HISTAMINE UPTAKE BY MOUSE MACROPHAGES

Toeris Cookson (Bristol, UK). All other chemicals were com-
mercial products of reagent grade.

Animals. All the experiments were performed according to
the Guideline for Animal Experiments of Kyoto University.
Generation of an HDC-deficient mouse strain was described
previously (12). The HDC*'* and HDC™~ mice, originally
generated with a mixed genetic background of 129/Sv and
CID1, were backerossed to the Balb/c strain by 6-8 genera-
tions. Experiments were performed using 8- to 12-wk-old
female HDC** and HDC™~ mice, 8-wk-old female Balb/c
mice, 8-wk-old WBB6F-W/W* (W/W*), and = W/WY (W/WV)
mice. All strains except the HDC-deficient mice were ob-
tained from Japan SLC (Hamamatsu, Japan). The low-his-
tamine diet (ver. 3), which contains ~1 nmol/g histamine,
was purchased from Nihon Nosan Kogyo K. K. (Yokohama,
Japan). The histamine-enriched diet was prepared by adding
80 pmol/g histamine to the low-histamine diet. In histamine-
ingestion experiments, mice were freely fed with the low-
histamine diet before experiments and then switched to the
histamine-enriched diet for 7 days. Significant increases in
plasma histamine levels were confirmed under these condi-
tions (low-histamine diet, 0.04 = 0.01 yM; histamine-en-
riched diet, 11.3 = 1.25 pM in HDC~/~ mice). For the purpose
of collecting tissues and peritoneal cells, these mice were
killed by cervieal dislocation.

Determination of histamine content. Spleens were minced
to obtain single-cell suspensions. Spleen cells were homoge-
nized in 50 mM potassium phosphate, pH 6.8, containing
0.1%% Triton X-100. The homogenates were centrifuged at
17,000 g for 30 min at 4°C, and the supernatant was used for
the measurement of histamine content as previously de-
scribed (23). The histamine formed was separated on a cation
exchange column, WCX-1 (Shimadzu, Kycto, Japan), by high-
performance liquid chromatography (HPLC) and then mea-
sured by the o-phtalaldehyde methed (19).

Immunofluorescence study. Spleens from Balb/c mice were
collected and treated with Bouin's fixative (Muto Pure Chem-
icals, Tokyo, Japan) for 24 h at 4°C. Sections (8 pm in
thickness) were cut on a2 Jung Frigocut 3000E cryostat. The
sections were incubated with an antihistamine antibody (1:
100) and an anti-CD14 antibody (1:100) for 1 day at 4°C. The
sections were then stained with an Alexa 488-conjugated
anti-rabbit IgG antibody (1:100) and a rhodamine-conjugated
anti-rat IgG antibody (1:100). The fluorescent images were
analyzed using a confocal microscope (MRC-1024, Bio-Rad
Laboratories, Hercules, CA).

Preparation of peritoneal macrophages. Cells in the peri-
toneal cavity of Balb/c mice were harvested by lavage of the
cavities with 3 ml of sterile phosphate-buffered saline (PBS).
Lavage fluids were centrifuged at 200 g for 5 min at 4°C, and
the pellet was washed in 2 ml of PBS. The peritoneal cells
were cultured in RPMI-1640 medium containing 10% heat-
inactivated fetal bovine serum, 100 U/ml penicillin, and 0.1
mg/ml streptomycin for 1 h at 37°C to allow adhesion. A
viability of >98% of the cells was confirmed by the trypan
blue exclusion test.

Cell culture. A mouse macrophage cell line, RAW264.7,
was grown in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal calf serum, 100 U/m] penicillin, and 0.1
mg/mli streptomyein, in 5% CQOz at 37°C in a fully humidified
atmosphere. Exponentially growing cells were used in all
experiments.

Measurement of [PH}histamine uptake. Peritoneal macro-
phages obtained from Balb/c mice or RAW264.7 cells were
incubated in modified Eagle’s medium containing 10 mM
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HEPES-NaQOH, pH 7.3, or Krebs-Ringer-HEPES (KRH)
buffer (10 mM HEPES-NaQOH, pH 7.3, containing 120 mM
NaCl, 4.7 mM KCi, 2.2 mM CaClg, 1.2 mM KH;PO4, 1.2 mM
MgSO0., and 1.0 mM glucose) for 10 min at 37°C. In sodium-
free conditions, NaCl in the KRH buffer was replaced with
LiCl. The cells were then incubated with [*H]histamine (2.33
1Ci/ml) in the presence of cold histamine for the indicated
periods at 37°C. The cells were rinsed twice in ice-cold PBS
and lysed with PBS containing 1% Triton X-100. The radio-
activities of the resultant soluble fractions were measured by
a liquid scintillation counter. For the selective permeabiliza-
tion of the plasma membranes, the cells were treated with 20
ng/ml digitonin for 10 min at 25°C instead of Triton X-100.
Under these conditions, >95% of lactate dehydrogenase (a
cytosolic enzyme) activity and no immunoreactive bands with
an antiprotein disulfide isomerase (luminal protein of the
endoplasmic reticulum) on immunoblot analyses was recov-
ered in the leak-out fractions.

RESULTS

Accumulation of dietary histamine in spleen cells. We
previously reported that a high level of histamine was
accumulated in the spleens of HDC-deficient mice,
which have a mixed genetic background (129/Sv X
CD1), given a histamine-enriched diet for 7 days (11}.
High levels of accumulated histamine were reproduced
in the spleens of both HDC** and HDC™~ mice,
which were backerossed to the Balb/c strain by six to
eight generations, under the same dietary conditions
(Table 1). The increase in histamine content in these
mice was comparable to the parental Balb/c mice. Be-
caunse W/WY mice, which lack tissue mast cells (17),
exhibited a similar level of increase in histamine con-
tent to the W/W™* mice and Balb/c mice, it is likely that
tissue mast cells are not involved in this histamine
uptake.

To identify the cell type responsible for histamine
accumulation in the spleen, an immunofluorescence
study using an antihistamine antibody was performed.
Histamine-immunoreactive cells were observed in the
red pulp of the spleens of Balb/c, HDC*'*, and HDC '~
mice given a histamine-enriched diet (data not shown).
Double staining using an antihistamine antibody and
an anti-CD14 antibody revealed that a portion of the
CD14* cells in the spleens of Balb/c mice was immu-
noreactive to an antihistamine antibody (Fig. 1).

Table 1. Effects of dietary histamine on histamine
content in spleens of Balble, HDC*'*, HDC~',
W/W*, and W/WY mice

Strain Normal Diet Histamine-Enriched Diet
Balb/c 8.47+0.871 98.9 = 8.02%
HDCH+ 545+2.44 71.226.40*
HDC~~ 1.86+0.97 43.2* 3.69*
WW+ 1.89+0.225 71.5*x3.20*
wwv 0.238 = 0.00892 118 £ 16.5*

The values are presented as means * SE (n = 5). Each mouse was
given a normal diet or a histamine-enriched diet (80 umol/g) for 7
days, and tissue histamine content in the spleens (nmol/g tissue) was
measured as described in the MATERIALS AND METHODS. *P < 0.01 is
regarded as significant by Student’s ¢-test.
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Fig. 3. Uptake and release of histamine by
RAW264.7 cells. A: the concentration depen-
dency of histamine uptake was investigated.
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Na*-free conditions (Fig. 2B). The same experiments
were performed using a mouse macrophage cell line,
RAW264.7, The rate of histamine uptake in RAW264.7
cells was about 5 times higher than that in the perito-
neal macrophages (Fig. 2C), and about 50% of this
uptake was suppressed under Na*-free conditions (Fig.
2D). Greater than 95% of the intracellular histamine
was recovered in the soluble fraction of these cells and
not in the membrane fraction (data not shown).

Dose-dependent accumulation of histamine in
RAW264.7 cells. The dose-dependent accumulation of
histamine in RAW264.7 cells was examined in the
presence of various concentrations of histamine, His-
tamine uptake reached a plateau level at doses of >10
mM (Fig. 3A). The K., value for histamine was caleu-
lated to be 6.0 mM in RAW264.7 cells and 5.6 mM in
peritoneal macrophages (data not shown). RAW264.7
celis were found to accumulate a maximum of ~50
nmol of histamine/108 cells by 2 h of incubation at 37°C
in the presence of 10 mM histamine, which is compa-
rable to the levels of histamine stored in granules of
mast eells (data not shown).

Release of histamine from RAW264.7 cells in the
absence of extracellular histamine. To determine
whether the accumulated histamine could be liberated
from the cells, the cells were incubated in the presence
of 6 mM histamine for 2 h, washed twice in histamine-
free medium, and incubated for the indicated periods

Time (hr)

RAW264.7 cells were incubated with [*Hlhis-
tamine (2.33 p.Ci/ml) in the presence of the
indicated concentrations of ¢old histamine for
15 min. The values are presented as means *
SE (n = 3). B: RAW264.7 cells were incubated
with 6 mM histamine for 2 h at 37°C. The
cells were then washed twice and incubated
in medium without histamine for the indi-
cated periods at 37°C (filled columns, ®) or at
4°C {open columns, ¢}. Histamine in the cells
{columns) and that in the medium (circles)
were separated on a cation exchange column,
0 WCX-1, and histamine content was evaluated
by the o-phtalaldehyde fluorometric assay at
each time point. The values are presented as
means = SE (n = 3).

Release (nmol/10E6 ceils)

3 6

in the absence of extracellular histamine. Intracellular
histamine leaked out into the medium within 6 h at
37°C, but not at 4°C (Fig. 3B). A good correlation was
found between the decrease in histamine content in the
cells and the increase in the medium. Furthermore, no
metabolites of histamine were detected after 6 h of
incubation on the basis of HPLC analyses (data not
shown).

Distribution of accumulated histamine in RAW264.7
cells. We then investigated the subcellular distribution
of accumulated histamine by an immunofluorescence
study using the antihistamine antibody. Immunoreac-
tive signals were observed in the cells incubated in the
presence of histamine, but not in the absence of hista-
mine (Fig. 4). The immunofluorescent signals observed
with the antihistamine antibody largely ecolocalized
with that observed with an antibody against Hsc70,
which is a cytosolic molecular chaperone. Digitonin
treatment, which is often used for selective permeabi-
lization of plasma membranes, resulted in a rapid and
complete release of accumulated histamine (1% Triton
X-100; 100 = 0.687%, 20 wg/ml Digitonin; 101 =
8.38%). These results strongly indicate that histamine
is accumulated in the cytosolic compartment of
RAW2674.7 cells.

Effects of inhibitors of cytoskeletal activity on hista-
mine uptake. Because macrophages are known to be
active with regard to fluid-phase endocytosis, it is pos-

Fig. 4. Distribution of accumulated histamine in
RAW?264.7 cells. RAW264.7 cells were incubated for
2h at 37°C in the presence (D, E, and F) or absence
(A, B, and C) of 6 mM histamine. An immunsafluo-
rescence study was performed, using an antihista-
mine antibody (1:500; A and D) and an anti-heat
shock cognate 70 antibody (1:1,000; B and E) as the
primary antibodies, and stained by secondary anti-
bodies {an Alexa 488-conjugated anti-rabbit IgG an-
tibody, 1:200; A and D, an Alexa 546-conjugated
anti-rat IgG antibody, 1:250; B and E). Fluorescent
images were obtained using a confocal microscope
(MRC-1024). A superimposed image is shown in C
and F. Bars = 10 pm.
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Table 2. Effects of inhibitors of cytoskeletal activity
on histamine uptake by RAW264.7 cells

Inhibitors Concentration, pg/ml Histamine Uptake
None 100+ 3.17
Colchicine 1 106 +3.52

10 92.4+6.56
Nocodazole 2 84.2+7.42
Cytochalasin D 4 105+ 7.52

The values are presented as means = SE (n = 5). RAW264.7 cells
were incubated for 15 min at 37°C with 6 mM histamine containing
[*H]histamine (2.33 wCi/ml} in the presence of the indicated concen-
trations of various inhibitors of cytoskeletal activity. The amounts of
[*Hlhistamine uptake are presented as a percentage of the control
(None).

sible that this histamine uptake reflects a pinocytotic
or endocytotic process. We performed uptake experi-
ments using a series of inhibitors for cytoskeletal ac-
tivity, such as colchicine, nocodazole, and cytochalasin
D, to verify this hypothesis (Table 2). RAW264.7 cells
were pretreated with each inhibitor for 30 min, and
histamine uptake was measured in the presence of the
inhibitor, No inhibitors were found to effectively block
histamine uptake by RAW264.7 cells, excluding the
possibility of the involvement of cytoskeletal recrgani-
zation and, hence, a pinocytotic or endocytotic process
in histamine uptake.

Characterization of histamine uptake. To evaluate
the substrate specificity in this histamine uptake by
RAW264.7 cells, competitive analyses for histamine
uptake in the presence of various concentrations of
organic cations and compounds structurally related to
histamine were performed. The histamine uptake into
RAW?264.7 cells at 6 mM was inhibited by both dopa-
mine and serotonin (apparent K; value, 25 mM and 20
mM, respectively). However, such inhibition was not
observed in the case of histidine or GABA (Fig. 5A).

HISTAMINE UPTAKE BY MOUSE MACROPHAGES

Histamine uptake was markedly inhibited by pyril-
amine or chlorpromazine (apparent K; value, 0.60 and
0.20 mM), although terfenadine did not exhibit such
inhibitory effects. An atypical antipsychotic drug, clo-
zapine, which has recently been reported to be a weak
agonist of the Hy receptor (10), had no effects on his-
tamine uptake at least up to 0.3 mM (Fig. 5B). The H,
receptor ligand, dimaprit, famotidine, and cimetidine,
did not exhibit inhibitory effects on histamine uptake
at doses up to 3 mM. N*-methylhistamine showed the
same inhibitory potential as histamine, whereas thio-
peramide did not inhibit histamine uptake at doses of
up to 1 mM (Fig. 5C). Although both tetraethylammo-
nium (TEA) and 1-methyl-4-phenylpyridinium (MPP*)
have been reported to be good substrates for Na*-
independent organic cation transporters (7), these com-
pounds did not inhibit histamine uptake in RAW264.7
cells (Fig. 5D). Quinidine significantly inhibited hista-
mine uptake (apparent K; value, 0.25 mM), whereas
guanidine and L-carnitine did not, Chloroguine dose
dependently suppressed histamine uptake. Histamine
uptake was also suppressed (70.0 * 4.51% of control)
after intracellular acidification by preloading the cells
for 15 min with 30 mM NH,CI, according to the proce-
dure reported previously (2).

DISCUSSION

Various kinds of cells, such as mast cells, basophils,
enterochromaffin-like cells, and histamine neurons,
are known to produce and store histamine. We have
found that a significant amount of histamine was ac-
cumulated in the spleens of various strains of mice,
including the HDC-deficient mice, when they were
maintained on a histamine-enriched diet for 7 days.
Because the HDC-deficient mice showed no detectable
de novo synthesis of histamine, and a very low enzy-
matic activity of HDC has been reported in the spleens
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of wild-type mice, de novo synthesis of histamine is
unlikely to be involved in the accumulation of dietary
histamine in the spleens. The largest pool of histamine
in peripheral tissues apart from the stomach is known
to be mast cells, We previously reported that mouse
bone marrow-derived cultured mast cells have the po-
tential to take up histamine, and this uptake is also
characterized by its low affinity for histamine (appar-
ent K, value, 1.6 mM) (11). However, because the
increase in histamine accumulation was also observed
in W/WY mice, which lack tissue mast cells (17), mast
cells are likely not to be involved in accumulation in
the spleen. An immunochistochemical study using an
antihistamine antibody indicated that a portion of the
CD14* cells may be involved in histamine storage,
although histamine uptake by mouse whole spleno-
cytes was undetectable in our assay system (data not
shown). This result indicates that only a small popu-
lation of spleen cells may be able to take up histamine,
although the subpopulations of CD14* cells in the
spleen still remain largely unknown. Activated whole
spleen cells with lipopolysaccharide were also found to
be incapable of histamine uptake, as well as unstimu-
lated spleen cells (data not shown).

Corbel et al. (4) demonstrated that mouse bone mar-
row cells were capable of histamine uptake and that
splenocytes, thymocytes, and peritoneal cells were not.
Regarding the histamine uptake by peritoneal cells,
there seems to be a discrepancy between Corbel et al.
and us, which may be a result of a difference in the cell
populations used; Corbel et al. used whole peritoneal
cells, whereas we separated peritoneal macrophages by
their adhesion in this study. Mouse peritoneal macro-
phages and a macrophage cell line, RAW264.7, both of
which are known to be CD14% cells, were found to be
capable of histamine uptake. The uptake of histamine
in peritoneal macrophages was found to be solely Na™
independent, whereas that in RAW264.7 cells was sig-
nificantly decreased in the ahsence of extracellular
Na*. However, the apparent K, values for histamine
were not different in the presence and in the absence of
extracellular Na* (8.2 vs. 8.3 mM, data not shown).
Although the rate of histamine uptake by peritoneal
macrophages was lower than that by RAW264.7 cells,
it was not influenced by the presence of extracellular
Na*. We performed further analyses using RAW264.7
cells to exclude the possibility that a small population
of contaminating cells may interfere with the charac-
terization of histamine uptake.

Recently, a family of nonneuronal organic cation
transporters (OCT1, QCT2, OCT3, OCTN1, and
OCTN2) has been cloned and characterized in mam-
malian expression systems (7). This family has been
found to transport a variety of organic cations with
high capacity in a Na*-independent manner, Griinde-
mann et al. (6) reported that histamine is a possible
substrate of rat OCT2 and human EMT (OCT3). How-
ever, histamine uptake by RAW264.7 cells was not
inhibited by MPP*, although Griindemann et al. have
demonstrated the competition between MPP* and his-
tamine in a mammalian expression system. The ex-
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pression of some OCT family members has been re-
ported in limited tissues (5, 8, 14, 21, 22, 27), and there
have been no reports about their expression in macro-
phages. Yabuuchi et al. (28) demonstrated that quini-
dine and pyrilamine are substrates for OCTN1. We
detected by RT-PCR analyses very low levels of mRNA
expression of OCTN1, abundant expression of OCTN2,
and no expression of OCTN3 in RAW264.7 cells (data
not shown), indicating that OCTN1 and OCTN2 are
possible candidates for histamine uptake. However,
histamine uptake by RAW264.7 cells was not inhibited
by TEA, which is recognized as a substrate by all of the
functionally active OCT family members, including
OCTN1 and OCTNZ2 (5, 8, 14, 21, 22, 27). These results
suggest that histamine uptake by RAW264.7 cells is
mediated by a carrier distinct from the known OCT
family members.

It is unlikely that histamine uptake by RAW264.7
cells is mediated by the internalization of histamine
receptors, because no specific ligands to the histamine
receptors could inhibit this uptake and little binding of
histamine to the membrane fractions of the cells was
observed. Two H; receptor ligands, pyrilamine and
chlorpromazine, significantly inhibited histamine up-
take, although another H, antagonist, terfenadine, did
not. Furthermore, inhibition of histamine uptake by
the other monoamines, dopamine, and serotonin indi-
cates that thiz uptake system may function as an
organic cation uptake system, which is not specific for
histamine.

Because macrophages have been reported to possess
active pinocytotic and endocytotic uptake systems, it is
possible that histamine uptake may be dependent on
these kinds of fluid-phase endocytosis. However, the
inhibitors for eytoskeletal activity, such as colchicine,
nocodazole, and cytochalasin D, which are known to
suppress the pinocytotic and endocytotic process in
macrophages (15, 20), were unable to block histamine
uptake by RAW264.7 cells. This observation indicates
that fluid-phase endocytosis may not be involved in the
uptake of histamine.

Vestal et al. {24) reported the active uptake of pro-
pranolol by rabbit alveolar macrophages, which share
some characteristics with histamine uptake in
RAW264.7 cells: both are temperature dependent, in-
hibited by ammonium chloride and chloroquine, and
effectively competed by chlorpromazine. Because Ves-
tal et al. did not investigate the inhibitory effects of the
endogenous amines, including histamine on proprano-
lol uptake, it is unclear whether histamine uptake by
RAW264.7 cells utilizes this system.

Histamine uptake by RAW264.7 cells was character-
ized by its low affinity and high capacity for histamine.
Therefore, the physiological relevance of this uptake
system may be limited to the clearance of a large
amount of histamine release in the microenvironment,
such as that through the degranulation of mast cells.
Mast cells are often observed adjacent to macrophages
in several tissues, such as the peritoneal cavity and
lung, and it is possible that local concentrations of
histamine reach millimolar levels around mast cells
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upon activation. The role of histamine uptake by mac-
rophages may be temporal elimination, because hista-
mine accumulated in RAW264.7 cells was found to be
intact and to be released into the medium in the ab-
sence of extracellular histamine. A drastic increase in
the serum concentrations of histamine, which is usu-
ally observed in IgE-dependent systemic anaphylaxis,
has becn reported to result in altered respiratory fre-
quency and hypothermia (9). The temporal storage of
histamine in macrophages may function as a buffer
system to prevent rapid and drastic changes in hista-
mine concentrations during allergic responses, al-
though further experimental evidence is required to
elucidate the physiological roles of histamine uptake
by macrophages.

In summary, we have found that dietary histamine
is accumulated, especially in the spleen of mice. Immu-
nohistochemical analyses suggest that a portion of the
CD14" cells in the spleen may be involved in this
histamine storage. Furthermore, mouse peritocneal
macrophages and a mouse macrophage cell line,
RAW264.7, have the potential to take up histamine,
which may be one of the clearance systems of hista-
mine.

We thank A. Popiel for help in preparation of the manuscript.
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ABSTRACT

Prostaglandin (PG) E, is synthesized from arachidonic acid
by cyclooxygenase (COX) and acts as a regulator in ovulation
and fertilization reactions. We present the temporal and regional
expression patterns of mRNAs for the two Gs-coupled PGE re-
ceptors, EP2 and EP4, and for COX-1 and COX-2 in mouse peri-
ovulatory follicles and oviducts during superovulation. Analysis
using reverse transcription polymerase chain reaction revealed
that the mouse ovaries express a significant amount of EP4
mRNA in addition to EP2Z mRNA during superovulation. In situ
hybridization results revealed that the signals for EP4 mRNA
were localized mostly to oocytes in the preantral follicles. Three
hours after hCG injection, the signals for EP4 and EP2Z mRNA
were present in both granulosa and cumulus cells. However, 9
h after hCG injection, just before ovulation, the signals for EP4
mRNA were still detectable in both cell types, whereas those for
EP2 mRNA were found only in cumulus cells. COX-2 mRNA
expression was present in both granulosa and cumulus cells at
3 h but was present only in cumulus cells at 9 h. COX-1 mRNA
expression was not found in granulosa cells at 3 h but was found
in these cells at 9 h. In the oviduct, the expression of EP4 and
COX-1 mRNA was localized to epithelial cells, whereas expres-
sion of EP2 mRNA was localized to the smooth muscle layer,
The tightly regulated expression of both £P2 and £P4 in the pre-
ovulatory follicles may reflect the essential role of PGE, in the
ovulation process.

cumulus cells, granulosa cells, ovary, oviduct, ovulation

INTRODUCTION

Prostanoids are known as local mediators involved in var-
ious reproductive processes, such as ovulation, fertilization,
implantation, and decidualization [1, 2]. These mediators are
synthesized from arachidonic acid by the actions of cyclo-
oxygenase (COX) and various prostaglandin (PG)-specific
synthases. Nonstercidal anti-inflammatory drugs (NSAIDs)
such as aspirin and indomethacin inhibit ovulation in many
species, including the mouse, rat, and rabbit [1, 3]. Of the
two COX isozymes {4], COX-2 is induced in preovulatory
follicles about 10 h prior to the start of follicular rupture, at
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least in the horse, cow, and rat [5-7]. These observations
suggest that COX-2 acts as a molecular determinant of the
time of ovulation [8]. Furthermore, analyses of the repro-
ductive processes of COX-2-deficient (—/—) mice revealed
a reduction in ovulation number and a severe failure in fer-
tilization {9, 10]. Thus, COX-2-derived prostanoids are sus-
pected to play pivotal roles in the physiological processes
occurring during early pregnancy.

PGE;, a dominant prostanoid in the ovary, reverses some
of the inhibitory éffects of NSAIDs or COX-2 gene defi-
ciency. An LH surge leads to production of a large amount
of PGE, within follicles [11]. These results indicate that
some of the steps of ovulation are mediated by PGE,. The
actions of this prostanoid are mediated by PGE receptors
comprising four subtypes: EP1, EP2, EP3, and EP4 [12]).
These subtypes are encoded by different genes and differ
in their signal transduction pathways; the EP1 subtype is
coupled to Ca?* mobilization, EP2 and EP4 to cAMP for-
mation, and EP3 to inhibition of adenylate cyclase [13].
Although many investigators have indicated the importance
of PGE, in the ovulation and fertilization processes, little
is known about which receptor mediates the reproductive
effects of PGE,. We and other groups previously revealed
that the EP2 receptor plays critical roles in these processes,
especially in ovulation and fertilization, in EP2 -/~ mice
[14-17). Furthermore, we found that EP2 mRNA is in-
duced in cumulus cells by a gonadotropin surge and that
EP2 —/— mice have a severe deficiency in cumulus expan-
sion, which is required for successful fertilization. These
findings and similar defects found in COX-2 —/— mice
have clearly highlighted the importance of PGE, in ovu-
lation and fertilization. However, no clear consensus has
been established regarding localization and expression reg-
ulation of the PGE receptors in the ovarian follicles and
oviducts during ovulation.

In this study, we focused on analysis of the temporal anc
regional expression patterns of mRNAs for EP4, EP2, amn
the COX isozymes in periovulatory follicles and oviduct
of gonadotropin-treated mice during the ovulation period.

MATERIALS AND METHODS
Animals

All experiments were conducted in accordance with the ethical st
dards established by the institutional animal care and use committee
Kyoto University, C57BL/6 mice were purchased from Japan SLC ()
mamatsu, Japan). Four-week-old female mice were housed under a 1
12D cycle, with lights-on at 0800 h,

Superovulation

Five-week-old virgin mice, which were used as prepubertal anir
received a single i.p. injection of 5 IU eCG. After 48 h, mice were §
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FIG. 1. Expression of mRNAs for the PGE receptors EP2 and EP4, and
for COX isozymes in the mouse ovary during superovulation, One ovary
was collected from each of four mice for each time point during super-
ovulation. PO, P12, P24, and P48 indicate time (hours) after eCG injec-
tion; H3, H6, H9, H12, H18, and H24 indicate ime (hours) after hCG
injection. Ovaries were subjected to RT-PCR analysis; PCR products were
electrophoresed on a 1.5% agarose gel and stained with ethidium bro-
mide. The numbers of PCR cycles for ovarian RNA were 30, 28, 30, 30,
and 25 for EP2, EP4, COX-1, COX-2, and GAPDH, respectively. All PCRs
were confirmed to be in the Jogarithmic phase by monitoring the products
obtained at the indicated number % two cycles. The size of each band is
indicated in parenthesis. Loading equivalence was verified by intensities
of the GAPDH amplified products. RT-PCR analysis of ovaries isolated
from eCG/hCG-treated mice was independently repeated three times from
the preparation of ovaries, and similar results were obtained (data not
shown).

an i.p. injection of 5 1U hCG. Mice were killed at different intervals after
eCG or hCG treatrnent, and the ovaries and oviducts were isolated. Four
ovaries from four mice were pooled for each time point and frozen in
liquid nitrogen before RINA extraction. For in situ detection of mRNA
expression, the ovary and oviduct were isolated and frozen in 2-isopentane
at —50°C for preparation of sections and stored at —80°C until use. Cu-
mulus-oocyte complexes (COCs) were isolated 48 h after eCG treatment
or 3 and 9 h after hCG treatment by needling the ovaries in a 35-mm Petri
dish containing saline with 0.3% BSA. Fourteen to 16 COCs were isolated
from each of four animals for each time point. The COCs were pooled
per animal, and RNA was extracted separately for each animal.

Reverse Transcription Polymerase Chain

Reaction Analysis

Ovarian total RNA was isolated by the acid guanidinium thiocyanate-
phenol-chloroform method [18], and total RNA from COCs was isolated

by using the RNeasy Mini Kit (Qiagen Ltd., Valencia, CA), Complemen-
tary DNA was synthesized from ovarian total RNA (10 ug) and COC total
RNA by using Moloney murine leukemia virus reverse transcriptase and
the Superscript first-strand synthesis system (Invitrogen, Carlsbad, CA),
respectively. Polymerase chain reaction (PCR) was performed using a
GeneAmp PCR system 9700 (Perkin Elmer Applied Biosystems, Foster
City, CA). Primers used in the PCR for EP1, EP2, EP3, EP4, COX-1,
COX-2, and glyceraldehyde phosphate dehydrogenase (GAPDH) genes
were as follows: EPI, 5'-ACC CI'G CAT CCT GAG CAG CAC TGG
CCC TCT-3' (sense primer) and 5'-CGA TGG CCA ACA CCA CCA
ACA CCA GCA GGG-3' (antisense); EPZ, 5'-TTC ATA TTC AAG AAA
CCA GAC CCT GGT GGC-3' (scnse) and 5'-AGG GAA GAG GTT TCA
TCC ATG TAG GCA TTG-3' (antisense); EP3, 5-ATC CTC GTG TAC
CTG TCA CAG CGA CGC TGG-3' (sense) and 5'-TGC TCA ACC GAC
ATC TGA TTG AAG ATC ATT-3' (antisense); EP4. 5'-GAC TGG ACC
ACC AAC GTA ACG GCC TAC GCC-3' (sense) and 5'-ATG TCC TCC
GAC TCT CTG AGC AGT GCT GGG-3' (antisense); COX-1, 5'-TGC
ATG TGG CTG TGG ATG TCA TCAA-3' (sense) and 5'-CAC TAA
GAC AGA CCC GTC ATC TCC A-3' (antisense); COX-2, 5'-GAG TGG
GGT GAT GAG CAA CTA TTC C-3' (sense} and 5'-CTG TAG GGT
TAA TGT CAT CTA GTC T-3’ (antisense); GAPDH, 5'-TGA AGG TCG
GTG TGA ACG GAT TTG GC-3’ (sense) and 5'-CAT GTA GGC CAT
GAG GTC CAC CAC-3' (antisense), The reaction conditions for the PCRs
were as follows: for EP2, EP3, EP4, COX-1, and COX-2, denaturation at
94°C for 48 sec, annealing at 60°C for 42 sec, and extension at 72°C for
90 sec; for EP1, denaturation at 94°C for 48 sec, annealing at 68°C for 42
sec, and extension at 72°C for 90 sec; for GAPDH, denaturation at 94°C
for 48 sec, annealing at 70°C for 48 sec, and extension at 72°C for 60 sec.
The numbers of PCR cycles for ovarian RNA were 30, 28, 30, 30, and
25 for EP2, EP4, COX-1, COX-2, and GAPDH, respectively. The cycle
numbers for PCR analysis of COC total RNA were 33, 31, 30, 25 and 24
for EP2, EP4, COX-1, COX-2, and GAPDH, respectively. All PCRs were
confirmed to be in the logarithmic phase by monitering the products ob-
tained at the indicated number £2 cycles. PCR products were electropho-
resed on a 1.5% agarose gel and stained with ethidium bromide. The
reverse transcription PCR (RT-PCR) experiments were independently re-
peated three times from the same total RNA malerial.

In Situ Hybridization

Ovarian and oviductal sections (10-pm thickness) were cut on a Jung
Frigocut 3000E cryostat (Leica Instruments, Nussloch, Germany) and
thaw-mounted onto poly-L-lysine-coated glass slides. The sections were
fixed in 4% formalin in PBS for 10 min, rinsed in PBS, and acetylated
with 0.25% acetic anhydride in 0.1 M triethanolamine-0.9% NaCl for 10
min at room temperature, After dehydration sequentially in 70%, 95%,
and 100% ethanol, the sections were air dried and stored at —80°C until
use. Mouse ¢DINAs for EP2, EP4, COX-1, and COX-2 were subcloned
into pBluescript II (Stratagene, La Jolla, CA) for synthesis of antisense
and sense complementary RNA probes [19, 20]. Riboprobes were synthe-
sized by transcription with T3 or T7 RNA polymerase (Stratagene) in the
presence of [«-35§]CTP. Cold antisense riboprobes were also synthesized
by the same procedure using unlabeled nucleotides. Hybridization was
carried out as described previously [19]. The specificity of the signal with
each antisense probe was verified both by its disappearance with the ad-
dition of an excess of unlabeled probe and by the absence of specific
hybridization with the sense probe (data not shown). Hybridization sec-

FIG. 2. Regional distribution of the
mRNAs for the PGE receptors EP2 and EP4
in ovaries from prepubertal mice {(before
€CG treatment; PO in Fig. 1) detected by
in situ hybridization. A) Bright-field view
of an immature ovary section (10 pm}
stained with hematoxylin and eosin. B and
C) Dark-field view of immature ovary sec-
tions hybridized with a *5-labeled anti-
sense riboprobe for the EP2 (B) and EP4
(C) mRNA. These sections are adjacent to
those in A. The white arrowhead pointing
to EP4-hybridizing signals indicates an oo-
cyte corresponding to the black arrowhead
in A. Bar = 150 pm.
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FIG. 3. Regional distribution and changes
in the expression patterns of mRNAs for
EP2, EP4, COX-1, and COX-2 in preovula-
tory follicles. In situ hybridization signals
for PGE receptors and COX isozymes are
shown in ovaries isolated from mice 3 h
or 9 h after hCG administration (H3 and
H9). The photomicrographs show the his-
tology of preovulatory follicle sections
stained with hematoxylin and ecsin (A and
F) and signals for EP2 mRNA (B and G),
EP4 mRNA (C and H), COX-1 mRNA (D
and 1), and COX-2 mRNA (E and )). Hy-
bridization signals are presented in the
dark-field view (B-D, G-, and in the
bright-field view (E and J}. These photomi-
crographs are from sequential sections at
each time point. Arrowheads indicate the
cumulus cells, and arrows indicate the
granulosa cells (F-]). Bar = 150 pm.

tions were dipped in nuclear track emulsion (NTB3; Eastern Kodak Co.,
Rochester, NY). After exposure for 5 wk at 4°C, the dipped slides for all
probes were developed, fixed, and counterstained with hematoxylin and
eosin. Six sections were examined for the expression of each mRNA at
each time point in each ovary and oviduct, and four ovaries and oviducts
were examined per time. The in situ hybridization experiments were re-
peated independently three times, and similar results were obtained (data

not shown). All data used in the figures and for quantification were from
experiments with the same labeled probes.

Quantification of In Situ Signals and Statistical Analysis

The ratio of hybridization signal-positive area:total cell area (pos-
itive area ratio) was quantified using the Image-Pro Plus software (Me-
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EP4 FIG. 4. Quantitative analysis of in situ
hybridization results for expression of
mRNA for EP2, EP4, COX-1, and COX-2
in mouse follicles at P48, H3, and H9. The
positive area ratio was calculated as the
percentage of number of pixels of signal
arca occupied by the silver grains per pix-
els of celi area within a marked area. Six
to eight follicles from each of four ovaries
were examined at each time point. All
data are reported as the mean * SEM and
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dia Cybernetics, Silver Spring, MD). Within a2 marked area, the image
analysis system determined the number of graphic pixels occupied by
the silver grains (signal area) in the dark-field view, The program also
counted the number of pixels occupied by the hematoxylin and eosin-
stained area (cell area) within the marked area. Positive area ratio was
then defined as the number of pixels of signal area per pixels of cell
arca. Six to eight follicles from each of four ovaries were examined at
each time point. All data were reported as the mean £ SEM and were
analyzed with a two-way ANOVA (time and cell type) and the Bon-
ferroni multiple comparison method as post hoc tests. A P value of
<{.05 was considered significant.

RESULTS

RT-PCR Analysis of the Expression of mRNAs for PGE
Receptors EP1, EP2, EP3, and EP4 and for COX Isozymes
in Mouse Ovaries

Using RT-PCR analysis, we first investigated the ex-
pression of mRNAs for the PGE receptors EP1, EP2, EP3,
and EP4 and for the COX isozymes in the ovaries of pre-
pubertal mice treated with eCG and hCG. EP2 mRNA was
consistently detected in the ovaries of mice treated or not
treated with gonadotropins (Fig. 1). However, EP4 mRNA
was detected in nontreated immature ovaries (P0), and the
amount gradually decreased after eCG treatment. At 3 h
after hCG treatment (H3) the EP4 mRNA level was tem-
porarily increased but was decreased again at 6 h (H6) and
then increased again at 9 h (H9). For COX-2 mRNA, a
rapid increase was observed at H3 in the mouse ovaries,
This high expression level was decreased at H6 and then
increased again at H9. Although COX-1 mRNA was ex-
pressed during all the time points examined, increased ex-
pression was obtained in ovaries from H9 to H18. Neither
EP1 nor EP3 mRNA expression was detectable in ovaries
from any time points (data not shown).

Because the expression levels of mRNAs for EP2, EP4,

Cumulus

P 48

™ o
= = L

123456

EP2

EP4

COX-1

COX-2

GAPDH

_FIG. 5. Expression of mRNAs for EP2, EP4, COX-1, and COX-2 in COCs

isolated 48 h after eCG treatment or 3 and 9 h after hCG treatment by
needling the ovaries in a 35-mm Petri dish containing saline with 0.3%
BSA. Fourteen to 16 COCs were isclated from each of four animals for
each time point. The COCs were pooled per animal, and RNA was ex-
tracted separately for each animal. PCR conditions were the same as those
in . The cycle numbers for PCR analysis were 33, 31, 30, 25, and 24 for
EP2, EP4, COX-1, COX-2, and GAPDH, respectively. All PCRs were con-
firmed to be in the logarithmic phase by monitoring the products obtained
at the indicated number &plusmn; two cycles, The numbers on the top
(1-6) represent COC total RNA isolated from different animals. Six ani-
mals per time point were analyzed, and similar results were obtained.
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FIG. 6. Expression of mRNAs for COX-1
and COX-2 in granulosa cells after ovula-
tion. Ovaries were isolated 12 h after hCG
administration and subjected to in situ hy-
bridization. The photomicrographs are se-
quential sections and show the histology
of follicles just after ovufation stained with
hematoxylin and eosin (A} and signals for
COX-1 mRNA (B} and COX-2 mRNA (Q).
Hybridization signals are presented in the
dark-field view (B, white grains) and in the
bright-field view (C, black grains). Bar =
150 pm.

and the COX isozymes varied in a time-dependent manner
in mouse ovaries after hCG treatment, the regional and cel-
Inlar distribution of these mRNAs were determined by in
situ hybridization analysis.

Cellular Localization of EP2, EP4, COX-1, and COX-2
mRNAs in Immature Ovaries

To investigate the cellular distribution of signals for EP2,
EP4, COX-1, and COX-2 mRNA in immature ovarian tissue,
in situ hybridization analysis was performed with immature
ovaries from mice before injection of eCG. The signals for
EP4 mRNA were localized mainly in oocytes of small prean-
tral follicles {Fig. 2C), whereas the signals for EP2 mRNA
were in the theca and interstitial area (Fig. 2B). Although faint
signals for COX-1 mRNA appeared to be present in the in-
terstitial cells, the cell population could not be identified be-
cause of the existence of a variety of cell types (data not
shown). No significant signals for COX-2 mRNA were ob-
served in the immature ovaries of mice (data not shown).

Cellular Localization of EP2, EP4, COX-1, and COX-2
mRNAs in Preovulatory Folficles

Human chorionic gonadotropin causes a variety of respons-
s, such as cumulus expansion in the COCs and proteolysis
in the follicular wall, that are required for successful ovula-
tion. Histological sections of the mouse ovary were processed
for in situ detection of mRNAs for EP2, EP4, COX-1, and
COX-2 at the following time points; 48 h after eCG injection
(P48); 3 h after hCG injection (H3), the period comesponding
to significant induction of COX-2 mRNA by gonadotropin
(Fig. 1); and 9 h after hCG injection (H9), the pesiod corre-
sponding to just before the time of ovulation. In the ovary at
P48, the signals for EP4, COX-1, and COX-2 mRNAs were
undetectable, and only faint signals for EP2 mRNA were ob-
served in the theca and interstitial area as observed in im-
mature ovaries (data not shown). In contrast, at H3 the signals
for EP2 and EP4 mRNAs were detected mainly in both gran-
ulosa and cumulus cells (Fig. 3, B and C). In addition, faint
but consistent signals for EP2 mRNA were still observed in
theca cells and interstitial cells. In contrast to strong signals
for COX-2 mRNA, COX-1 mRNA signals were not detected
in these cell types (Fig. 3, D and E). In the HY ovaries, the
signals for EP2 mRNA were mainly localized to cumulus
cells (Fig. 3G), and the signals for EP4 mRNA were localized
to granulosa cells (Fig. 3H). At this time point, signals for
COX-1 mRNA were seen in granulosa cells (Fig. 31I). Strong

signals for COX-2 mRNA were detected at both H3 and H9
in the granulosa and cumulus cells (Fig. 3, E and J).

To quantitatively analyze the signals for EP2, EP4, COX-
1, and COX-2 mRNAs in granulosa cells and cumulus cells
at H3 and H9, the values of the positive area ratios were
analyzed according to the procedures described in Materials
and Methods. Each value of the positive area ratio for H3 or
H9 was compared with that of P48 (Fig. 4). In H3 ovaries,
the values for EP2, EP4, and COX-2 mRNAs were signifi-
cantly elevated compared with values at P48 in both granulosa
cells and cumulus cells. In the H9 ovaries compared with the
H3 ovaries, the values for EP2 and COX-2 mRNAs were
notably decreascd in the granulosa cells but were maintained
at high levels in cumulus cells. At this time, the values for
EP2 and COX-2 mRNAs in cumulus cells were significantly
higher than those in granulosa cells. In the H9 ovaries, the
values for EP4 mRNA in both cell types were slightly de-
creased compared with those of H3 ovaries. In contrast, the
value for COX-1 mRNA was significantly increased in the
granulosa cells of H? ovaries.

In situ hybridization revealed that the intensities of the sig-
nals for EP2 and EP4 mRNAs in H3 follicles were stronger
than thosc in H9 follicles (Fig. 3, B vs. G, C vs. H), although
the intensities of the PCR bands were not so different from
each other (Fig. 1). To assess this inconsistency, we performed
RT-PCR analysis using COCs corresponding to P48, H3, and
H9 as starting material. None of the mRNAs for EP2, EP4,
COX-1, or COX-2 could be detected at P48 under these PCR
conditions (Fig. 5). With hCG treatment, the levels of both
EP4 mRNA and EP2 mRNA expression were clearly in-
creased in COCs in the H3 follicles. Thereafter, the expression
of EP2 mRNA was further stimulated and that of the EP4
mRNA was diminished in COCs in H9 follicles. However,
COX-2 signals were rapidly increased by hCG treatment in
H3 follicles, and COX-1 signals gradually increased as seen
in H9 follicles.

Cellular Localization of COX-1 and COX-2 mRNAs
in Granulosa Cells of Follicles just after Ovulfation

At H9, in situ hybridization analysis revealed that the
mRNA signals for the COX isozymes were expressed in
granulosa cells of preovulatory follicles (Fig. 3, I and J).
In the granulosa cells of H9 follicles, EP4 mRNA signals
were apparent but those of EP2 mRNA were faint (Fig. 3,
G and H). At 12 h after hCG injection, granulosa cells in
the follicles start to differentiate into luteal cells. Therefore,
expression of mRNAs for the COX isozymes and EP4 was
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examined in these cells. Messenger RNAs for COX-1 and
COX-2 were still expressed in the granulosa cells of the
ovulated follicles, as indicated by in situ hybridization anal-
ysis (Fig. 6). However, EP4 mRNA signals were not ob-
served in these cells (data not shown).

Cellular Localization of EP2, EP4, and COX-1 mRNAs
in the Oviduct

The oviduct is a tube extending from the periovarial space
to the uterine horns. Ovulated COCs enter the oviduct and
stay in the ampulla, where the fertilization processes occur.
Cumulus cells in follicles strongly express both EP2 and
COX-2 mRNA (Fig. 3, B and E). Such expression of EP2
and COX-2 mRNA in cumulus cells was still found in the
ovulated COCs within the ampulla of the oviduct (data not
shown). In the oviducts, the signals for EP2 mRNA were
mainly localized to the smooth muscle layer (Fig. 7B), es-
pecially to the highly ciliated area of the tract near the ovary.
The signals for EP4 mRNA were observed in the epithelium
throughout the oviduct (Fig. 7D). The distribution of the sig-
nals for COX-1 mRNA corresponded roughly to that for EP4
mRNA (Fig. 7C). No significant signals for COX-2 mRNA
were observed throughout the oviduct (data not shown).

DISCUSSION

Expression of mRNAs for the PGE Receptors EP4 and EP2
and for COX Isozymes in Preovulatory Follicles

The expression of the two COX isozymes and the two
Gs-coupled EP receptors increased in particular follicle
cells in response to gonadotropins. Expression of COX-2,
EP2, and EP4 rapidly increased in both cumulus and gran-
ulosa cells 3 h after hCG injection, but cumulus cells dom-
inantly expressed COX-2 and EP2 9 h after hCG treatment.
COX-1 mRNA expression in granulosa cells was apparent
only at 9 h after hCG administration. There is no doubt that
the LH surge is a primary event leading to the induction
of EP receptors and COX isozymes in preovulatory folli-
cles, but the expression pattern is different for each between
3 h and 9 h. Because gonadotropins are known to stimulate
the synthesis of various kinds of intrafollicular mediators

FIG. 7. Expression of EP2 mRNA in the
oviductal muscle layer and expression of
EP4 and COX-1 mRNA in the epithelium
of the oviduct. Ovaries were isolated from
mice 12 h after hCG administration and
subjected fo in situ hybridization. A}
Bright-field view of a section stained with
hematoxylin and eosin, B-D) Dark-field
views showing signals for EP2 (B), COX-1
{C), and EP4 (D) mRNA. Bar = 150 pm,.

[21], late induction or changes in expression may be me-
diated by other factors including PGs. In several cell types,
COX-2-derived PGs stimulate COX-2 expression itself in
an autocrine manner [22]. This positive feedback regulation
by PGs may be a mechanism underiying distinct expression
patterns between 3 h and 9 h.

Expression of EP4 and EP2 increased in both cumulus
and granulosa cells as a gonadotropin-elicited rapid re-
sponse (3 h). Although EP2-deficient mice but not EP4-
deficient mice show a significant defect in the ovulation
process [23], simultaneous induction of the two Gs-coupled
PGE receptors suggested pivotal roles for PGE; in the ovu-
lation process; EP2 and EP4 might cooperatively work as
a compensatory system for successful ovulation. Follicular
rupture involves a complex series of biochemical and bio-
physical changes in the theca cells, cumulus cells, and gran-
ulosa cells, which interact with each other [21]. Gonado-
tropin-elicited interstitial collagenase (matrix metallopro-
tease 1) induction in granulosa cells, which is regarded as
a key step in follicular rupture, was suppressed by treatment
with indomethacin [21, 24, 25]. Miyaura et al. [26] recently
demonstrated that EP4 is responsible for the PGE»-induced
activation of matrix metalloproteases in mouse calvarian
cells. EP2 and EP4 expressed in granulosa cells may piay
roles in ovulation in a similar fashion. Further analyses us-
ing EP-specific antagonists or EP2/EP4 double knockout
mice are nesded to evaluate the exact roles of PGE,
through each receptor subtype.

The present study also highlights COX-1 expression in
granulosa cells as a late response (9 h after ovulation). Al-
though the induction of COX-2 gene expression has been
identifed in the ovaries of various animals around the ovu-
lation period [5-8, 27, 28], very few researchers have an-
alyzed COX-1 expression during ovulation except for one
study of whole rat ovaries [29]. The function of COX-1
mRNA expression just before ovulation is currently un-
known. RT-PCR analysis (Fig. 1) indicated that COX-2
mRNA expression also showed an earty (3 h) and a late (9
h) increase after hCG injection, which coincides with the
observations previously reported by Joyce et al. [28]. These
results suggest that granulosa cells start to express both
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COX isozymes just before ovulation. Moreover, expression
of COX-1 and COX-2 was detected in granulosa cells (cor-
responding to the cells differentiating into luteal cells) in
follicles after ovulation (Fig. 6). Prostanoids synthesized by
each enzyme may participate cooperatively in the final
steps of the ovulation and/or postovulation processes.

We quantified the results in in situ hybridization by eval-
uating hybridization signal-positive area per total cell area
to determine what percentage of the total cumulus or gran-
ulosa cells express a particular mRNA. This quantification
analysis revealed that the value of the EP2-positive cells
per total cumulus cells was higher in H9 ovaries than in
H3 ovaries (see Fig. 4, Cumulus in panel EP2), even though
the signal density for EP2 mRNA in the cumulus cells
looked higher at H3 than at H9 (Fig. 3, B and G). The
cumulus cells in HY ovaries are less dense than those in H3
ovaries because of the cumulus expansion. Therefore, the
sparse signals for EP2 mRNA in the cumulus cells of H9
ovaries reflect the lower cell density on this section apart
from the ratio of EP2-positive cells to negative cells.

Expression of mRNAs for EP4 and EP2 in the Oviduct

Pharmacological experiments have demonstrated that ex-
ogenous PGE; is able to inhibit contractions of the oviduc-
tal tube in the rabbit [30] and to decrease passage pressure
in the rat oviduct [31]. In the present study, we clearly
demonstrated that EP2 mRNA is expressed in the muscle
layer. These results suggest that PGE,, via EP2, may con-
tribute to relaxation of the oviduct, which is favorable for
successful fertilization [32]. A severe defect in fertilization
in EP2-deficient female mice may be partly due to a lack
of effect of PGE, in the oviduct. However, oviductal epi-
thelia secrete glycoproteins and produce a flow in oviductal
fluid by ciliary action [33]. In the rabbit oviduct, PGE,
stimulates ciliary activity in the epithelium [34]. PGE, also
stimulates mucin exocytosis from intestinal epithelial cells
via EP4 [35]. Thus, EP4 may regulate both the secretion
of glycoproteins and ciliary activity in the oviductal epi-
thelium. Such mechanisms may act favorably in the process
of fertilization.

Expression of EP4 and EP2 mRNAs in Preantral Follicles

EP4 mRNA expression was found in oocytes within
preantral follicles. Because transcripts in oocytes are some-
times translationally dormant and are activated in a time-
dependent manner [36], it is not clear whether the EP4
receptor proteins are expressed in the oocytes at this stage.
There is little information on the effects of prostanoids on
oocyte function, and the role of EP4 in oocytes remains to
be clarified. However, we detected faint but significant sig-
nals for COX-1 mRNA in the interstitial area (Fig. 1).
Therefore, very low levels of PGE, may be constitutively
synthesized by COX-1 and may act on EP4 in the oocytes
at this stage.

EP4 mRNA is present in the cumulus and granulosa cells
in the preovulatory follicles. COX-1 mRNA is expressed
in the granulosa cells just before ovulation, in contrast to
the preferred expression of EP2 and COX-2 mRNA in the
cumulus cells. These results extend our knowledge of the
expression of COX enzymes and PGE receptors and the
possible active sites of PGE, in the female reproductive
processes.
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- In this study, we investigated the role of PGE, in

mouse mastocytoma P-815 cell adhesion to extracellular
matrix proteins (ECMs) in vitro. We report that PGE,
accelerated ProNectin F™ (a proteoclytic fragment of
fibronectin)-mediated adhesion, which was abolished by
addition of the GRGDS peptide, an inhibitor of the RDG
binding site of ProNectin F™, We show that the cAMP
level and cAMP-regulated protein kinase (PKA) activity
are critical mediators of this PGE, effect, because the
cell-permeable cAMP analogue 8-Br-cAMP accelerated
P-815 cell adhesion to ProNectin F™ and the pharma-
cological inhibitor of PKA, H-89, blocked PGE.-mediated
adhesion. Consistent with mRNA expression of the G,-
coupled EP4- and G;-coupled EP3-PGE receptor sub-
types, P-815 cell adhesion was accelerated by treatment
with a selective EP4 agonist, ONO-AE1-329, but not a
selective EP1/EP3 agonist, sulprostone, However, simul-
taneous treatment with ONO-AE1-329 and sulprostone
resulted in augmentation of both the cAMP level and
cell adhesion. The augmentation of EP3-mediated cAMP
synthesis was dose-dependent, without affecting the
half-maximal concentration for EP4-mediated G, -activ-
ity, which was inhibited by a G, inhibitor, pertussis
toxin. In conclusion, these findings suggest that PGE,
accelerates RGD-dependent adhesion via cooperative
activation between EP3 and EP4 and contributes to
the recruitment of mast cells to the ECM during
inflammation.

Differentiated mast cells (MCs),! which originate from bone
marrow stem cells, traffic throughout the circulation and ad-
here to the extracellular matrix (ECM) in various tissues. MCs
are widely distributed in tissues throughout the body, espe-
cially in connective tissues, serosal cavities, and on mucesal
surfaces under normal physiological conditions. This charaec-
teristic distinguishes MCs from other bone marrow-derived
hematopoietic cells, such as basophils, neutrophils, and eosin-
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PKA, cAMP-dependent protein kinase; ECM, extracellular matrix.
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ophils. MCs congregate around nerves, blood vessels, and lym-
phatic vessels. MCs therefore interact with not only the ECM
but with other cells as well. As well known for rodent connec-
tive tissue-typed MCs and mucosal-typed MCs, the biological
activity of MCs vary with their interactions with the ECM and
other cells.

MCs are widely distributed along basement membranes, in-
dicating that MCs might adhere to laminin. Supporting this
fact, mouse bone marrow-derived mast cells (BMMC) have
been reported to adhere to laminin, when the cells were acti-
vated by phorbol 12-myristate 13-acetate (PMA) (1-3) or anti-
gen-stimulated aggregation of FeeRI (4). In addition to laminin,
MCs can adhere to other matrix components such as fibronec-
tin (5) and vitronectin (8, 7). As with laminin, the adherence of
BMMC to fibronectin has been reported to occur through acti-
vation with PMA or after aggregation of FceRI. These adher-
ence activities required calcium (3). In contrast to BMMC, the
mouse PT18 cell line spontaneously adhered to laminin (1), and
human skin mast cells also spontaneously adhered to laminin
and fibronectin (8). These previous findings indicate that the
interactions between MCs and matrix components may depend
on the cells involved and the kinds of stimuli.

PGE,, which is involved in inflammation section (9), affects
both differentiation and growth of MCs in vitro. PGE, enhances
mast cell differentiation from cord blood mononuclear cells (10)
and in the fibroblast co-culture system (11). Very recently,
Dormond ef al. (12) reported that a COX-2 inhibitor suppressed
ayBs-dependent HUVEC spreading, migration, and angiogen-
esis through Rac activation (12), and PGE, accelerated aV{33-
mediated HUVEC responses in a cAMP-dependent manner
(13}, However, no reports have published the effects of PGE, on
MC adhesion to the ECM.

The PGE, receptors (EP) are comprised of four subtypes,
EP1, EP2, EP3, and EP4, which are coupled to different G
proteins and signal pathways (14, 15). Among these subtypes,
EP2 and EP4 couple to G,, resulting in increases of intracellu-
lar cAMP concentrations (16, 17), while EP3 couples to G;,
causing & decrease in cAMP levels (18-21}). Very recently, we
and other investigators have reported that activation of the
G;-coupled EP3 receptor was able to augment adenylyl cyclase
activity via stimulation of a G,-coupled receptor (22, 23). We

. previously reported that the mouse EP3p receptor was able to

augment EP2-induced adenylyl cyclase activity in both EP2-
and EP3-transfected COS-7 cells (22). Southall and Vasko (23)
showed that the simultaneous depletion of rat EP3C and EP4
was essential to abolish PGE,-stimulated ¢cAMP production
and neuropeptide release in rat sensory neurons (23). These
permissive actions between the two subtypes may be involved
in the events of a number of physiological actions of PGE, (15).
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Here we extended the analyses of the effects of PGE, on
adhesion of mouse mastocytoma P-815 cells to the fibronectin
component in a PKA-dependent manner, and we examined
the correlation between cAMP levels and adhesion in P-815
cells to see whether EP3 could augment EP4-induced cAMP
synthesis,

EXPERIMENTAL PROCEDURES

Materials—Sulprostone was a generous gift from Dr. M. P. L. Caton
of Rhone-Poulenc Ltd. ONQ-AE1-259 and ONO-AE1-329 were generous
gifts from ONQ Pharmaceuticals (Osaka, Japan). ProNectin F™
(Pronectin-F) and ProNectin L™ (Pronectin-L.) were generous gifts
from Sanyo Chemical Industries, Ltd. (Kyoto, Japan). The GRGDS
peptide was obtained from the PEPTIDE Institute (Osaka, Japan).
Collagen I-coated plates were from BD PharMingen Labware, the -
labeled cAMP assay system from Amersham Biosciences. Pertussis
toxin (PT) from Seikagaku Kogye (Tokyo, Japan), [5,6,8,11,12,14,15-
*HIPGE, (164 Ci/mmol) from Amersham Biosciences and PGE, from
Cayman Chemical {Ann Arbor, MI}. Rabbit polyclonal anti-A cyclase II
(C-20) antibody, rabbit polyclonal anti-A cyclase IV (C-20) antibody,
and goat polyclonal anti-A cyelase VIE (M-20) antibody were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).

Reverse Transcription-Polymerase Chain Reaction—Mouse mastocy-
toma P-815 cells (P-815 cells) were maintained in Fischer’s medium
with 10% fetal bovine serum under humidified air containing 5% CO, at
37 °C. Total RNA was isolated from P-815 cells using Isogen {(Nippon
Gene) according to the manufacturer’s instructions. The reverse tran-
scription (RT) reaction was performed using Molony murine leukemia
virus reverse transcriptase (Invitrogen) in the presence of random
hexamers. The polymerase chain reaction {PCR) was performed with
Tag DNA polymerase (TOYOBO) using the first strand template. The
primers were designed to be selective for the prostanoid receptors, and
the sequences used were as follows: EP1 (base pairs (545 bp)), 5'-GCC
ACT GAT CCA CGC GGC GCG CGT ATC TGT GGC C-3° (forward) and
5'-CGA TGG CCA ACA CCA CCA ACA CCA GCA GGG-3 (reverse);
EP2(604 bp), 5'-TTC ATA TTC AAG AAA CCA GAC CCT GGT GGC-3'
(forward} and 5'-AGG GAA GAG GTT TCA TCC ATG TAG GCA AAG-3'
(reverse); EP3 (608 bp), §'-ATC CTC GTG TAC CTG TCA CAG CGA
CGC TGG-3' (forward) and 5°-TGC TCA ACC GAC ATC TGA TTG AAG
ATC ATT-3" (reverse); EP4 (601 bp), 5’-GAC TGG ACC ACC AAC GTA
ACG GCC TAC GCC-3’ (forward) and 5'-ATG TCC TCC GAC TCT CTG
AGC AGT GCT GGG-3' (reverse); IP (602 bp), 5'-CCT GCA GTG TTT
GTG GCC TAT GCT CGA AAC-3' (forward) and 5'-CTG CTG TCT GGG
GCG ATG GCC TGA GTG AAG-3' (reverse}; DP (604 bp), 5-AAA GGA
ACT GCT GCC TGC CTC AGG CAA TCA-3' {ferward) and 5'-GTT CTC
AAG TTT AAA GGC TCC ATA GTA CGC-3’ (reverse); FP (603 bp),
5'.GCA TAG CTG TCT TTG TAT ATG CTT CTG ATA-3’' (forward) and
5'-GTG TCG TTT CAC AGG TCA CTG GGG AAT TAT-3’ (reverse); TP
(607 bp), 5-TGC CTT GTT GGA CTG GCG AGC CAC TGA CCC-3'
({forward) and 5'-CAG GTA GAT GAG CAG CTG GTG CTC TGT
GGC-3’ (reverse). The thermal cycle programs used were as follows:
EP1, 94 °C for 1 min and then 94 °C for 1 min, 72 °C for 3.5 min for the
first 10 cycles, 94 °C for 1 min, 68 °C for 2 min, 72 °C for 1.5 min for the
next 10 cycles, 94 °C for 1 min, 66 °C for 2 min, 72 °C for 1.5 min for the
last 15 cycles, followed by 72 °C for 7 min; EP2, EP3, EP4 and DP, 94 °C
for 1 min and then 30 cycles of 94 °C for 0.8 min, 60 °C for 0.7 min, 72 °C
for 1.5 min, followed by 72 °C for 7 min; IP, 94 °C for 1 min and then 30
cycles of 94 °C for 0.8 min, 65 °C for 0.7 min, 72 °C for 1.5 min, followed
by 72 °C for 7 min; FP and TP, 94 °C for 1 min and then 94 °C for 1 min,
72°C for 3.5 min for the first 10 cycles, 84 °C for 1 min, 67 °C for
2 min, 72 °C for 1.5 min for the next 10 cycles, 94 °C for 1 min, 63 °C
for 2 min, 72 °C for 1.5 min for the Iast 15 cycles, followed by 72 °C for
7 min. Samples were visualized on a 1.5% agarose gel.

PHIPGE, Binding Assay—P-815 cells were homogenized with a Pot-
ter-Elvehjem homogenizer in 20 mm Tris-HCI {pH 7.5}, centaining 10
mM MgCl,, 1 mn EDTA, 20 M indomethacin, and 0.2 mMm phenylmeth-
ylsulfonyl fluoride. After centrifugation at 250,000 X g for 20 min, the
pellet {(membrane fraction) was washed, suspended in 10 mmM Mes-
NaOH (pH 6.0) containing 10 mM MgCl,, and 1 mm EDTA, and was
used for the [PHJPGE, binding assay. The membrane fraction (50 ug)
was incubated with 4 nm [*HIPGE, at 30 °C for 1 h, and FH]PGE,
binding to the membrane fraction was determined as described previ-
ously {24). Nonspecific binding was determined using a 2,500-fold ex-
cess of unlabeled PGE, in the incubation mixture.

Measurement of cAMP Formation—Cyclic AMP levels in P-815 cells
were determined as reported previously (25). P-815 cells (2 x 10°
cells/assay) were suspended with 10 uM indomethacin in HEPES-buff-

EP3 Augments EP4-mediated Adenylyl Cyclase

ered saline containing 140 mM NaCl, 4.7 mm KC], 2.2 mMm CaCl,, 1.2 mMm
MgCl,, 1.2 mm KH,PO,, 11 mM glucose, and 15 mM HEPES (pH 7.4),
and preincubated for 10 min at 37 °C, Reactions were started by addi-
tion of test agents aleng with 500 pM 3-isobutyl-1-methyl-xanthine
(Sigma). After incubation for 10 min at 37 °C, reactions were termi-
nated by the addition of 10% trichloroacetic acid. The level of cAMP was
measured by radicimmunoassay with an Amersham Biosciences cAMP
assay system,

Expression of the Adenylyl Cyclase Subtypes—Expression of adenylyl
cyclase II, IV, and VII were determined by immunoblot analysis of
whole cell detergent lysates of P-815 cells using rabbit polyclonal anti-A
cyclase II (C-20) antibody, rabbit polyclonal anti-A-cyclase IV (C-20}
antibady, and goat polyclonal anti-A cyclase (M-20) antibody. P-815
cells (2 % 10® cells) were washed twice in PBS. The cell pellet was
suspended in 1ml of radioimmune precipitation assay buffer containing
30 mM HEPES-NaOH (pH 7.3}, 150 muM NaCl, 1% Triten X-100, 1%
deoxycholate, and 0.1% SDS, and incubated for 2 h at 4 °C. For protec-
tion against proteolytic degradation, a mixture of protease inhibitors
(0.2 mm phenylmethylsulfonyl fluoride, 100 uM benzamidine, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, 10 pg/ml E-64, and 1 ug/ml pepstatin A)
was added. The mixture was then centrifuged at 10,000 X g for 15 min
at 4 °C. The resulting supernatant was dissolved in Laemmli buffer and
heated for 30 min at 60 °C. Aliquots (500 pg of protein) were then
subjected to SDS-PAGE (7.5%) as described by Laemmli (26}, and the
separated proteins were transferred electrophoretically onto a polyvi-
nylidene difluoride membrane in 25 mM Tris base containing 40 mM
6-aminohexanoic acid, 0.02% SDS, and 20% methanol at room temper-
ature for 30 min at 15 V. The membrane fraction was rinsed in Tris-
buffered saline {TBS) containing 20 mM Tris-HCI (pH 7.5) and 160 mM
NaCl, and then preincubated overnight in TBS containing 5% nonfat
milk at 4 °C. The membrane fraction was then incubated with anti-A
cyclase antibodies (A eyclase I, IV, 1:200; A cyclase VII, 1:100) in TBS
containing 5% nonfat milk for 1 h at 37 °C. After washing three times
with TTBS (TBS containing 0.05% Tween 20) at room temperature, the
membrane fraction was incubated with peroxidase-conjugated anti-
rabbit or -goat IgG in TTBS for 1 h at room temperature, and then
detected with the ECL Western blot detection reagent.

Cell Adhesion Assay—P-815 cells were suspended in Fischer’s me-
dium with test agents along with 10% fetal bovine serum and 10 uM
indomethacin at a density of 5 X 10° cells per ml, and 1 ml per well was
dispensed into 12-well tissue culture plates. The 12-well tissue culture
plates were precoated with 10 ug/ml of Pronectin-F or Pronectin-L for 5
min at room temperature. Nonspecific binding was determined by using
wells precoated with bovine serum albumin (3%) for 1 h at room tem-
perature. The P-815 cells were incubated for 8 h at 37 °C in a CO,-
humidified atmosphere and non-adherent P-815 cells were suspended
in 2 ml of PBS (non-adherent cells). The adherent P-815 cells were
treated with PBS containing 0.02% EDTA and 0.25% trypsin at 37 °C
for 30 min, and the collected celis were suspended in 2 ml of PBS
containing 0.02% EDTA and 2% fetal bovine serum {adherent cells).
The numbers of non-adherent and adherent cells were counted using
the COULTER Z1 cell counter (Beckman Coulter). The percentage of
cell adhesion was calculated with the following formula shown in Equa-
tion 1.

% cell adhesion = adherent cell number

X 100/(adherent cell number + non-adherent cell number) (Eq. 1)

RESULTS

P-815 Cell Adhesion to Pronectin-F-coated Plates—When
P-815 cells were cultured in Fischer’s medium containing 10%
fetal bovine serum together with 10 uM indomethacin, almost
no attachment to non-coated plates was cbserved. However,
after incubation with 1 pm PGE, for 8 k, ~11% of P-815 cells
were retained on the non-coated plates as adhered cells, after
being washed three times with PBS containing 0.02% EDTA
(Fig. 1A). We next examined the effect of fibronectin on cell
adhesion using Pronectin-F, which consists of multiple copies
of the RGD cell attachment ligand of fibronectin (27). The
number of adhered P-815 cells did not significantly change
between the Pronectin-F-coated plates and the non-coated
plates when the cells were incubated without PGE,, but mark-
edly inereased upon incubation with 1 um PGE, (Fig. 1B).
PGE,-induced adherent activity to Pronectin-F-coated plates
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FiG. 1. Adhesion of PGE,-stimulated P-815 cells to Pronectin-
F-coated plates. A, P-815 cells were incubated at 37 °C for 8 h with or
without 1 uM PGE,. B, P-815 cells were incubated at 37 °C for 8 h in
wells coated with or without Pronectin-F (10 pg/ml) in the presence
(solid bars) or absence {open bars) of 1 uM PGE,, and the percentages of
P-815 cell adhesion were determined as described under “Experimental
Procedures.” Values are shown as the means + S.E. of triplicate exper-
iments. *, p < 0.01 versus non-coat. C, P-815 cells were incubated at
37 °C for 8 h in wells coated with Pronectin-F (10 pg/ml} in the presence
{closed circles) or absence {open circles) of 1 uM PGE, together with the
indicated concentrations of soluble GRGDS peptide, and the percent-
ages of P-815 cell adhesion were determined ag described under “Ex-
perimental Procedures.” Values are means = S.E. for triplicate exper-
iments. *, p < 0.01 versus without the GRGDS peptide.

almost completely disappeared with addition of the GRGDS
peptide (Fig. 1C), which is a soluble inhibitor for the RDG site
of fibronectin as well as Pronectin-F (28). Furthermore, this
PGE,-treated cell adhesion was not affected by further incuba-
tion with 0.02% EDTA for 30 min, but the cells could be de-
tached by 0.25% trypsin treatment.

Expression of the EP3 end EP4 Subtypes in P-815 Cells—The
RT-PCR experiment revealed that P-815 cells express mRNAs
for EP3, EP4, and IP (Fig. 24). We confirmed the expression of
the EP3 and EP4 receptor proteins by the replacement of the
binding of 4 nm [PHIPGE, to membrane fractions with 10 uM
PGE,, sulprostone (EP1 and EP3 agonist), or ONO-AE1-329
(EP4 agoenist). The order of replacement potency was found to
be PGE,; > sulprostone > ONO-AE1-329 (Fig. 2B). These re-
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Fic. 2. Detection of prostaglandin receptor mRNAs and pros-
taglandin E, receptor subtype proteins in P-815 cells. A, expres-
sion of mRNAs for the prostanoid receptors was assessed by RT-PCR.
Total RNA from P-815 cells was isolated and subjected to RT-PCR, and
PCR products for the EP1, EP2, EP3, EP4, IP, DP, FP, and TP receptors
were detected according to the procedures described under “Experimen-
tal Procedures.” B, expression of the EP subtypes, EP3 and EP4, was
assessed by [*HJPGE, binding to each subtype. The membranes of
P-815 cells were incubated at 30 °C for 1 h with 4 nM [PHIPGE, in the
presence or absence {none) of 10 uM PGE,, 0.1 um sulprostone (EP1, 3
agonist), 0.1 uM ONO-AE1-329 (EP4 agonist). Values are the means *
S.E. for triplicate determinations.

sults indicate that PGE, can bind to EP3 and EP4 present in
the membrane fractions of P-815 cells.

PGE,-induced cAMP and Protein Kinase A-dependent P-815
Cell Adhesion—Along with PGE,, 8-Br-cAMP, and IBMX ac-
celerated the adhesion of P-815 cells to Pronectin-F-coated
plates (Fig. 3A). PGE;-mediated cell adhesion was greatly re-
duced by pretreatment with 10 um H-89, a PKA inhibitor (Fig.
3B). On the other hand, phorbol 12-myristate 13-acetate (PMA)
had no effect on cell adhesion in the absence of PGE,, and in
addition, PGE, did not change the intracellular Ca®* level
(data not shown). These results suggest that the PGE,-induced
adhesion of P-815 cells to Pronectin-F is via a cAMP-dependent
and cAMP-protein kinase A-dependent pathway.

Sulprostone-induced Augmentation of ONGQG-AE1-329-in-
duced ¢cAMP Formation in P-815 Cells—Since P-815 cells ex-
press the G;-coupled EP3 as well as the G,-coupled EP4, it is
possible that PGE, may bind to both subtype receptors at the
same time, and hence the cAMP level may reflect the difference
between G,- and G;-activated adenylyl cyclase activity. We
therefore examined the cAMP levels in P-815 cells when
treated with the EP1/EP3 agonist sulprostone and/or the EP4
agonist ONO AE1-329 (Fig. 44). The cAMP level was increased
by treatment with ON(Q-AE1-329 and reached a plateau level
at 0.1 um. However, cAMP accumulation induced by various
concentrations of the EP4 agonist were all augmented by the
simultaneous addition of sulprostone (1 um), without affecting
the half-maximal concentration, although sulprostone alone
did not stimulate cAMP accumulation (Fig. 4A). The half-max-
imal concentration of sulprostone for EP3-mediated augmen-
tation in EP4-induced cAMP synthesis was calculated to be
~5 % 107% M (data not shown). Furthermere, sulprostone-
induced augmentation of ONO-AE1-329-activated cAMP for-
mation was absclutely inhibited by treatment with PT, and the
cAMP level was almost equal to that observed in the cells
stimulated by ONO-AE1-329 alone (Fig. 4B). These findings
suggest that EP3-mediated augmentation of G, activity is
achieved through Gpy subunits resulting from G, protein
activation (29), although EP4-mediated G, activity is not.

Sulprostone-induced Augmentation of ONO-AE1-329-stimu-
lated P-815 Cell Adhesion to Pronectin-F—We next examined
whether EP3 stimulation could augment EP4-mediated adhe-
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Fi6. 3. Adhesion of PGE,-stimulated P-815 cells to Pronectin-
F-coated wells mediated by PEA aclivation. A, P-815 cells were
incubated at 37 °C for 8 h in wells coated with Prenectin-F (20 pg/ml) in
the presence of 1 uM PGE,, 1 mM 8Br-¢cAMP, or 0.5 mM IBMX, and the
percentages of P-815 cell adhesion were determined as described under
“Experimental Procedures.” Values are shown as the means + S.E. for
triplicate experiments. ¥, p < 0.01 versus untreated. B, P-815 cells were
preloaded with or without 10 uM H-89 for 30 min, then the cells were
incubated for 8 h in the presence or absence of 1 uM PGE,, with or
without 10 uM H-89, The percentages of P-815 cell adhesion were
determined as described under “Experimental Procedures.” Values are
shown as the means *+ S.E. for triplicate experiments. *, p < 0.01 versus
without H-89 treatment.
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F15. 4. Sulprostone-induced augmentation of ONO-AE1-329-
stimulated cAMP formation in P-815 cells. A, P-815 cells were
incubated at 37 °C for 10 min with 1 .M sulprostons in the presence of
indicated concentrations of ONQ-AE1-329, cAMP formation was deter-
mined as described under “Experimental Procedures.” Values are the
means * S.E. of triplicate experiments. *, p < 0.01 versus stimulation
with the indicated concentrations of ONQ-AE1-329 alone. B, P-815
cells were pretreated with 25 ng/ml PT for 7 h, and the treated cells
were then incubated at 37 °C for 10 min with 1 uM PGE,, 1 uM sulpr-
ostone, 1 uM ONO-AE1-329, or both 1 uM sulprostone and 1 uyM ONO-
AE1-329, and cAMP formation was determined as described under
“Experimental Procedures.” Values are shown as the means * SE. for
triplicate experiments. ¥, p < 0.01 versus without PT treatment.

sion of P-815 cells to Pronectin-F. 1 um sulprostone further
augmented ONO-AE1-329 induced P-815 cell adhesion to
Pronectin-F (Fig. §), and the level of EP3-mediated augmenta-
tion of this adhesion was almest equal to the level of cAMP
augmentation by the EP3 subtype (Fig. 4B). These findings
suggest that PGE,-stimulated P-815 cell adhesion to Pronec-
tin-F is mediated through the cooperative action of the EP3 and
EP4 subtypes.

DISCUSSION

PGE, was previously reported to affect both differentiation
and growth of mast cells in vitro. For example, PGE, is essen-
tial for the differentiation of IL-3-dependent mouse mast cells
from spleen cells (30), PGE, enhanced human mast cell differ-
entiation from cord blood mononuclear cells by inhibiting the
production of macrophage-derived GM-CSF (10), and PGE,
enhanced the growth of differentiated mast cells in a fibroblast
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FiG. 5. Effect of PGE, on adhesion of P-815 cells to Pronectin-
F.coated wells, P-815 cells were incubated at 37 °C for 8 h in wells
coated with Pronectin-F (10 pg/ml) in the presence or absence of 1 pM
PGE,, 1 uM sulprostone, 1 uv ONO-AE1-329, or both 1 uM sulprostone
and 1 pM ONO-AE1-329, The percentages of P-815 cell adhesion were
determined as deseribed under “Experimental Procedures.” Values are
shown as the means *+ 8.E, for triplicate experiments. ¥, p < 0.01 versus
stimulation with ONO-AE1-329 alone,

co-culture system (11). It is therefore possible that PGE, plays
arole in the interaction of mast cells with fibroblastic cells and
extracellular matrix components. The interaction between
mast eells and extracellular matrix components have profound
influences on the targeting of mast cell progenitors o specific
locations, the distribution of mast cell subsets, and the biolog-
ical responsiveness of mast cells in tissues. The ability of mast
cells to adhere to fibronectin, which involves the RGD sequence
located within the cell-attachment domain of the fibronectin
molecule, may play a role in the migration of mast cells in
various tissues (5). In the present report, we found that PGE,
is able to stimulate the adhesion of P-815 cells to Pronectin-F
through the RGD cell attachment domain of fibronectin, and
that this adherent activity is mediated via a cAMP-dependent
pathway induced by the activation of the EP4 and/or EF3
receptors, It is possible that the cAMP-protein kinase A path-
way may be involved in the induction of these cell attachment
molecules, as PGE,-induced cell attachment was inhibited by
treatment with H-89 (Fig. 3B) and cycloheximide {data not
shown). However, neither PGE; nor 8Br-cAMP augmented the
expression of VLA-5, one of the fibronectin receptors {data not
shown). Therefore, cycloheximide may affect the signaling
pathway of the fibronectin receptors. Further experiments are
required to clarify these points.

Prostaglandin E; acts through binding to its specific recep-
tors, which are comprised of four subtypes, EP1, EF2, EP3, and
EP4 (14, 15). Among them, EP3 and EP4 couple to G; and G,,
and result in inhibition and stimulation of adenylyl cyclase
activity, respectively (17-21). The mouse EP3 receptor is com-
prised of three isoforms, EP3«, EP38, and EP3y, which differ in
their C terminus. Among them, EP38, which was used in this
experiment is known to be coupled to the G; protein (19). Very
recently, activation of a G;-coupled receptor has been reported
to angment the adenylyl eyclase activity induced by the stim-
ulation of a G,-coupled receptor in COS-7 cells. For example,
activation of Gj-coupled receptors such as a2 adrenoreceptor
(29) and bradykinin B2 receptor {32) lead to the augmentation
of G,-stimulated adenylyl cyclase in COS-7 cells, This syner-
gistic effect has not been clearly shown in mammalian cells.
Southall and Vasko (23) showed that the simultaneous deple-
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tion of both rat EP3C and EP4 was essential for abolishing
PGE,-stimulated ¢cAMP production and neuropeptide release
in rat sensory nmeurons (23). In the current experiment we
showed that the G;-coupled EP3 agonist sulprostone aug-
mented cAMP formation induced by the EP4 agonist ONO-
AE1-329 in P-815 cells. Similarly, we found that sulprostone
was able to augment ¢cAMP formation in P-815 cells activated
by an IP agonist, carbacyclin, suggesting that the augmenta-
tive effects of EP3 can be observed irrespective of G, activation,
The mechanism underlying these phenomena was thought to
be via GBy-mediated activation of type IV adenylyl cyclase (29),
because pretreatment with PT inhibited the augmentation by
the activation of the G;-coupled EP3 receptor, and P-815 cells
express type IV adenylyl cyclase (data not shown). Therefore,
Gpy-mediated activation of type IV adenylyl cyclase may be
involved in EP3-mediated signaling to augment EP4-stimu-
lated adenylyl cyclase activity in P-815 cells.

Although the involvement of phosphatidylinesitol 3-kinase
(PI3K) in cell adhesion to matrix proteins is shown in a variety
of cell types (33), the role of PI3K in mast cell adhesion is still
unknown. Kinashi et al. (31) reported that the adhesion of
platelet-derived growth factor receptor-expressed bone mar-
row-derived mast cells was inhibited by the addition of the
PI3K inhibitor wortmannin, To understand whether PI3K is
activated by PGE, during P-815 cell adhesion, we examined the
effect of the PISK inhibitors, wortmannin (100 nM) and
LY284002 (10 uM) on EP3/EP4-agonist induced cell adhesion to
fibronectin. As a result, these inhibitors showed an additive
effect on the augmentation of PGEg-induced cell adhesion
(wortmannin: 81.7 = 0.1% and LY294002: 82.4 *+ 0.2%, com-
pared with PGE, stimulation alone: 24.8 * 0.6%). Further-
more, each inhibitor alone had an effect on cell adhesion (wort-
mannin: 20.4 + 0.1% and LY294002: 24.1 + (0.1%, compared
with the absence of these inhibitors (3.3 = 0.1%)). Therefore,
these resuits indicate that P-815 cell attachment to fibronectin
is regulated by two independent signaling pathways involving
PKA and PI3K. Further experiments are necessary to clarify
the fundamental differences in the signaling involving PKA
and PI3K in P-815 cell attachment to fibronectin. In summary,
this study clearly demonstrates that two subtypes of the PGE,
receptor, EP3 and EP4, are cooperatively involved in PGE,-
evoked and cAMP-mediated functions of P-815 cell adhesion.
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Host Prostaglandin E,-EP3 Signaling Regulates
Tumor-Associated Angiogenesis and Tumor Growth
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Abstract

Nonsteroidal antiinflammatories are known to suppress incidence and progression of malignancies
including colorectal cancers. However, the precise mechanism of this action remains unknown.
Using prostaglandin (PG) receptor knockout mice, we have evaluated a role of PGs in tumor-
associated angiogenesis and tumor growth, and identified PG receptors involved. Sarcoma-180 cells
implanted in wild-type (WT) mice formed a tumor with extensive angiogenesis, which was gready
suppressed by specific inhibitors for cyclooxygenase (COX)-2 but not for COX-1. Angiogenesis in
sponge implantation model, which can mimic tumor-stromal angiogenesis, was markedly sup-
pressed in mice lacking EP3 (EP3~/) with reduced expression of vascular endothelial growth factor
(VEGF) around the sponge implants. Further, implanted tumor growth (sarcoma-180, Lewis lung
carcinoma) was markedly suppressed in EP37/~, in which tumor-associated anglogenesis was also
reduced. Immunohistochemical analysis revealed that major VEGF-expressing cells in the stroma
were CD3/Mac-1 double-negative fibroblasts, and that VEGF-expression in the stroma was mark-
edly reduced in EP3~/~, compared with WT. Application of an EP3 receptor antagonist inhibited
tumor growth and angiogenesis in WT, but not in EP3~/~. These results demonstrate significance
of host stromal PGE,-EP3 receptor signaling in tumor development and angiogenesis. An EP3
receptor antagonist may be a candidate of chemopreventive agents effective for malignant tumors.

Key words: angiogenesis + tumor * prostaglandin E, * EP3 receptor * vascular endothelial
growth factor

Nonsteroidal antiinflammatory drugs (NSAIDs)* that inhibit
the enzyme cyclooxygenase (COX) and suppress PG synthesis
have been widely used as antiinflammatory, antipyretic, and
analgesic agents. Recent epidemiological studies revealed a
40-50% reduction in mortality from colorectal cancer in
individuals taking NSAIDs, and evidence suggests that they
also affect the incidence and progression of other types of
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* Abbreviations used in this paper: COX, cyclooxygenase; NSAID,
nonsteroidal antiinflammatory drugs.

cancer, pointing to a possible role of COX in tumor for-
mation (1). PGs including PGE, and PGI, comprise a
group of oxygenated metabolites of arachidonic acid that are
produced by the sequential actions of cyclooxygenase (COX)
and specific synthases. Two COX isoformns have been
identified: COX-1 is constitutively expressed in various
tissues, whereas COX-2 is induced by mitogens, cytokines,
and tumor promoters. Disruption of the COX-2 gene in
mice reduced the number and size of intestinal polyps
generated by a mutation in the adenomatous polyposis
(APC) gene, thus verifying a role for COX-2 the generation
of colon tumors (2). In spite of the efficacy of NSAIDs as
anticancer agents, the precise mechanisms) for the protective
effect remain unknown. An intense debate is underway that
focuses on a wide range of mechanisms of antitumor action of
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NSAIDs, some of which are unrelated to inhibition of
cyclooxygenase activity (3, 4, 5).

Angiogenesis is an important factor in tumeor develop-
ment, and tumor-associated angiogenesis is mediated by
the migration and proliferation of host endothelial cells.
With the use of a coculture system comprising endothelial
cells and colon carinoma cells that overexpress COX-2,
Tsujit et al. (6) showed that the increased production of
PGs by the carcinoma cells was associated with endothelial
cell migration and tube formation, suggesting 2 role for
COX-2 in tumor-induced angiogenesis. However, the rel-
evance of these in vitro observations to tumorigenesis in
vivo remains to be established. Furthermore, whether PGs
actually contribute to the observed tumor-associated angio-
genesis, and, if so, the identity of the responsible PGs and
PG receptors, remains unknown.

For mechanistic analysis of angiogenesis in vivo, we have
developed a sponge implantation model, in which a poly-
urethane sponge disk implanted subcutaneously in rats in-
duces extensive angiogenesis in surrcunding proliferative
granuloma tissue (7, 8). With the use of this model, we
have previously shown that angiogenesis both occurs con-
comitandy with the induction of COX-2 mRNA and is
inhibited by administration either of 2 nonselective NSAID
{(indomethacin) or of selective COX-2 inhibitors (9). We
further showed that PGE; or the PGl analogue beraprost
topically injected into the sponge promoted angiogenesis
(%). Angiogenesis induced by either endogenous COX-2
or exogenous PGs was accompanied by increased expres-
sion of vascular endothelial growth factor (VEGF), and an-
glogenesis was abolished by administration of an antisense
oligonucleotide specific for VEGF mRINA. These results
suggest that either PGE; or PGI, may mediate the angio-
genic action of COX-2 in situ.

PGs exert their biological actions by binding to specific
receptors that contain seven transmembrane domains. Eight
different PG receptors have been defined pharmacologi-
cally and cloned, including the PGD receptor (DP), four
subtypes of PGE receptor (EP1, EP2, EP3, EP4), the PGF
receptor (FP), the PGI receptor (IP), and the thromboxane
(TX) receptor {TP) (10). Genes for each of these receptors
have been disrupted and the corresponding knockout mice
have been produced (11-16). Furthermore, with the use of
the cloned receptors, agonists and antagonists highly selec-
tive for each of the four EP subtypes have been or are in
the process of being developed {17-19).

With the use of these selective compounds and receptor
knockout mice, we have now identified the PG species re-
sponsible for inducing angiogenesis in the sponge implanta-
tion model. Furthermore, we have characterized the role of
PG signaling in tumor-associated angiogenesis and tumor
progression in a mouse tumor implantation model. Qur
results indicate that host stromal PGE,-EP3 signaling ap-
pears critical for tumor-associated angiogenesis and tumor
growth, and that EP3 signaling pathway is relevant to the
induction of a potent proangiogenic growth factor, VEGF,
which certainly has a proangiogenic action. A highly selec-

tive EP3 antagonist therefore exhibits chemoprevetive ac-
tion on the stromal cells, and may become a novel thera-
peutic tool for cancer.

Materials and Methods

Tusnor Implantation,  Sarcoma 180 cells, which were originally
isolated from CFW mice, were cultured at 37°C in RPMI 1640
medium supplemented with 10% fetal bovine serum under a hu-
midified atmosphere containing 5% CO,. The cells were sus-
pended in phosphate-buffered saline at a density of 5 X 107 cells/
ml, and 100 pl of the resulting suspension were injected into the
subcutaneous tissue of male mice. Lewis Lung carcinoma cells,
which were originally isolated from C57BL/6 mice, were also
used in the same manner with sarcoma 180 cells in some experi~
ments (see Fig. 3 F). One half of each specimen was assayed for
hemoglobin {(Hb} content, whereas the other half was embedded
in paraffin, sectioned (5 pm thickness), and stained with factor
VI antibody. Microvessel density was determined following our
previous report {20). All animals were housed at a constant tem-
perature (25 * 1°C) and humidity (60 * 5%). All experiments
were performed in accordance with the guidelines for animal ex-
periments of Kitasato University School of Medicine.

Sponge Implantation Medel of Angiogenesis. Sponge disks (thick-
ness, 5 mm; diameter, 1.3 cm; references 7 and 8) were implanted
under light ether anesthesia into the subcutaneous tissues of the
back of 8-wk-old male ddy mice, male EP37/~ mice (14) and
their wild-type counterparts, as well as IP™/~ mice (11) and the
cortesponding WT animals. Neovascularization was assessed by
the same method as described above.

Prostaglandin Levels. Fluid within the sponge matrix enclosed
by granulation tissue was gendy aspirated with the use of a syringe
equipped with a 25-gauge needle. The fluid was applied to a Sep-
Pak C18 column, and PGs were then eluted with ethyl acetate.
The eluate was dried, and the residue containing PGE, and
6-keto-PGF,,, were assayed with the use of specific ELISA (Cay-
man Chemical), as reported previously (21).

Immunokhistochemistry. Tissue was immediately fixed with 4%
paraformaldehyde in 0.1 M sodiom phosphate buffer (pH 7.4),
dehydrated with a graded series of ethanol solutions, and embed-
ded in paraffin. Sections (4 wm in thickness) were prepared from
the paraffin-embedded dssue and mounted on glass slides; after
removal of paraffin with xylene, the slides were then placed in
cold (4°C) acetone. The sections were subjected to either hema-
toxylin-¢osin staining or immunostaining. For immunostaining,
the sections were first exposed to diluted normal horse serum and
then incubated with either rabbit antiserum to mouse COX-2
(Cayman Chemical), rabbit antiserum to mouse VEGF (Santa
Cruz Biotechnology, Inc.), rabbit antiserum to mouse Mac-1
(BD Biosciences), or rabbit antiserum to mouse CD3e (BD Bio-
sciences). Immune complexes were detected with a Vectastain
ABC kit (Vector Labotratories).

In Situ Hybridization.  For in situ hybnidization, dissected tssue
was sectioned with a cryostat, and the resulting sections were fixed
with 4% paraformaldehyde. Digoxigenin-labeled antisense and
sense dboprobes for mouse EP3 mRINA were prepared by in vitro
transcription of the pCRII-TOPO vector (Invitrogen) containing
mouse EP3. Sections were treated with proteinase K (10 pg/ml)
and were then subjected to hybridization with labeled riboprobes
in hybridization solution (Novagen) for 18 h at 50°C in moistened
plastic boxes. They were then exposed to RMase A (20 pg/ml)
and washed extensively, and hybridized probe was detected by in-
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