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1 Chinese hamster ovary (CHO) cells were transiently transfected with the mouse prostacyclin
(mIP) receptor to examine IP agonist-mediated stimulation of [*H]-cyclic AMP and [*H]-inositol
phosphate production.

2 The prostacyclin analogues, cicaprost, iloprost, carbacyclin and prostaglandin E;, stimulated
adenylyl cyclase activity with ECs values of 5, 6, 25 and 95 nM, respectively. These IP agonists also
stimulated the phospholipase C pathway with 10—40 fold lower potency than stimulation of
adenylyl cyclase.

3 The non-prostanoid prostacyclin mimetics, octimibate, BMY 42393 and BMY 45778, also
stimulated adenylyl cyclase activity, with ECsy values of 219, 166 and 398 nM, respectively, but failed
to stimulate [*H]-inositol phosphate production.

4 Octimibate, BMY 42393 and BMY 45778 inhibited iloprost-stimulated [*H]-inositol phosphate
production in a non-competitive manner.

5 Activation of the endogenously-expressed P, purinergic receptor by ATP led to an increase in
[*H]-inositol phosphate production which was inhibited by the non-prostanoid prostacyclin mimetics
in non-transfected CHO cells. Prostacyclin analogues and other prostanoid receptor ligands failed to
inhibit ATP-stimulated [*H]-inositol phosphate production.

6 A comparison between the IP receptor-specific non-prostanoid ONO-1310 and the structurally-
related EP; receptor-specific agonist ONO-AP-324, indicated that the inhibitory effect of non-
prostanoids was specific for those compounds known to activate IP receptors.

7 The non-prostanoid prostacyclin mimetics also inhibited phospholipase C activity when
stimulated by constitutively-active mutant GogRC, Goj4RC and Gu;6QL transiently expressed in
CHO cells. These drugs did not inhibit adenylyl cyclase activity when stimulated by the
constitutively-active mutant Ga,QL.

8 These results suggest that non-prostanoid prostacyclin mimetics can specifically inhibit [*H]-
inositol phosphate production by targeting Gg/1; and/or phospholipase C in CHO cells, and that this

effect is independent of IP receptors.
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Introduction

Activation of the prostacyclin (IP) receptor leads to
stimulation of adenylyl cyclase through coupling to G, and
to pertussis toxin-insensitive activation of phospholipase C,
through coupling to Gg;;; (Namba et al., 1994); see Wise &
Jones (2000) for review of IP receptor coupling). The IP
agonist iloprost induces rapid phosphorylation of the human
IP receptor expressed in HEK293 cells, at concentrations
comparable to those needed to activate phospholipase C
(Smyth et al, 1996), and elimination of the consensus

*Author for correspondence.

sequences for protein kinase C phosphorylation attenuates
coupling to Gg,;; and prevents agonist-dependent desensitiza-
tion (Smyth et al., 1998).

Given the multiple G protein coupling capacity of the IP
receptor, we decided to test a range of IP agonists which fall
into two structural groups: (1) prostacyclin analogues, and
(2) non-prostanoid prostacyclin mimetics (Figure 1). The
latter group includes BMY 42393 and BMY 45778 which
evolved from the discovery of octimibate (Seiler et al., 1990;
Meanwell et al., 1994), and ONO-1301 (Torisu et al., 1996).
We show here that the prostacyclin analogues can stimulate
both adenylyl cyclase and phospholipase C activity in CHO
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Figure 1 The structures of prostacyclin analogues (cicaprost, iloprost, PGE; and carbacyclin) and non-prostanoids (octimibate,

BMY 42393, BMY 45778, ONO-1301 and ONO-AO-324).

cells transfected with the mouse IP receptor, but the non-
prostanoid prostacyclin mimetics can only stimulate adenylyl
cyclase.

We attempted to determine affinity constants for the non-
prostanoid prostacyclin mimetics by measuring their ability
to produce a rightward shift of the log concentration-
response curves for iloprost-stimulated [*H]-inositol phos-
phate accumulation. To our surprise, we found that
octimibate, BMY 42393 and BMY 45778 did not behave as
competitive antagonists for the IP receptor, but gave a
pattern of responses expected of a non-competitive interac-
tion (Figure 5). This non-competitive nature of octimibate
and related compounds could be caused by a direct inhibitory
effect on intracellular signalling pathways downstream of the
IP receptor. We therefore chose to continue our studies using
wild-type CHO cells, since these cells produce only a
relatively small adenylyl cyclase response to cicaprost (data
not shown), and presumably therefore lack considerable
expression of endogenous IP receptors. In order to stimulate
the Gg,11-phospholipase C pathway, we made use of the P,
purinergic receptor which is endogenously expressed in CHO

cells (Megson et al., 1995). To examine effects downstream of
G protein-coupled receptors, we utilized constitutively-active
mutant (CAM) forms of pertussis toxin-insensitive Guo
subunits: GoegRC (Conklin er al., 1992); Gu4RC (Chan et
al., 2000), Go;QL (Heasley et al., 1996), and Go,QL
(Masters et al., 1989). The results presented in this current
paper attempt to explain these observations on the non-
prostanoid prostacyclin mimetics by a mechanism of action
independent of effects on the IP receptor. A preliminary
report of some of this work has been presented previously
(Wise et al., 2001).

Methods
Cell culture

CHO cells were cultured in Ham’s F-12 medium supplemen-
ted with 10% foetal bovine serum, 100 units ml~' penicillin
and 100 pug ml~! streptomycin in a humidified atmosphere of
5% CO,/95% air at 37°C.
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Transient transfection of cells

For the agonist log concentration-response curves, [*H]-cyclic
AMP assays were performed using CHO cells grown to
approximately 80% confluency in cell culture flasks, then
transfected using LipofectAMINE liposome reagent and
Opti-mem I reduced serum medium for 5h, according to
the manufacturer’s instructions. At 24 h after transfection,
CHO cells were harvested by trypsinization and seeded at
2% 10° cells in 12-well culture plates containing 1 ml Ham’s
F-12 medium plus antibiotics and 1% foetal bovine serum.
For studies of Go QL activity, CHO cells were transfected in
12-well culture plates and maintained in 1 ml Ham’s F-12
plus antibiotics and 10% foetal bovine serum. For [*H]-
inositol phosphate assays, CHO cells were transfected at 80%
confluency in 12-well plates and maintained in 1 ml Ham’s F-
12 plus antibiotics and 10% foetal bovine serum. All
transfected cells were assayed 48 h post-transfection, when
cells were 80—90% confluent. For assays on wild-type CHO
cells, assays were performed in 12-well plates on cells at 80—
90% confluency.

Measurement of [°H ]-cyclic AMP production

[*H]-cyclic AMP accumulation was assayed in 12-well plates
following overnight incubation of cells (16—20 h) with [*H]-
adenine (1 uCi well™'; 1 uCi ml~"). The medium was aspi-
rated and the cells washed twice with 1 ml HEPES-buffered
saline (HBS (mMm): HEPES 15, pH 7.4, NaCl 140, KCI 4.7,
CaCl, 2.2, MgCl, 1.2, KH,PO,4 1.2, glucose 11). Cells were
challenged, in duplicate, with test compounds for 30 min at
37°C in assay buffer (HBS containing 1 mM 3-isobutyl-1-
methyl xanthine (IBMX) to inhibit phosphodiesterase
activity, and 3 uM indomethacin to inhibit tonic prostanoid
synthesis). The reaction was terminated by aspiration and
addition of 1 ml ice-cold 5% trichloroacetic acid containing
1 mM ATP. The plates were left for at least 60 min on ice
before separating the [*H]-cyclic AMP from [*H]-ATP by
column chromatography (Barber et al., 1980). Cell samples
were loaded onto Dowex AGS50W-X4 (200—400 mesh)
columns and [*H]-ATP eluted with 3 ml distilled water. A
further 10 ml distilled water was added and the eluant loaded
directly onto a neutral alumina column, which was eluted
with 6 ml 0.1 M imidazole buffer, pH 7.5, to give a fraction
containing [*H]-cyclic AMP. Scintillator (OptiPhase ‘HiSafe’
3, 10 ml) was added for scintillation counting.

The production of [*H]-cyclic AMP from cellular [*'H]-ATP
in the presence of a phosphodiesterase inhibitor (i.e., adenylyl
cyclase activity) was estimated as the ratio of radiolabelled
cyclic AMP to total AXP (i.e., adenine, cyclic AMP, ADP
and ATP), and is expressed as per cent conversion ([cyclic
AMP]/[total AXP]x 100%). All assays were performed in
duplicate. Solvent controls were run as appropriate, but
neither dimethylsulfoxide nor ethanol interfered with the
assay at the concentrations used.

Measurement of [?H ]-inositol phosphate production

[*H]-inositol phosphate accumulation was assayed in 12-well
plates following 42 h incubation of cells with [*H]-myo-
inositol (2 uCi well™'; 2 uCi ml~'). The medium was aspi-
rated and the cells washed twice with 1 ml HBS followed by

10 min incubation at 37°C in HBS containing 20 mMm LiCl
and 3 uM indomethacin. The buffer was removed and
replaced with fresh buffer containing agonists for a further
60 min. The reaction was terminated by aspiration and
addition of 0.75 ml ice-cold 20 mM formic acid. The plates
were left for at least 60 min on ice for the extraction of acid
soluble [*H]-total inositol (i.e., inositol and inositol phos-
phates). [*H]-inositol phosphates were separated from the
[*H]-total inositol fraction by column chromatography
(Conklin et al., 1992). Cell samples were loaded onto Dowex
AG1-X8 (100—200 mesh) columns, immediatedly followed by
3 ml ammonia solution (0.05%) to elute the [*H]-inositol
fraction. After washing the columns with 4 ml 40 mMm
ammonium formate/0.1 M formic acid, bound [*HJ-inositol
phosphates were eluted with 5 ml 2 M ammonium formate/
0.1 M formic acid. Scintillator (OptiPhase ‘HiSafe’ 3, 10 ml)
was added for scintillation counting.

The production of [*H]-inositol phosphates was estimated
as the ratio of radiolabelled inositol phosphates to total
inositol and is expressed as per cent conversion ([inositol
phosphates]/[total inositol] x 100%). Assays were performed
in duplicate for agonist concentration-response curves, and in
triplicate for the ATP and CAM Gu studies. Solvent controls
were run as appropriate, but neither dimethylsulfoxide nor
ethanol interfered with the assays at the concentrations used.

Cell viability assay

Cell viability was assayed using the CellTiter 96 AQucous
One Solution Reagent, according to manufacturer’s instruc-
tions. Briefly, 2x10° CHO cells were seeded in 96-well
culture plates, and maintained in 100 gl Ham’s F-12 plus
antibiotics and 10% foetal bovine serum for 3 days. The cells
were washed twice with 100 ul HBS then incubated in 100 ul
HBS containing 3 uM indomethacin plus 10 uM test com-
pound or HBS as control. After 60 min in a 37°C incubator,
the solution was removed and replaced with 100 ul HBS plus
indomethacin, and 20 ul CellTiter 96® AQueous One Solution
Reagent. After a further 4 h incubation, absorbance values
were determined at 490 nm. All assays were performed in
triplicate.

Data analysis

Values for ECsy and E.., the maximum effect, were
obtained by fitting the log concentration-response curves to
the standard four-parameter logistic equation using Graph-
Pad Prism software version 3.0 (GraphPad Software Inc., San
Diego, U.S.A.):

E = Enin + ((Emax — Emin) /(1 + (ECs0/x)") (1)
where E is the measured response, E.;, and E, .. are the
minimum and maximum asymptotes, ECs, is obtained from
the ‘location parameter’ of the curve, x is the concentration
and n is the Hill coefficient. pECs, is the negative logarithm
of the ECsy value for stimulation of adenylyl cyclase or
phospholipase C activity. Except for the data shown in
Figure 2, log concentration-response curves for CHO cells
transfected with mIP have been normalized against the
maximum fitted responses to cicaprost obtained in each
experiment to account for any variability in transfection

British Journal of Pharmacology vol 134 (7)



1378 K.B.S. Chow et al

Inhibition of phospholipase C

0.9r

0.6

0.3r

[*Hl-cyclic AMP

accumulation
(% conversion)

-10 -9 -8 -7 -6 -5
log [Cicaprost, (M)]

20f

[3HI-IP accumulation
{% conversion)

-10 -9 -8 -7 -6

b

log [Cicaprost, (M}]

Figure 2 Activation of adenylyl cyclase and phospholipase C by
cicaprost. CHO cells were transfected with mIP (0.5 ug ml~") and
stimulated with cicaprost 48 h post-transfection. [*H]-cyclic AMP and
[*H]-inositol phosphate accumulation was determined as described in
Methods. Values are means+s.e.mean and error bars within the size
of the symbols are not shown. Basal [*H]-cyclic AMP accumulation
was 0.09+0.01% conversion, n=10, and basal [*H]-inositol phos-
phate accumulation was 5.00+0.87% conversion, n=3.

efficiency. Fold basal values (i.e., stimulated divided by basal
activity) have been provided in figure legends for reference.
Intrinsic activity values are the maximum agonist responses
compared to the maximum cicaprost response obtained in the
same experiment.

In order to account for any changes in basal phospholipase
C activity in studies looking at the effect of non-prostanoid
prostacyclin mimetics on responses to ATP or CAM Gu’s,
results were calculated as stimulated minus basal activity.
pICsy is the negative logarithm of the ICsy, value for
inhibition of ATP-stimulated [*H]-inositol phosphate produc-
tion.

Values reported are means+s.e.mean unless otherwise
stated. Comparisons between groups were made using one-
way ANOVA with Bonferroni’s or Dunnett’s post-tests, or
Student’s f-test, as appropriate. Statistical significance is
taken as P<0.05.

Drugs

8-[*H]-adenine (specific activity 27 Ci mmol~") was purchased
from Amersham (Far East) Trading Ltd and myo-[2-*H]-
inositol (20 Ci mmol~') from NEN Life Science Products,
Inc., (U.S.A)). Dowex AGS50W-X4 (200—400 mesh) and
Dowex AGI1-X8 (100—200 mesh, formate form) were
purchased from Bio-Rad (U.S.A.), and OptiPhase ‘HiSafe’
3 scintillant from Pharmacia Biotech Far East Ltd. CellTiter
96® AQueous One Solution Reagent was purchased from
Promega (U.S.A.). All other compounds were supplied by
Gibco (U.S.A.) or Sigma (U.S.A.). The following gifts are

also gratefully acknowledged: cDNA for the mouse IP
receptor from T. Kobayashi (Department of Pharmacology,
Kyoto University); cicaprost and iloprost from Schering AG
(Germany); BMY 42393, BMY 45778 and octimibate from
Bristol-Myers Squibb (U.S.A.); ONO-1301 and ONO-AP-324
from ONO Pharmaceuticals (Japan).

Results
Multiple coupling of mIP receptors

In CHO cells transiently expressing the mIP receptor at
physiological concentrations (approximately 100 fmol mg
protein~' (Wise, 1999)), the standard IP agonist cicaprost
activated both adenylyl cyclase and phospholipase C with
mean ECsy values of 5 nM and 135 nM, respectively (Figure
2). Cicaprost produced a 7.72-fold stimulation of adenylyl
cyclase activity, and a 3.66-fold stimulation of phospholipase
C activity. The other prostacyclin analogues iloprost,
prostaglandin E; (PGE;) and carbacyclin also stimulated
both adenylyl cyclase and phospholipase C activity (Figure 3)
with an approximately 10-40 fold difference in potency
between the two pathways (Tables 1 and 2). The prostacyclin
analogues consistently displayed shallow log concentration-
response curves for activation of adenylyl cyclase, but steep
log concentration-response curves for activation of phospho-
lipase C (Tables 1 and 2). The non-specific IP agonist PGE,
produced a significantly greater maximal activation of
adenylyl cyclase compared with cicaprost (P<0.01, one-way
ANOVA with Dunnett’s post-tests). The intrinsic activity of
the prostacyclin analogues, compared with cicaprost, tended
to be lower in the phospholipase C compared with the
adenylyl cyclase assay. Indeed, carbacyclin produced sig-
nificantly lower maximal activation of phospholipase C
compared with cicaprost (P<0.05, one-way ANOVA with
Dunnett’s post-tests).

As expected (Meanwell et al., 1994), the non-prostanoid
prostacyclin  mimetics  (octimibate, BMY 42393 and
BMY 45778) behaved as partial agonists for stimulation of
adenylyl cyclase activity (Figure 4), and except for
BMY 45778, the Hill coefficients for the log concentration-
response curves were not significantly different from unity
(Table 1). BMY 42393 produced significantly lower maximal
activation of adenylyl cyclase compared with cicaprost
(P<0.01, one-way ANOVA with Dunnett’s post-tests). None
of these compounds was able to stimulate the production of
[PH]-inositol phosphates at concentrations up to 30 uM
(Figure 4).

Effect of non-prostanoid prostacyclin mimetics on
iloprost-stimulated [°H J-inositol phosphate production

We attempted to determine affinity constants for the non-
prostanoid prostacyclin mimetics by measuring their ability to
produce a rightward shift of the log concentration-response
curves for iloprost-stimulated [*H]-inositol phosphate accu-
mulation. CHO cells transiently expressing mIP receptors
were co-stimulated for 60 min with varying concentrations of
iloprost and a fixed concentration of octimibate or related
compound. Octimibate inhibited iloprost-stimulated [*H]-
inositol phosphate production in a concentration-dependent

British Journal of Pharmacology vol 134 (7)
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Figure 3 Dual coupling of mIP receptors. CHO cells were transfected with mIP (0.5 ug ml~") and stimulated with prostacyclin
analogues 48 h post-transfection. [*H]-cyclic AMP and [*H]-inositol phosphate accumulation was determined as described in
Methods. Values are means+s.e.mean for at least three experiments. Error bars within the size of the symbols are not shown. [*H]-
cyclic AMP accumulation has been normalized against the maximum fitted response to cicaprost in each experiment
(7.7241.29 fold basal), with basal activity of 0.09+0.01% conversion. [*H]-inositol phosphate accumulation has been normalized
against the maximum fitted response to cicaprost in each experiment (3.66+0.69 fold basal), with basal activity of 9.28 +1.66%
conversion. Dotted lines represent the maximum response to cicaprost.

Table 1 The potency of IP agonists for stimulating adenylyl cyclase

Agonist

Cicaprost
Tloprost
PGE,
Carbacyclin
Octimibate
BMY 42393
BMY 45778

PECs Hill coefficient
8.354+0.08 0.7340.05+
8.20+0.22 0.6940.03+
7.02+0.17 0.5740.06%F
7.614+0.09 0.7440.13%
6.66+0.04 1.234+0.27
6.78+0.16 1.054+0.10
6.40+0.10 0.8740.11%

Adenylyl cyclase

Intrinsic activity

1.00
1.10£0.08
1.54+0.18%*
1.13+0.05
0.86+£0.07
0.62+0.04**
0.7440.02

N

—_

WW W W WS

CHO cells were assayed for [*H]-cyclic AMP accumulation in response to IP agonists 48 h post-transfection with mIP cDNA (0.5
ug ml~ 1), as described in Methods. Values are means +s.e.mean from experiments performed in duplicate. ¥ Hill coefficient significantly
different from unity. **P<0.01, one-way ANOVA with Dunnett’s post-tests.

Table 2 The potency of IP agonists for stimulating phospholipase C

Agonist

Cicaprost
Iloprost
PGE;
Carbacyclin
Octimibate
BMY 42393
BMY 45778

PECsy

6.87+0.08
7.14+0.11
5.79+0.01
6.00+0.13
<4
<4
<4

Hill coefficient

1.24+0.14
2.0340.54%
1.28+0.28

2.28+0.68+

Phospholipase C

Intrinsic activity

1.00
0.87+0.07
1.02£0.09
0.75+£0.04*

=

W W W W LN

CHO cells were assayed for [*H]-inositol phosphate accumulation in response to IP agonists 48 h post-transfection with mIP cDNA (0.5
ug ml~"), as described in Methods. Values are means +s.e.mean from experiments performed in duplicate.  Hill coefficient significantly
different from unity. *P<0.05, one-way ANOVA with Dunnett’s post-tests.
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Figure 4 Non-prostanoid prostacyclin mimetics fail to stimulate
phospholipase C. CHO cells were transfected with mIP (0.5 ug ml~")
and stimulated with non-prostanoid prostacyclin mimetics 48 h post-
transfection. [*H]-cyclic AMP and [*H]-inositol phosphate accumula-
tion was determined as described in Methods. Values are
means+s.e.mean for at least three experiments. Error bars within
the size of the symbols are not shown. [°H]-cyclic AMP accumulation
has been normalized against the maximum fitted response to
cicaprost in each experiment (7.72+1.29 fold basal), with basal
activity of 0.09+0.01% conversion. [*H]-inositol phosphate accumu-
lation has been normalized against the maximum fitted response to
cicaprost in each experiment (3.66+0.69 fold basal), with basal
activity of 9.28+1.66% conversion.

manner producing approximately 39, 53 and 83% inhibition
of maximal iloprost responses at 0.1, 1.0 and 10 um,
respectively (Figure 5). Both BMY 42393 and BMY 45778
produced similar response profiles (data not shown).

Effects of prostanoid receptor agonists on ATP-
stimulated [ H [-inositol phosphate production

Wild-type (non-transfected) CHO cells were incubated for
10 min with test compounds (1 and 30 um) before the
addition of 100 um ATP for a further 60 min. The non-
prostanoid prostacyclin mimetics octimibate, BMY 42393,
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Figure 5 Effect of octimibate on iloprost-stimulated phospholipase
C activity. CHO cells were transfected with mIP (0.5 ug ml~—') and
stimulated with IP agonists 48 h post-transfection. [*H]-inositol
phosphate accumulation was determined in duplicate as described
in Methods. Values are means+s.d. from one experiment, typical of
two other experiments using BMY 42393 and BMY 45778 in place of
octimibate. Error bars within the size of the symbols are not shown.

BMY 45778 and ONO-1301 produced a significant concen-
tration-dependent inhibition of ATP-stimulated phospholi-
pase C activity (Figure 6A), without any consistent effect on
basal [*H]-inositol phosphate accumulation (data not shown).
In contrast, the non-prostanoid EP3 receptor agonist ONO-
AP-324 (Figure 1), which is a close structural relative of
ONO-1301 (Koketsu et al., 1996), was inactive (Figure 6A).

None of the structural analogues of prostacyclin, i.e.
cicaprost, iloprost, PGE; and carbacyclin, had any effect
alone, or on ATP-stimulated [*H]-inositol phosphate accu-
mulation (Figure 6B). Similarly, prostaglandin D, (DP
agonist), prostaglandin E, (EP agonist), prostaglandin F,,
(FP agonist) and U46619 (TP agonist) had no effect either
alone or in the presence of ATP (Figure 6C).

ATP stimulated [*H]-inositol phosphate production had a
steep log concentration-response relationship in CHO cells
(Hill coefficient 2.67+0.83, n=3) with a pECs, value of
5.62+0.04 (n=3). plCsy values for the non-prostanoid
prostacyclin mimetics were subsequently determined against
the pECs, concentration of ATP (i.e. 3 uM). For comparison,
we intended to study the phospholipase C inhibitor U-73122
(Smith ez al., 1990), but in conformation of the work of
Walker et al. (1998), we noted that U-73122 appeared to be
cytotoxic for CHO cells. However, none of the IP agonists
tested appeared to be cytotoxic at 30 uM using the Trypan
blue exclusion test. Subsequent microscopic examination of
CHO cells indicated a change in cell morphology with
octimibate, BMY 42393, BMY 45778 and ONO-1301 at
30 uM, therefore test concentrations were limited to 10 um
for the following experiments.

pICsq values for inhibition of ATP-stimulation [*H]-inositol
phosphate accumulation were determined after constraining
the top of the curve to 100% control: octimibate, 6.04+0.01;
BMY 42393, 5.33+0.08; BMY 45778, 6.05+0.25; ONO-
1301, 5.14+0.30; n=3 (Figure 7). From the fitted data, it
would be predicted that octimibate, BMY 42393 and ONO-
1301 would produce complete inhibition of ATP-stimulated
[*H]-inositol phosphate production (octimibate, 91+7%;
BMY 42393, 104+4%; ONO-1301, 100+0% inhibition,
n=23). In contrast, BMY 45778 produced significantly less
inhibition of ATP-stimulated responses (464 10% inhibition,
n=3; P<0.01, one-way ANOVA followed by Bonferroni’s
post-tests).

British Journal of Pharmacology vol 134 (7)
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Figure 6 Effect of prostanoid receptor agonists on ATP-stimulated
phospholipase C activity. Wild-type CHO cells were stimulated with
ATP (100 um) in the presence or absence of prostanoid receptor
agonists, and stimulated [*H]-inositol phosphate accumulation
determined relative to a control group. (A) Non-prostanoid
prostacyclin mimetics, (B) Prostacyclin analogues, (C) Prostanoid
receptor agonists. Values are means +s.e.mean for three experiments.
Control ATP-stimulated [*HJ-inositol phosphate accumulation was
28.10+1.35% conversion above basal, where basal activity was
6.72+0.40% conversion.

Inhibitory effect of non-prostanoid prostacyclin mimetics
against non-receptor stimulated phospholipase C activity

CHO cells were transfected with pcDNAI1.1 (0.65 ug ml™';
vector control group), Go4RC (0.65 ug ml~'), GugRC
(0.45 ug ml=") or GoQL (0.45 ug ml~"). Total plasmid
DNA transfected was held constant for all groups at
0.65 ug ml~' by addition of pcDNAI.1. Basal [?H]-inositol
phosphate accumulation was increased by 3.7, 9.4 and
12.3 fold in CHO cells transfected with Ga;4RC, GogRC or
Go16QL, respectively (see legend Figure 8). Octimibate,
BMY 42393, BMY 45778 and ONO-1301 (all at 10 um)
significantly inhibited (P<0.01, one-way ANOVA followed
by Dunnett’s post-tests) both basal and elevated [*H]-
inositol phosphate levels caused by the CAM Go proteins
(Figure ).

Effect of non-prostanoid prostacyclin mimetics against
non-receptor stimulated adenylyl cyclase activity

CHO cells were transfected with pcDNAI1.l (0.5 pug ml™;
vector control group) or Ga,QL (0.5 ug ml~"). In the control
group, octimibate, BMY 42393, BMY 45778 and ONO-1301
(all at 10 uM) each produced a small (approximately 1.3 fold)
but significant (P<0.05, one-way ANOVA followed by
Dunnett’s post-tests) increase in basal [*H]-cyclic AMP
accumulation (Figure 9), representing less than 7% the
response seen in CHO cells transfected with mIP. Go,QL
increased basal [*H]-cyclic AMP accumulation by 6.5 fold
(see legend Figure 9), but this elevated adenylyl cyclase
activity was not inhibited by octimibate, BMY 42393,
BMY 45778 or ONO-1301.

Effect of drugs on cell viability

The non-prostanoid prostacyclin mimetics produced a
concentration-dependent shape change in CHO cells (data
not shown) at concentrations higher than those needed to
observe significant inhibition of ATP-stimulated [*H]-inositol
phosphate accumulation. To further investigate the effect of
non-prostanoid prostacyclin mimetics on cell viability, CHO
cells were treated for 60 min with non-prostanoid prostacy-
clin mimetics (10 uM) or control buffer, before addition of
CellTiter 96" AQueous One Solution Reagent. BMY 42393,
BMY 45778 and ONO-1301 had no significant effect on
CHO cell viability (O.D. (490 nm) readings were 103 +4,
106+ 5, and 99+ 5% control, respectively n=13). Octimibate
at 10 uMm significantly decreased cell viability (P<0.01, one-
way ANOVA with Dunnett’s post-tests) with O.D. (490 nm)
readings of 59+ 13% control, n=4. Control O.D. (490 nm)
values were 0.822+0.071, n=35.

Discussion

Prostacyclin analogues such as cicaprost, iloprost, PGE; and
carbacyclin stimulated both adenylyl cyclase and phospholi-
pase C pathways in CHO cells transiently expressing mIP
receptors, with 10—40 fold difference in potency for the two
signalling pathways. The maximal stimulation of adenylyl
cyclase activity by PGE; was significantly greater than that
observed with the specific IP agonist cicaprost, presumably
due to the ability of PGE; to stimulate other Gg-coupled
receptors endogenously expressed in CHO cells, i.e., EP, or
EP,4 receptors. The intrinsic activity of carbacyclin in the
phospholipase C assay was significantly lower than that of
cicaprost. Taken together, these results reaffirm (see Wise &
Jones, 2000) the need to use cicaprost, rather than PGE; or
carbacyclin, as the standard IP agonist for pharmacological
investigations.

Previous reports have indicated that in normal cells, e.g.
rat dorsal root ganglion cells in vitro (Smith et al., 1998), and
in transformed cell lines (Watanabe et al., 1991; Vassaux et
al., 1992; Oka et al., 1993), IP agonist potencies for
stimulating cyclic AMP and inositol phosphate production
and increasing Ca’" mobilization are similar, but the
sensitivity of the adenylyl cyclase response is 1000 fold higher
than phospholipase C activation in transfected cells over-
expressing IP receptors (Namba et al., 1994; Katsuyama et
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Figure 7 Inhibitory potency of non-prostanoid prostacyclin mi-

metics against receptor-stimulated phospholipase C activity. Wild-
type CHO cells were stimulated with the ECs, concentration of ATP
(3 um) following a 10 min preincubation with non-prostanoid
prostacyclin mimetics. Values are means+s.e.mean for three
experiments. Error bars within the size of the symbols are not
shown. Control ATP-stimulated [*H]-inositol phosphate accumula-
tion was 34.354+4.39% conversion above basal, where basal activity
was 6.12+1.00% conversion.
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Figure 8 Inhibitory effect of non-prostanoid prostacyclin mimetics
against non-receptor stimulated phospholipase C activity. CHO cells
were transfected with pcDNAIL.1 (0.65 ug ml~'; vector control
group), GouRC - (0.65 ugml™"), GogRC (045 ugml™'  plus
0.20 ugml~'  pcDNAIL.1), or Gu QL (0.45 ugml~' plus
0.20 ug ml~! pcDNAL1.1). The effect of non-prostanoid prostacyclin
mimetics on [*H]-inositol phosphate accumulation was determined
48 h post-transfection. Basal [*H]-inositol phosphate accumulation in
the absence of drugs was 4.30+0.37% conversion for pcDNA1.1 and
15.814+4.88% conversion for Go4RC, 40.4446.74% conversion for
GogRC, and 52.92+8.49% conversion for GocQL. Values are
means +s.e.mean for three experiments.

al., 1994; Smyth et al.,, 1996). It is possible however that
when IP receptors are expressed in the physiological range
(i.e., as in the current study), then IP receptor coupling to
both Gy and Gy, coupled pathways can more easily occur.
It is surprising therefore that the reports of IP receptor
coupling to Gg;; in normal cells are rare (e.g., rat dorsal root
ganglion cells in vitro (Smith et al., 1998) and piglet
cerebrovascular smooth muscle cells in vitro (Parkinson et
al., 2000)).

The log concentration-response curves for activation of
adenylyl cyclase by prostacyclin analogues were consistently
shallow (significantly different from unity), while for all
except cicaprost, their Hill coefficients were significantly
greater than unity in the phospholipase C assay. Since
cicaprost, iloprost, PGE; and carbacyclin can simultaneously
activate both Gs- and Gqg-coupled pathways in CHO cells
transfected with mIP, it is possible that we are looking at the
result of crosstalk between these two pathways. However,

2001
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Figure 9 Effect of non-prostanoid prostacyclin mimetics against
non-receptor stimulated adenylyl cyclase activity. CHO cells were
transfected with pcDNAI.1 (0.5 ug ml~'; vector control group) or
Ga,QL (0.5 ug ml~") and assayed 48 h post-transfection. Basal [*H]-
cyclic AMP accumulation determined in the absence of drugs was
0.061+0.008% conversion for pcDNAIL.l and 0.39740.165%
conversion for Go,QL. Values are means+s.e.mean for three
experiments.

preliminary studies fail to support the idea that activation of
protein kinase A (through Gs) enhances coupling of mIP to
Gq, while activation of protein kinase C (through Gq)
attenuates coupling of mIP to Gs (Kam er al., 2001). Further
studies are in progress to examine this issue.

In contrast to the prostacyclin analogues, we found that
the non-prostanoid prostacyclin  mimetics (octimibate,
BMY 42393 and BMY 45778) failed to increase [*H]-inositol
phosphate accumulation within the predicted micromolar
concentration range. However, the non-prostanoid prostacy-
clin mimetics did inhibit both iloprost-stimulated [*H]-inositol
phosphate accumulation in mIP-CHO cells (Figure 5), and
ATP-stimulated [*H]-inositol phosphate accumulation in
CHO cells lacking IP receptors (Figure 7), within the
micromolar range. Taken together, these results suggested
the non-prostanoid prostacyclin mimetics are unlikely to be
acting as receptor antagonists, but rather as inhibitors of
Gg/11 or of phospholipase C. By using CAM forms of Gag
and related G proteins, one can elevate phospholipase C
activity independently of receptor activation. Indeed, because
Gua16QL is ‘locked’ in the GTP-bound state, it is unresponsive
to activation by G protein-coupled receptors (Heasley et al.,
1996). Therefore, if the non-prostanoid prostacyclin mimetics
inhibited only one of the CAM Gua subunits, we could
identify the G protein, rather than phospholipase C, as the
target protein. However, the non-prostanoid prostacyclin
mimetics inhibited phospholipase C activity stimulated by
GogRC, Gu4RC and Go¢QL, indicating that the site of
action of these compounds still remains to be identified as
either the Go subunits and/or phospholipase C itself. The
observation that the non-prostanoid prostacyclin mimetics
failed to inhibit adenylyl cyclase activity stimulated by
Go QL suggests that we are not looking simply at non-
specific inhibition of G protein-mediated functions.

The ability of non-prostanoid prostacyclin mimetics to
inhibit ATP-stimulated [?H]-inositol phosphate accumulation
in CHO cells lacking IP receptors is not only specific for the
phospholipase C pathway, but is also specific for the non-
prostanoid structure, since prostacyclin analogues and other
prostanoid receptor ligands lack this property. Furthermore,
the EP;-specific non-prostanoid ONO-AP-324, which is a
close structural analogue of the IP-specific non-prostanoid
ONO-1301 (Koketsu et al., 1996), was also inactive. There-
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fore, the ability of non-prostanoid prostacyclin mimetics to
inhibit ATP-stimulated [?H]-inositol phosphate accumulation
in CHO cells lacking IP receptors is not simply dependent on
the non-prostanoid structure of octimibate, BMY 42393,
BMY 45778 and ONO-1301, but is a property dependent
on the ability of these compounds to be recognized by the IP
receptor. Moreover, octimibate is consistently less potent,
and usually less efficacious, than BMY 45778 in conventional
assessments of IP agonist activity (Wise & Jones, 2000).
However, the reverse situation is observed in their inhibition
of ATP-stimulated phospholipase C activity, as BMY 45778
produced significantly less inhibition than octimibate. There-
fore, the ability to be recognized by the IP receptor is not
sufficient alone to determine the inhibitory activity of these
non-prostanoid prostacyclin mimetics.

The studies on GoQL showed a small, but significant,
increase in [*H]-cyclic AMP accumulation in response to the
non-prostanoid prostacyclin mimetics, in wild-type CHO
cells, suggesting either a low level expression of endogenous
IP receptors, or possible activation of adenylyl cyclase via
some other pathway. However, any endogenous IP receptors
are unlikely to contribute to the phospholipase C inhibitory
activity of the non-prostanoid prostacyclin mimetics, because
the more potent prostacyclin analogues were inactive in this
regard. Unfortunately, the absence of any available IP
receptor antagonists prevents full confirmation of this
conclusion.

The discovery of this novel property of non-prostanoid
prostacyclin mimetics may have implications for their use in
the classification of IP receptors. For example, we have used
octimibate, BMY 42393 and BMY 45778 to suggest that IP
receptors in the rat enteric nervous system differ from the
classical platelet-like IP receptor (Wise et al., 1995). This
conclusion remains valid however because, if the non-
prostanoid prostacyclin mimetics were inhibiting phospholi-
pase C activity in the rat colon, we might predict a greater
overall inhibition of contractile activity than observed. Where
the new results have greater impact is on studies aimed at
looking at the correlation between cyclic AMP-elevating
properties of IP agonists with their functional effects. For
example, the non-prostanoid prostacyclin mimetics, especially
octimibate, are low efficacy agonists for stimulation of cyclic
AMP production in rat peritoneal neutrophils, yet are potent,
full inhibitors of formylmethionyl-leucyl-phenylalanine-stimu-
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