re-
sponding to 0.1 M histamine alone. A similar augmentation of
calcium responses to submaximal concentrations of histamine
has been described in DDT;MF-2 cells after prior treatment
with maximal or submaximal concentrations of CPA (Dick-
enson & Hill, 1993b). Similar effects were reported in slices of
guinea-pig cerebral cortex where adenosine analogues which
had no effect on phosphoinositide turnover (Brown et al.,
1984) potentiated the histamine H, receptor-mediated response
(Hollingsworth et al., 1986). More recently, Alexander et al.
(1994) have demonstrated that activation of metabotropic
glutamate receptors can likewise augment histamine-induced
inositol phosphate accumulation in the guinea-pig brain.

The effects of CPA on the calcium response to histamine
were not examined in type-1 astrocytes because of the low
responding frequencies observed after stimulation with each
agonist alone. It is therefore interesting that in hippocampal
astrocytes which had the morphology of type-1 cells, the ele-
vation of [Ca?*); caused by metabotropic glutamate receptor
activation was recently augmented by the stimulation of re-
ceptors which were apparently of the A, subtype (Ogata et al.,
1994).

The mechanism(s) for the potentiations which have been
reported has not yet been fully elucidated but it appears to
require the presence of receptor systems coupled to different G-
proteins. Hence in DDT,MF-2 cells the pertussis toxin-sensi-



M.C. Peakman & S.J. Hill

A, receptor-induced calcium responses in glia 809

tive A, receptor-mediated effect has additionally been shown
to augment responses to ATP (Gerwins & Fredholm, 1992a)
and bradykinin (Gerwins & Fredholm, 1992b) which, like
histamine (Dickenson & Hill, 1993a,b) mediate their effects
through receptors coupled to phospholipase C via pertussis
toxin-insensitive G-proteins. In addition, in mouse striatal
astrocytes, somatostatin and A, receptors which couple to
pertussis toxin-sensitive G-proteins, both interact synergisti-
cally with the pertussis toxin-insensitive, «;-adrenoceptor-
mediated increase in inositol phosphate accumulation (El-Etr
et al., 1992a,b; Marin et al., 1993). Since the H, receptor-
mediated response in type-2 astrocytes has previously been
shown to be pertussis toxin-insensitive (Fukui et al., 1991), it
appears likely that the CPA response in these cells is effected
via a pertussis toxin-sensitive G-protein but this remains to be
established. In DDT,MF-2 cells, these interactions have been
suggested to involve extracellular and intracellular calcium,
protein kinases A and C, and the products of arachidonic acid
metabolism (Gerwins & Fredholm, 1992a,b). The cross-talk
between A, receptors and a;-adrenoceptors in mouse astro-
cytes appears to be mediated via the inhibition of glutamate
reuptake into astrocytes by arachidonic acid and a similar
mechanism may mediate the effects of adenosine on glutamate
receptor-mediated calcium responses in hippocampal astro-
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Regenerative caffeine-induced responses in native rabbit aortic

endothelial cells
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1 Single native aortic endothelial cells obtained by enzymatic dispersion of the rabbit aortic
endothelium were held under voltage clamp using patch pipette and whole-cell membrane currents
were measured. In parallel experiments performed on cells from the same batches, the free internal
calcium concentration, [Ca®*];, in the cell was estimated by use of the Ca®*-sensitive fluorescent dye,
fura-2.

2 Caffeine (20 mM) applied to the cell evoked an outward current and an initial peak in [Ca2™);
followed by a lower sustained rise (plateau). Ca’*-free, EGTA-containing solution applied outside the
cells did not reduce these responses.

3 Following caffeine stimulation there was a biphasic rising phase of outward current both in the
presence and absence of extracellular Ca%*.

4 Application of graded doses of caffeine revealed all-or-none type responses of both the outward
current and the rise in [CaZ*].

5§ Preincubation with lower doses of caffeine reduced the magnitude of both the outward current and
the [Ca?*]; transient evoked by 20 mM caffeine.

6 Tetracthylammonium (3 mM) applied to the bathing solution blocked unitary and spontaneous
transient outward currents (STOCs) stimulated by Ca?*-free solution, but only reduced the outward
current evoked by caffeine (20 mm).

7 In conclusion, our results reveal the all-or-none nature of Ca’* release from the endoplasmic
reticulum (ER) in native aortic endothelial cells. Lower concentrations of caffeine (0.4—0.5 mM) may
deplete intracellular Ca?* stores. Extracellular Ca%* is not necessary for maintaining the activity of
spontaneous and caffeine-induced outward currents in native aortic endothelial cells. Spontaneous
outward currents are believed to represent the sporadic release of calcium from store sites independent of
both extracellular Ca?* and the caffeine-sensitive Ca?* stores which stimulate the outward current.

Keywords: Aortic endothelial cells; caffeine; Ca?*-induced Ca?* release; all-or-none response

Introduction

It is widely recognized that most cells employ both intracellular
and extracellular sources of Ca%* in cellular signaling. In native
rabbit aortic endothelial cells, the dependence of both unitary
and spontaneous transient outward currents (STOCs, char-
acterized by a large amplitude <50 pA) on the internal con-
centration of Ca?* and EGTA shows that internal Ca?*
concentration is important for regulating this activity (Rusko
et al., 1992). The currents probably represent the release of
stored calcium close to the internal surface of the plasma
membrane, causing a temporary and localized rise in [Ca®*};
which activates potassium channels similar to those described
in smooth muscle cells (Benham & Bolton, 1986; Ohya et al.,
1987).

The studies of endothelial cells that employed fluorescent
Ca?* indicators revealed that endothelium-dependent vasodi-
lators (e.g. bradykinin) activate the cells by eliciting a large
transient increase in cytosolic calcium derived from in-
tracellular stores, followed by a smaller sustained increment
caused by influx of Ca?* (Johns et al., 1987; Schilling, 1989;
Sage et al., 1989; Luckhoff & Busse, 1990; Laskey et al., 1990;
Campbell et al., 1991; Buchan & Martin, 1991). This process is
probably responsible for subsequent opening of Ca®*-acti-
vated K* channels stimulated by bradykinin and other ago-
nists (e.g. ATP, acetylcholine) in native aortic endothelial cells
(Rusko et al., 1992).

! Author for correspondence.

It has been established that the release of Ca?* from in-
ternal stores is related to an increase in inositol-1,4,5-trispho-
sphate (Freay et al., 1989; Schilling & Elliott, 1992). The
contribution of the second known Ca?* release mechanism;
namely, Ca2*-induced Ca2* release (CICR) in endothelial cells
is controversial. While in the presence of extracellular Ca%*,
caffeine (5 mM) induced a small elevation of [Ca?*]; (Buchan &
Martin, 1991) this increase in [Ca?*);was not observed in an-
other study using a higher concentration of caffeine (10 mMm)
(Schilling & Elliott, 1992). It was suggested that Ca%*-induced
Ca?* release either does not contribute to agonist-induced
changes in [Ca?*); in endothelial cells or has a different phar-
macological sensitivity compared with that in skeletal or car-
diac muscle.

However, recently it has been shown that human aortic
endothelial cell lines responded to caffeine (10 mMm) by eleva-
tion of [Ca?*};, but only when placed in low [Mg?*], (0.3 mM)
(Zhang et al., 1993). These results indicate the need for
studying the effect of caffeine in the regulation of [Ca%*}; to
elucidate the mechanism(s) of intracellular Ca?* release and
subsequent activation of potassium channels in native aortic
endothelial cells.

Recent studies have demonstrated that the membrane
hyperpolarization of coronary endothelial cells induced by
caffeine is concentration-dependent and is sensitive to the
removal of Ca?* from the perfusing solution (Chen &
Cheung, 1992). Although the physiological function of the
Ca?*-dependent K* channels is unknown, channel activa-
tion may hyperpolarize the endothelial cell and increase the
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driving force for Ca>* entry during stimulation by agonists
(Busse et al, 1988; Schilling, 1989; Luckhoff & Busse,
1990).

The purpose of the present study was to describe evidence
for the relationship between intracellular stores and the
plasmalemma in native aortic endothelial cells. We have ex-
amined the effects of the Ca®*-release activator, caffeine, on
correlation between membrane currents and [Ca®*]; in the
presence and absence of extracellular Ca?* using whole-cell
membrane current recordings under voltage clamp and par-
allel cytosolic [Ca’*}; measurements using imaging fluores-
cence microscopy.

Methods

Preparation of cells

Rabbits of either sex weighing (1.5—2.2 kg) were anaesthetized
and killed by carbon dioxide. Freshly dissociated endothelial
cells were obtained from the aorta by procedures previously
described (Rusko et al., 1992). Briefly, several pieces of en-
dothelium were incubated at 37°C for 35 min in dispersal so-
lution containing 0.9 mg ml™ papain and 0.8 mg ml™*
dithiothreitol. After the enzyme digestions, tissue fragments
were washed with enzyme-free, Dulbecco’s phosphate-buffered

a Caffeine 20 mm
' ' H
b
Caffeine 20 mm + Ca 0 mm + EGTA 1 mm
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c Caffeine 20 mm
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Figure 1 Responses of endothelial cells to caffeine apglication. Continuous records of whole cell currents in the presence (a) and in

absence of extracellular Ca2* (c). (b) Extracellular Ca

* was omitted at the same time as caffeine was applied. The upper traces of

each pair show current activity on expanded current scale. Horizontal bars indicate period during which cells were bathed in
extracellular solution containing caffeine (20mM) and no added Ca?*; (a) and (b), the same scale as (c). Outward currents are
upward in these and in subsequent records. Holding potential +20mV.
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Caffeine 20 mm Caffeine 20 mm

20 pA

Caffeine 20 mm . Caffeine 20 mm

M l 20 pA e At

Caffeine 20 mm , Caffeine 20 mm

Ca0mm+EGTA 1 mm Ca0mm+EGTA 1 mm

|20pA |200pA
4s 1s

n.l. ‘ oLin ll

Lag Foot Upstroke Foot Upstroke

Figure 2 Sections of the rising portions of outward current responses to 20mm caffeine. (a,b) In the presence of extraoellular Ca;
(c) response of the cell after 6min bathing in a solution with no added Ca. Exposure times to caffeine and Ca?*-free, EGTA
containing solution are indicated by the horizontal bars. Note the different current scale for the recordings in (a) and (b) compared
to (c). The time scales apply to all records in the same column. Right hand records in (a), (b) and (c) are shown at expanded time
scale. The transitions to foot and upstroke phases are indicated by the dotted lines. In (c), (W) at left side indicates the time from
which the record at the expanded time scale was made (c, right side). Cells held at +20mV.
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saline, then filtrated and centrifuged. Supernatant containing
the cells were resuspended in 0.8 mM-Ca2* containing solution
and placed on glass cover-slips. The cells were kept at 4°C until
use on the same day.

Electrophysiological recording

Voltage clamp recordings were made from single endothelial
cells using standard patch-clamp techniques (Hamill et al.,
1981). Whole-cell membrane currents were recorded with
borosilicate patch pipettes of 2—5 Mohms. The currents were
recorded with a List LM/EPC-7 patch-clamp amplifier (List
Electronics), filtered at 2.5 kHz (-3 dB, 4-pole Bessel filter;
Ithaco 4302) and stored for later analysis on videotape using a
digital VCR recorder adaptor (PCM-1; Medical systems
Corp., NY, U.S.A.). Membrane currents were continuously
monitored and the amplitude was analyzed by direct mea-
surement on a digital oscilloscope (Tektronix 5223). The cur-
rents were displayed on a chart recorder (Gould 220) and their
outward records are shown in the upward direction.

Fura-2 digital fluorescence imagine microscopy

The endothelial cells on the coverslip were loaded with 0.75 um
fura-2/AM (acetoxymethylester) in normal PSS (1 mM stock in
dimethylsulphoxide (DMSO)) for 30 min at room tempera-
ture. The coverslip chamber was mounted on an inverted mi-
croscope (Nikon, Diaphot). A Nikon 20 x phase/fluor
objective was used to visualize the cells. A glass tube was used
to infuse (by gravity) the chamber with fresh experimental
solution (total volume of the chamber is 0.5 ml which is con-
tinually maintained using vacuum suction at the surface of the
fluid). A total of 3 ml solution was used to change the solution.
The endothelial cells were exposed to alternating 340 and
380 nm (bandwidth 10 nm) wavelengths of u.v. light and
emission light was passed through a 510 nm (bandwidth
40 nm) filter prior to acquisition by an ICCD camera (In-
tensified Charge-Coupled Device; Cohu, 4810 Series). A Sun
Sparc workstation and the Inovision Image Software (Inovi-
sion Corp. Research Triangle Park, NC, U.S.A.) were used to
record and analyze the fluorescence ratio (340/380). Before
measurement, background fluorescence at 340 nm and 380 nm
was measured by bringing the cells out of the focus. Ratio
images were collected every 10 s. All results given are reported
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as changes in the 340/380 signal ratio. Averaged numerical
data obtained from dose responses of caffeine by both elec-
trophysiological and fura-2 fluorescence methods are re-
presented as the meanzone standard error of the mean
(s.e.mean).

Solutions

The physiological salt solution (PSS) used in the experiments
had the following ionic composition (in mM): NaCl 125.4,
KC15.9, CaCl, 1.5, MgCl, 1.2, glucose 11.5, N-2-hydro-
xyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) 10,
adjusted to pH 7.35 with NaOH. The pipette (intracellular
solution) contained (in mMm): NaCl 5, KCl 126, MgCl, 1.2,
glucose 11, EGTA 0.8, HEPES 10, adjusted to pH 7.2 with
KOH. The osmotic activity (280-290 mmol kg™') of the so-
lution was monitored with a vapor pressure osmometer
(Wescor 5500). Experiments were carried out at a bath tem-
perature of 28 +2°C.

Drugs and chemicals

The following drugs and chemicals were used: papain, DL-di-
thiothreitol, caffeine all of which were purchased from Sigma
Chemicals Co., St Louis, MO, U.S.A., tetracthylammonium
chloride (TEA) (Eastman Kodak Co., Rochester, NY,
U.S.A.), ethylene bis (oxyethylenenitrilo) tetraacetic acid
(EGTA) (Fisher Scientific, Fair Lawn, NJ, U.S.A.). The
fluoresence indicator fura-2/AM was purchased from mole-
cular Probes, Inc. (Eugene, OR, U.S.A.).

Results
Caffeine

The activator of calcium release from agonist-releasable stores,
caffeine, was applied to the bathing solution in the presence
and absence of Ca®" in the extracellular solution. In the cells
which were voltage clamped at potential +20 mV and bathed
in PSS, 20 mM caffeine elicited an outward current up to
2400 pA (1771+£205 pA, n=7) (Figure la) after an initial
burst of unitary currents and STOCs (Figure 2a,b). The in-
creased spontaneous current activity started after ~5s pre-

Caffeine 20 mm

0 300 600

900 1200 1500

Time (s)

Figure 3 Tracing to show that bath application of caffeine (20mm) elevates intracellular calcium concentration in isolated, fura-2
loaded cells. The solid line represents the average signal of 10 cells in normal PSS (1.5mM CaCl,) and the dashed line represents the
average signal in Ca®*-free, EGTA containing solution (n=10). After the first caffeine response the cells were allowed to recover for
10 min before a second dose of caffeine was applied. In normal PSS the second application of caffeine induced a slightly lower but
similar transient while the second response to caffeine in Ca?*-free, 1 mM EGTA containing solution was considerably reduced.
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sence of caffeine. Although in control conditions (prior to
application of caffeine) STOCs were observed in approxi-
mately one third of all voltage-clamped cells, extracellularly
applied caffeine (20 mM) stimulated in all cells a rapid dis-
charge of STOCs to peaks of 50— 160 pA which started from
and later decayed back to the basal level (lag phase). Some cells

showed only one STOC during the lag phase (Figure 2a), while
others produced repetitive discharges of STOCs (2-9 events)
within =3 s (Figure 2b) before the rising phase of the outward
current developed (n="7).

The outward current evoked by caffeine in the absence of
Ca?* had a similar magnitude (1698 +312 pA, n=6) as in the
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Figure 4 Dose-dependent responses of outward currents evoked by caffeine. (a) Caffeine, 0.5mM, produced only stimulation of
unitary currents and STOCs. (b) Caffeine 1mM, elicited the outward current. (c) Dose-response relation for activation of outward
currents by different doses of caffeine. Each point represents the mean from at least 5 experiments. Holding potential +20mV.
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presence of Ca?*; however, it was delayed and of longer
duration (Figure 1c). Moreover, while in normal Ca?*-con-
taining solution, caffeine produced an outward current which
started steeply from basal current level and decayed rapidly
within 15 s (Figure la), the shape of this caffeine-evoked
transient outward current in the absence of Ca2* was clearly
biphasic (Figure lc, 2c) and it decayed more slowly (x45 s)
(Figure 1c). Detailed examination of the rising phase of the
long lasting transient outward currents on an expanded cur-

rent and time scales revealed that also in the presence of Ca*
the initial rising phase is complex (Figure 2a,b). Thus, both, in
the presence and absence of Ca?* it was possible to determine
by visual inspection a clear transition from the foot to the
rapid upstroke phase. The rising portion of the outward cur-
rent evoked by caffeine consists of an initial slowly rising
transient component characterised by discharges of STOCs
(foot phase) with amplitude of up to 250 pA in the presence of
Ca?* (n=7) and up to 400 pA in the absence of Ca’* (n=6)
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Figure 5 (a) The intracellular Ca* responses of isolated, fura-2 loaded cells obtained in normal PSS containing different
concentrations of caffeine. The cells were first exposed to different caffeine concentrations: 0.5mM (i), 1 mM (ii), 2mM (iii) and 5mM
(iv). The caffeine was washed out after Smin and the cells were allowed to recover in normal PSS for 10min. A second additiog 3f
caffeine (20 mM) was made after recovery in each cell. (b) Dose-response relation for caffeine-induced transient elevations of [Ca®” };
in fura-2-loaded cells bathed in normal PSS. The peak-values of the transients were averaged at different doses. Each point is the
average of the peak where the number of experiments is at least 10.
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and a subsequent more steeply increasing component (up-
stroke phase). The foot phase in the presence of Ca?* was only
a fraction of the length (~10%) of the one observed in the
absence of Ca®*.

When caffeine (20 mM) was applied simultaneously with
Ca*-free solution, the cells responded with a steep rise in the
outward current, similar to the response observed in the pre-
sence of Ca%*. However, the former was followed by a slower
fall to a maintained base level, similar to the action of caffeine
in Ca2*-free solution (Figure 1b, n=4).

In Ca?*-free solution an outward current in response to
a second application of caffeine was not observed (not
shown).

A prolonged increase in frequency and amplitude of spon-
taneous unitary currents was observed following the outward
currents in both the presence and absence of extracellular Ca?*
(Figure 1a,c). These effects were most pronounced when both
Ca?*-free solution and caffeine were applied to bathing solu-
tion at the same time (Figure 1b).

The next set of experiments was performed to investigate
the effect of caffeine on intracellular Ca2* release using the
fluorescent Ca?* indicator fura-2. Figure 3 shows that 20 mM
caffeine evoked similar transient responses in both Ca?*-con-
taining and Ca?*-free, | mM EGTA containing solution. The

peak of [Ca?*]; and the maintained plateau in the presence of
Ca2* (0.62 +0.04, n=10) were similar to that seen in Ca2* -free
solution (0.55+0.03, n=10). After 5 min, caffeine was washed
out from the bathing solution and the cells were allowed to
recover for 10 min. It is apparent that in the presence of ex-
ternal Ca®*, the caffeine-sensitive store was refilled. In con-
trast, the [Ca2*]; response to the second caffeine exposure in
Ca?*-free solution was greatly reduced.

Concentration-dependence of the outward currents
activated by caffeine

Lower concentrations of caffeine (0.1 and 0.5 M) increased
both frequency and amplitude of unitary currents and evoked
STOCs but did not initiate outward currents (Figure 4a). As
the concentration of caffeine was increased to 1 mM, the re-
sponse abruptly increased with an outward current of up to a
maximum of 2400 pA (Figure 4b; n=4). At concentrations
higher than 1 mM, the responses to caffeine were not con-
centration-dependent. The relationship between the outward
current and the concentration of caffeine is presented in Figure
4c, where the average maximal amplitude of outward current is
plotted as a function of caffeine concentration.
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Figure 6 Sequential applications of increasing doses of caffeine. (a) Outward currents recorded at a holding potential of +20mV
during 2min exposure to normal PSS containing 0.5, 1 and 20mM caffeine. (b) The average of the intracellular Ca* responses of
isolated, fura-2 loaded cells during exposure to normal PSS containing consecutively 0.5, 2 and 20mM caffeine (7= 10). Horizontal
bars indicate periods during which the cell was bathed in an extracellular solution containing caffeine.
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In Figure 5a the [Ca®*]; responses from different cells at
different concentrations of caffeine were measured as the 340/
380 ratio of fura-2 fluorescence. All four panels illustrate the
same protocol. The various doses of caffeine at 0.5, 1, 2 and
5 mM were applied for 5 min. After 10 min recovery, a second
caffeine dose of 20 mM was applied to each preparation. All
the second applications of caffeine evoked similar rises in
[Ca**]. Lower doses of caffeine (0.5 mM) had no apparent
effect on [Ca®"); (Figure 5a(i)) however, 1 mM caffeine induced
oscillation in the [Ca%*]; but no major transient peak was
evoked (Figure 5a(ii)). Figure 5a(iii) shows that at 2 mM caf-
feine, the cells responded with a transient [Ca%*]; of the same
magnitude as that evoked by 5 mM and 20 mM. At this in-
termediate caffeine concentration, oscillations in [Ca®*]; were
observed. Figure 5b shows the concentration-response curve
for the caffeine induced [Ca2"]; responses.

When the cells were pretreated with lower doses of caffeine
(0.4 or 0.5 mM) 1 mM caffeine did not evoke an outward
current (Figure 6a, n=4) upon subsequent caffeine addition,
even though this concentration would elicit a response under
control conditions (see Figure 4b). Moreover, preincubation of
endothelial cells with these lower concentrations of caffeine
(0.4—0.5 mM) attenuated the peak of the outward current
evoked by 20 mM caffeine by 60% (Figure 6a, n=4). Figure 6b
shows the average traces of [Ca?*}; (n=10) recorded from
different doses of caffeine applied successively. The lower dose
of caffeine (0.5 mM) abolished the action of subsequently ad-
ded 2 mM caffeine, which in control conditions evoked a rise in
[Ca**]; (Figure 5a(iii)). In addition, the response to the sub-
sequent addition of 20 mM caffeine was reduced by 55%
compared to its control (Figure 3).

Effects of TEA and reduction in [Ca’* ], on spontaneous
current activity

Experiments were performed to test whether the increases in
both frequency and amplitude of unitary currents and STOCs
evoked by Ca?*-free solution reflected stimulation of Ca?*-
activated K* currents. Endothelial cells to which the K-
channel blocker, TEA, was applied showed neither unitary
currents nor STOCs, regardless of whether Ca?* was present in

the perfusing solution (Figure 7, n=5). In the continual pre-
sence of TEA, there was no spontaneous activity but the basal
current was noisier than that in the control condition prior to
TEA application. Thus, application of 3 mM TEA abolished
the increase in unitary currents and STOCs seen upon removal
of extracellular Ca>* as would be expected if they resulted
from Ca®*-activated K* currents. However, the sustained
outward current (2—12 pA, n=9) seen in Ca?*-free solution
was not affected.

The effect of TEA on the caffeine-induced outward
currents in the absence of Ca’”*

The presence of TEA (3 mM) did not prevent the ability of
caffeine to evoke outward currents in Ca?*-free solution;
however, their amplitude was attenuated by about 50% (Fig-
ure 8b, n=4). Moreover, TEA (3 mM) blocked the discharges
of unitary currents and STOCs accompanying the trace of
caffeine-induced outward currents.

Following wash-out of the TEA, recovery of spontaneous
current activity in Ca”*-free solution was allowed for 10 min
before again applying 20 mM caffeine. Under these conditions,
the second application of caffeine failed to evoke an outward
current (not shown). Although the endothelial cells lose the
ability to produce outward currents upon repetitive caffeine
stimulation in the absence of extracellular Ca?*, they continue
to generate spontaneous outward currents.

Discussion

Caffeine induced a [Ca?*); transient and an outward current
which were of the same magnitude in the presence and absence
of extracellular Ca®*. This indicates that both responses are
the consequence of Ca?* release from intracellular stores. The
mechanism of caffeine-induced Ca?* release involves sensiti-
zation of the ryanodine receptor-Ca’* release channels in the
endoplasmic reticulum (ER) or sarcoplasmic reticulum (SR) to
the activating action of Ca%* (Endo, 1977; Martonosi, 1984).
Ca?*-induced Ca?* release (CICR) has been reported for
skeletal (Endo et al., 1970; Ford & Podolsky, 1970), cardiac
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Figure 7 Membrane current records in a freshll dissociated rabbit aortic endothelial cell. Effect of applying tetracthylammonium
+

(TEA, 3 mM) in the presence of extracellular Ca

(a) and in Ca?*-free, EGTA-containing solution (b) for the period indicated by
the horizontal bars. Same scale as (a). Holding potential +20mV.
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(Fabiato & Fabiato, 1972; Fabiato, 1983) and vascular smooth
muscle SR (Itoh et al., 1982; Leijten & van Breemen, 1984; Van
Breemen & Saida, 1989) and as presented in the results section
is also present in native rabbit aortic endothelial cells.

The main finding of the present study is the all-or-none
nature of the caffeine-induced responses. At increasing doses
of caffeine the outward current suddenly appeared at a max-
imum amplitude when the caffeine concentration reached
1 mM, while the [Ca®*]; transient abruptly peaked at 2 mMm
caffeine after [Ca’*); oscillations at 1 mM. Both phenomena
are undoubtedly linked, since the small difference in threshold
can be readily attributed to the difference in experimental
conditions (e.g. whole cell clamp recordings were made at
+20 mV while fura-2 fluorescence was measured at resting
membrane potentials). Another possible explanation for the
difference in caffeine sensitivity is that the [Ca?*]; oscillations
observed at 1 mM caffeine are sufficient to achieve the
threshold for activation of the outward current. The latter
explanation is supported by the finding that the outward cur-
rent elicited by 1 mM caffeine had a longer delay and a slower
upstroke than this current elicited by 20 mM caffeine. We
postulate that the regenerative CICR requires the achievement
of a critical local [Ca®*]; or threshold [Ca2*].

The marked reduction in the amplitude of both the outward
current and [Ca?*]; transients evoked by 20 mM caffeine after
prior exposure to lower caffeine concentrations indicates that a

subthreshold caffeine concentration activates some Ca?*
channels causing depletion of intracellular Ca®* stores. When
the ER is partially depleted, a higher concentration of caffeine
is required to open more Ca®>* channels to achieve a sufficient
Ca?* release to reach the local threshold concentration for
CICR. However, in spite of the fact that 20 mM caffeine was
still able to induce regenerative Ca?* release, the prior partial
depletion of the ER caused the final response to be markedly
smaller than that seen under control conditions.

Several other observations allude to the concept of thresh-
old [Ca?*]; for CICR. Both, in the presence and absence of
Ca?* the rising part of the outward current was biphasic.
When the foot phase characterized by discharges of STOCs
reached a critical level, the slope abruptly became much stee-
per. The threshold probably represents the critical level of
[Ca®*]; which trigger massive quasi-simultaneous opening of
Ca’*-activated K channels (upstroke) in response to sudden
release of Ca?* from the internal stores. The foot phase
however, was much shorter in the presence of external Ca?*,
perhaps because continuous Ca?* influx allowed the released
Ca?* to build up a local threshold Ca?* concentration much
faster. The Ca®* supplied by influx would also assure that once
the threshold for CICR was reached at any location in the
cytoplasm, the process would propagate over all regions of the
ER. Different lengths of the foot phase in the presence and
absence of Ca’* also indicate the supporting role of extra-
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Figure 8 Effects of 3mM tetraecthylammonium (TEA) and of Ca?*-free, EGTA-containing solution on the action of 20 mm
caffeine. (a) Caffeine-evoked outward current was recorded after 6min exposure to Ca®*-free, EGTA-containing solution. (b) The
effect of caffeine in the presence of TEA and after 6 min in Ca®*-free, EGTA-containing solution. Horizontal bars indicate periods
during which cells were superfused with extracellular solution containing drugs and no added Ca?*. Holding potential +20mV.
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cellular Ca®* in the generation of outward currents. However,
it cannot be ruled out that some of the differences related to the
presence and absence of extracellular Ca®* are due to effects of
Ca®"* on the outer surface of the plasmalemma.

It is also possible that local threshold values may be reached
under conditions where global [Ca®*}; is not high enough to
sustain propagation of regenerative Ca’>* release throughout
the cell. This situation would result in localized CICR occur-
ring at different sites at different times leading to the oscilla-
tions of variable amplitude measured by the fura-2
fluorescence at 1 mMm caffeine.

A curious observation is that persistent spontaneous current
activity was increased by caffeine after the development of the
outward current. This is clearly different from behaviour of the
outward current in that the latter current required a latent
period of ER refilling before it could be repeated. In the ab-
sence of extracellular Ca2* only one outward current could be
obtained because refilling of the ER from the extracellular
space was prevented. In contrast, removal of external Ca®*
enhanced the spontaneous current activity and did not prevent
its persistance after caffeine exposure. After the caffeine-sen-
sitive stores were depleted in the absence of external Ca’* a
second exposure to caffeine was still able to induce a slight
elevation of the steady state [Ca®*];. Although we are unable at
this time to provide a fully consistent explanation for the above
observation, it is possible that either some refilling occurred
from Ca?* released into the cytoplasm and/or another non
caffeine-sensitive intracellular Ca?* source exists, such as mi-
tochondria, which is normally buffered by Ca?* uptake into
the ER.

The caffeine-induced outward current fits the pattern of
being dependent on a depletable and refillable Ca®* store such
as observed in smooth muscle (Leijten & van Breemen, 1984).
The conductances activated by the released Ca®>* include both
TEA-sensitive potassium channels and TEA-insensitive and at
present unidentified channels. The refilling of caffeine-sensitive
intracellular Ca2* stores in native aortic endothelial cells
however, is a relatively slow process in that at least 10 min
incubation in normal physiological solution is required to elicit
a second caffeine-induced outward current. The presence of a
second transient [Ca?*}); peak, although considerably reduced,
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in response to the second application of caffeine in Ca?*-free
solution suggests that not all of Ca?* released within the cells is
lost from the cell but that some released Ca2* is recycled into
the ER (see also Bond et al., 1984; Benham & Bolton, 1986). In
this case, however, the amount of [Ca’*}; is probably in-
sufficient to reach the threshold for activation of the outward
current, as confirmed by our electrophysiological experiments
(not shown).

Spontaneous current activity, a phenomenon found in the
freshly isolated aortic endothelial cells, has been shown to be
generated by a population of TEA-sensitive and highly K *-
selective channels sensitive to the cytoplasmic Ca®* con-
centration (Rusko et al., 1992). Although removal of external
Ca?* enhanced spontaneous current activity there is no con-
vincing explanation for this effect. It may be related to a
change in the behaviour of the BK K, channels. This is sup-
ported to some extent by the finding that the caffeine effect and
the Ca®*-free effect are additive. Perhaps not only changes in
[Ca?*]; (Rusko et al., 1992) but also changes in [Ca®*], may
modulate the activity of Ca?*-activated K channels. This
suggestion is supported by our finding that increasing the
[Ca?*], reduced the spontaneous current activity (not shown).

In conclusion, we have presented evidence for regenerative
Ca?"* release mediated by ryanodine receptors in native aortic
endothelial cells. Caffeine induced Ca®* release from the ER in
an all-or-none manner. Once a local threshold [Ca®*} is
reached, ryanodine receptors are activated regeneratively by
increasing Ca?* flux from the ER lumen to the cytoplasm. At a
critical caffeine concentration near 1 mM, the regenerative re-
lease may fail to propagate throughout the cell and conse-
quently leads to irregular [Ca?*]; oscillations. Ryanodine
receptor-mediated Ca?* release may signal NO and other re-
laxant factors release directly by activating constitutive NO-
synthase or indirectly by activating Ca2*-sensitive K channels
and increasing Ca?” influx through hyperpolarization.

This work was supported by a grant from Medical Research Council
of Canada.

FABIATO, A. & FABIATO, F. (1972). Excitation-contraction coupling
of isolated cardiac fibers with disrupted or closed sarcolema.
Calcium-dependent cyclic and tonic contractions. Circ. Res., 31,
293-301.

FREAY, A., JOHNS, A., ADAMS, D.J,, RYAN, U.S. & VAN BREEMAN,
C. (1989). Bradykinin and inositol-1,4,5-triphosphate stimulated
calcium release from intracellular stores in cultured bovine
endothelial cells. Pfliigers Arch., 414,