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2.2 Effect of histamine on the type |
hypersensitivity reaction

We observed the skin reaction to the mast cell secreta-
gogue, compound 48/80, in both HDC(-/-) and HDC(+/+)
mice. Compound 48/80 efficiently releases histarmine
from mast cells after subcutaneous administration.
When HDC({-/-} mice were treated with this compound,
no skin extravasation reaction was observed (Fig. 1A).
The injection of histamine itself evoked an extravasation
reaction in both genotypes {Fig. 1A). We kept the animals
on the L+H diet for 7 days to increase the tissue hista-
mine level. The skin of both HDC(+/+) and HDC{-/-) mice
lost the response to histamine and compound 48/80
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Fig. 1. Histamine dependence of skin allergic extravasation
reactions. (A-C) Reaction to histamine and compound 48/
80. (A) L diet; (B} L+HA diet; (C} switched from L+HA to L.
{D-F) PCA test. (D) L diet; (E) switched from L+HA to L. (F)
Quantification of the Evans’ blue dye in the PCA reaction.
After the extraction, the dye was colorimetrically quantified
at 620 nm. The amount of the dye extravasation was repre-
sented as mean x SE, The sample size varied between n=3
and 8. (G, H) H&E staining of the ear of PCA reaction. The
section was made at 30 min after PCA reaction in the (G})
HDC(+/+) and (H} HDG{-/-) mice. x200.
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(Fig. 1B), suggesting that desensitization had occurred
with the high amount of histamine. The response was
restored to the wild-type mice 4 days after changing to
the L diet (Fig. 1C), suggesting that reactivation of the
histamine receptors had occurred. interestingly, the
extravasation reaction was observed with compound
48/80 in HDC(-/) mice after the same dietary control
{Fig. 1C).

The concentration of histamine in the skin of the
HDC(/-) mice kept only on the L diet was 0.26
+0.06 nmol/g (n=4) (Table 1). The mice switched to the
L+HA diet for 7 days showed an increase in histamine to
10.53x0.65 nmol/g in the skin tissue (Table 1). After
reverting back to the L diet for 4 days, the level of hista-
mine was reduced to 3.9+0.5 nmol/g skin, which was still
significantly higher (p<0.02, n=4) than the initial value. In
contrast, the concentration in the plasma was consider-
ably decreased after reverting to the L diet for 4 days
(0.16x0.00 nmol/ml plasma, where the initial value was
0.04+0.01 nmol/ml} compared to the mice kept on the
L+HA diet for 7 days (11.3x1.25 nmol/ml). This may
reflect the absorption of histamine into histamine-
releasing cells, which leads to the recovery from desen-
sitisation.

We observed a distinct dye extravasation reaction in the
wild-type mice with the passive cutaneous anaphylaxis
{PCA) test (Fig. 1D). In contrast, no extravasation was
observed in the HDC(-/-) mice (Fig. 1D). The mean
amount of local dye extravasation of the wild-type mice

Fig. 2. Transmission electron microscopy of mast cells from
the peritoneum of the HDC{+/+} mice (A, B) and HDC(~/-}
mice {C, D). The mice were fed under L {4, C) or L+HA (B, D}
conditions for 7 days. Peritoneal cells were washed with
PBS and fixed in Karnovsky's for embedding in epoxy resin,
x3,000,
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was five times higher than that of HDC({-/-} mice in the
PCA reaction (compare the bars with *; Fig. 1F). Histo-
logical study revealed that these plasma exudates pro-
duced inter-tissue edema in HDC(+/+} mice, although it
was not observed in HDC(-/-} mice, 30 min after the
DNP-HSA challenge (Fig. 1G, H). The plasma extravasa-
tion reaction was abolished in the mice on a L+HA diet
for 7 days (data not shown), but was again observed
even in HDC(-/-) mice after 4 days under the L diet con-
dition (Fig. 1E}. The amount of extracted Evans’ blue in
the PCA reaction was significantly increased after the
RDC(=/~) mice were kept on the L+HA diet for 7 days and
on the L diet for 4 days compared to those mice kept
only on the L diet {compare the bars with t; Fig. 1F).
These findings suggest that histamine is one of the pri-
mary effectors in the PCA reaction and that there was
uptake and storage of exogenous histamine by mast
cells of the skin of HDC{~/-) mice.

In electron micrographic study the mast cells from the
HDC(-/~) mice showed a reduced granular content
(Fig. 2C, D). This reduction was not changed in HDG({-/-)
mice by the L+HA diet. Therefore, it is difficult to imagine
that other intragranular mediators were replenished
under the effect of the dietary supplemented histamine
and produced the plasma extravasation reaction in
HDC{-/-) mice.

2.3 Effect of histamine on the type IV
hypersensitivity reaction

We next used the hapten-specific CH responses as a
type of DTH reaction of the skin. In the CH model the ear
thickness in HDC(~/=) mice was not significantly different
from that in the wild-type mice at any time point as

shown in Fig. 3, suggesting that histamine is not strongly .

involved in the skin swelling in the DTH.
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Fig. 3. Time course of TNCB-specific ear swelling response
in HDC{+/+) and HDC{-/-) mice. The mice were sensitized in
the right ear with TNCB 7 days before the challenge. Ear
swelling responses were measured at several time points
after challenge. The kinetics of ear-swelling respenses (the
mean + SEM) is shown.
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2.4 Histamine absorption in bone marrow-
derived mast cell in vitro

Bone marrow-derived mast cells (BMMC) from each
genotype were incubated in the culture medium supple-
mented with [PH]histamine, and its uptake was measured
as the radioactivity count of the cell pellet after washing
out the free isotope. BMMC rapidly took up PHlhistamine
at 37°C at a rate of approximately 50 fmol/mg protein/
min, while they did not take up any tracer at 0°C
(Fig. 4A). The uptake of histamine into the mast cells is a
temperature-dependent reaction. The uptake rates of
histamine in BMMC of HDC(~/-) mice were close to
those of HDC(+/+) mice. To examine the specificity of
histamine uptake, the cells were first incubated with vari-
ous concentrations of histamine at 0°C, then at 37°C
with 1.5 nM of PH]histamine for 10 min and the uptake of
the [PH]histamine was calculated. Cold histamine inhibi-
ted the uptake of [PH]histamine in a dose-related manner
and the fashion of this inhibition was quite similar
between the two genotypes (Fig. 4B). Scatchard analysis
revealed K values of 0.72 mM for the wild-type and
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Fig. 4. (A) PHHistamine uptake into BMMGC from HDC{+/+)
and HDC(-/-) mice. The cells were incubated at 4°C or 37°C
for various periods with *H-labeled histamine. Cells were
washed, and collected on a glass filter. Absorbed PH]hista-
mine was calculated after counting the radioactivity on the
glass filter. (B) After pretreatment of the cells with various
concentrations of cold histamine for 10 min, the cells were
incubated with 1.5 nM of PH]histamine for 10 min. Absorbed
PHjnistamine was calculated as described above. The rate
of uptake of PHJhistamine into the cells is expressed against
the concentration of the cold histamine.
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0.60 mM for the knockout mast cells. These data indi-
cated that intrinsic histamine does not grossly influence
the kinetics of the histamine uptake by BMMC.

The BMMC continuously took up histamine at a constant
pace until 60 min at the two different histamine concen-
trations (10 uM and 100 uM) (Fig. S5A). We incubated the
BMMC of HDC[-/-) mice in various concentrations of
histamine-containing medium for 30 min and measured
the histamine content in the cells. The speed of hista-
mine absorption of the cells increased dose dependently
{Fig. 5B). Transforming these data using the Rosenthal-
Scatchard equation suggested the existence of two
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Fig. 5. (A) Cold histamine uptake into the BMMC from the
HDC{-/-} mice. Cold histamine was added to the medium
{10 1M and 100 uM final concentration) and the uptake mea-
sured. Absorbed histamine was plotted against incubation
time. (B) The mean rate of uptake for the initial 30-min incu-
bation was calcutated and plotted against the concentration
of histamine. (C) The figure shown in (B} was transformed as
a Rosenthal-Scatchard plot. The distribution of the data
shows a concave form and two regression lines can be
drawn for this curve.
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components in the transporting system; one with low
affinity (K,=1.6 mM) and high capacity (V=617 pmol/
mg protein/min) and the other one with high affinity
(Kx=0.09 mM) and low capacity (V...,=68 pmo/mg pro-
tein/min) (Fig. 5C}.

We used a dopamine transporter inhibitor (GBR-12909)
and a noradrenaline transporter inhibitor (maprotiline).
These two transporter inhibitors had no inhibitory effect
on the uptake of histamine into BMMC (Table 2). On the
other hand, tetrabenazine, one of the vesicular mono-
amine transporter2 (VMAT2) inhibitors, had an inhibitory
effect on the uptake of histamine (Table 2). It is known
that VMAT2 knockout mice show a significant reduction
in the granular contents including serotonin and hista-
mine in BMMC [12). The IC;, of tetrabenazine was about
1.25 pM for histamine uptake, suggesting that VMAT2 is
an important vesicular membrane transporter in hista-
mine uptake.

We assessed the histamine uptake in the presence
of three kinds of histamine receptor antagonists;
p-chlorpheniramine for the H1 receptor, famotidine for
the H2 receptor, and thioperamide for the H3 receptor.
These three receptor antagonists did not inhibit the
uptake of the histamine at the reported effective concen-
trations [13-16] for the antagonism of the histamine
activity (uM level) (Table 2). Therefore, it appears unlikely
that histamine is taken up into the cytosol using these
histamine receptors.

To clarify the subceliular localization of the absorbed his-
tamine, we first subdivided the celiular contents using
the Percoll density gradient ultracentrifugation technique
and assayed the histamine concentration of each frac-
tion. In the BMMC of HDC(+/+) mice, the histamine was
detected in the same fractions as those with -
hexosaminidase activity, which is known as one of the

Table 2. IC5, of the receptor antagonists and transporter
inhibitors on the uptake of histamine into BMMC

Agents ICsq (uM)®
GBR12909 >100
Maprotiline =100
Tetrabenazine 1.25
Chlorpheniramine 75.2
Famotidine =100
Thyoperamide >100

a) The ICy value was calculated from the mean values of
triplicate assay.
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Fig. 6. Subcellular localization of the absorbed histamine
assessed by fractionation on a Percoll density gradient. The
contents of mildly sonicated BMMC were separated by den-
sity gradient ultracentrifugation. After the fractionation, the
samples were sonicated vigorously to disrupt the organelles
and assessed for LDH activity (A, B), B-hexosaminidase
activity (C, D), and histamine content (E, F). BMMC were pre-
pared from {A, C, E) HDC{+/+) and {B, D, F} HDC(-/-} mice
after 16-h culture with the mediumn containing 100 uM hista-
mine,

markers for secretory granules (Fig. 6C, E). In the BMMCG
of HDC(/-) mice after pretreatment with 100 uM
histamine-containing medium for 16 h, the histamine
was detected again in the same fractions as those of the
f-hexosaminidase activity (Fig. 60, F). In other words,
histamine was detected in the secretory granule frac-
tions in the BMMC of HDC{+/+) mice and HDC{-/-) mice
incubated with histamine. On the other hand, the activity
of LDH, known as one of the cytosolic enzymes, was dis-
tributed from the surface fraction to the secretory gran-
ule fraction in HDC{+/+) and histamine-treated HDC(-/-}
mice mast cells (Fig. 6A, B).

2.5 The release of absorbed histamine from the
mast cells

To assess the functional contribution of absorbed hista-
mine, we designed a releasing study with a physiclogical
stimulation. The BMMC of HDC{-/-} mice were incu-
bated with the histamine-supplemented medium for
16 h, sensitized with anti-DNP Igk, and stimulated with
DNP-HSA antigen. The amounts of histamine and
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Fig. 7. The profile of histamine released by allergic stimula-
tion from the BMMC from HDC{+/+) mice (A} and HDC({-/-)
mice (B) pretreated with histamine. The cells were sensitized
with anti-DNP IgE antibody and challenged with DNP-HSA
antigen. The released p-hexosaminidase (bHEX) and
histamine were expressed as % release against the concen-
tration of the antigen. The culturing condition of BMMG from
HDC(-/-) mice with histamine was as described in the leg-
ends to Fig. 3.

B-hexosaminidase secreted into the medium and inside
the cells were measured and expressed as the %
release. The maximal release of histamine and pB-
hexosaminidase was attained at the same concentration
of DNP-HSA (10 ng /ml) in both types of mice. At this
optimal concentration, 45% of the histamine and 43% of
the B-hexosaminidase were released from the HDC(+/+)
BMMC and 41% of the histamine-and 30% of the B-
hexosaminidase were released from the HDC(-/-}
BMMC (Fig. 7A, B). These release profiles suggest that
the absorbed histamine in the HDC{—/-) mice mast cells
is stored exclusively in the secretory granules and
released in the same manner as that from the wild-type
mast cells.

3 Discussion

In this report we demonstrated that histamine is the
mediator of plasma extravasation in the PCA reaction.
The plasma extravasation in the immediate type of skin
allergic reaction has been shown to be mediated by his-
tarmine, serotonin, bradykinin, leukotriene C4 [17], Neu-
ropeptide Y [18}, and vascular endothetlial growth factor
[19-21). The failure of the evoked extravasation reaction
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by the mast cell secretague compound 48/80 and in the
PCA test in the HDC{-/9) mice on an L diet suggested
histamine as the primary effector for plasma extravasa-
tion in the immediate-type allergic skin reaction. How-
ever, we cannot dismiss the possibility that other media-
tors, such as proteases, which may rely on the presence
of histamine for their function or synthesis, could be the
effectors of extravasation. We observed previously that
the amounts of mouse mast cell protease (MMCP)-4,
MMCP-5 and mast cell carboxypeptidase A {MC-CPA)
were decreased in the peritoneal mast cells of HDC(-/-}
mice [11]. Therefore, we confirmed again that there were
no gross changes in the MMCP-4, MMCP-5 and MC-
CPA levels (data not shown} and in the electron micro-
scopic examination after 7 days feeding of L+HA diet. A
possible effect of other mediators and the histamine
deficiency on the binding efficacy of IgE receptors, and
thus on the response, of mast cells should alse be con-
sidered. To exclude these possibilities, it was important
to design a “rescue” experiment, in which the absorbed
histamine from the digestive tract would be taken up into
the mast cell secretary granules. The BMMC prepared
from HDC(-/-) mice took up histamine from the
histamine-supplemented culture medium and released
that histamine upon allergic stimulation. Although the
levels of histamine were significantly reduced in the
BMMC from HDC(-/-) mice (136.3+46.4 and
6.09+1.28 pmol/10° cells from +/+ and —/- mice BMMC,
respectively n=4)}, the levels of serotonin were similar in
both genotypes (18.6+3.6 and 15.5+2.8 nmol/10°® cells
from +/+ and -/~ mice BMMG, respectively n=5). There-
fore, it is highly possible that histamine per se is the pri-
mary effector for extravasation in the PCA reaction.

Exposure to a high amount of histamine causes protein
kinase C-independent receptor desensitization [22].
Here, we suggest that this was reflected also in the
results of L+HA diet, since exposure to high exogenous
histamine induces a transitional disappearance of reac-
tivity to histamine. This ability was restored 4 days after
the animals were transferred to the L diet. The reaction
suggests that the L+HA diet resulted in the uptake and
storage of exogenous histamine in mast cells of the skin
of HDC{-/-) mice, which originally lacked endogenous
histamine. This also suggests that the source of the his-
tamine in the granules is not only synthesis but also
absorption from the environment.

To assess the DTH skin reaction, we prepared a CH
mode! by applying trinitrochlorobenzene {TNCB} onto
the ears of mice and measured the skin thickness of
challenged ear pinna. The thickness of the ears was not
affected by the histamine deficiency, suggesting that the
overall role of histamine in delayed-type allergic skin
reactions is not very significant. Belsito et al. {23]
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reported that intraperitoneal administration of an H2
antagonist, cimetidine, augmented the CH reactions.
Because this augmentation was observed only when
cimetidine was administered at the time of sensitisation,
they suggested that the effect might be related to a
cimetidine-induced inhibition of the induction of sup-
pressor T cells, which has been reported in an in vitro
experiment [24], at the time of sensitisation. The discrep-
ancy between the present reaction and the reaction
using an H2 antagonist could be explained by the activity
of the other histamine receptors. For instance, stimula-
tion of the H1 receptor resulted in an enhancement of in
vitro mitogen-stimutated T cell proliferation [25] and the
H1 and H2 receptors are expressed fairly exclusively in
Th1 and Th2 T cells, respectively [26]. These apparent
counteractions of the H1 receptor to the H2 receptor
might explain the observed overall response. Other
receptors including H3 and H4 might be involved in this
reaction.

The uptake of the histamine into the mast cell granules
involves transport through two different kinds of mem-
branes. The first is the plasma membrane through which
transport is mediated by yet unidentified transporter(s)
and the second is the vesicular membrane. The second
transport system is thought to include at least the
VMAT2, because the BMMC from the VMATZ2 knockout
mice showed reduced release of histamine [12]. The sec-
ond transport system (vesicular membrane transport
system) should be more efficient than the first trans-
plasma membrane system, because we detected high
levels of histamine in the granular fraction but not in the
cytosolic fraction. Therefore, once histamine has been
absorbed by the mast cell, it is transported into the
secretory granules quite rapidly. It was reported that the
K. value of VMAT2 for histamine is about 24 uM [27],
which is a smaller value than those observed in our
experiment (90 pM for the high-affinity regression line
and 1.6 mM for the fow-affinity regression line). Assum-
ing that the vesicular transport is conducted mainly by
VMAT2, it is not surprising that we detected little hista-
mine in the cytosol fraction because the total efficiency
of the transport in our experiments was much lower than
that of the VMAT2 transport system. Therefore, the over-
all velocity of histamine absorption in BMMC appears
to be controlled by the plasma membrane transport
system.

We can hypothesize that the re-uptake is conducted by
the endocytosis system; namely, histamine binds to his-
tamine receptor(s) on the cell membrane and is taken in
by the endocytotic pathway. From our results the three
histamine receptors (H,, H. and H,) did not appear to
participate in this system, because histamine receptor
antagonists did not affect the absorption of histamine
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into the secretory granules (Table 2). Therefore, the pos-
sibility that histamine receptors are involved in a
receptor-mediated endocytotic pathway is unlikely.

From the Rosenthal-Scatchard plot, we could deduce
two regression lines. We think that the concentration of
the histamine covered by the low-affinity regression line
is too high for a normal physiclogical situation (fhista-
mine] >1 mM). In a model of systemic anaphylaxis, the
plasma histamine concentration reached 5 pM at most
(unpublished data). However, because the mast cell is
the cell that releases histamine, the concentration may
reach the mM level in the mast cell’s microenvironment,
and in that case, the low-affinity transporter may work.
Histamine may be absorbed actively when the environ-
mental histamine concentration is low but absorbed pas-
sively when the concentration exceeds the mM level.

The effect of temperature on the absorption of *H-
labeled histamine was assessed under physiological
conditions, ie. 37°C, and at 0°C. The cells absorbed
practically no histamine into the granules at 0°C, sug-
gesting that the absorption system at a lower histamine
concentration is an energy-demanding process rather
than one of passive transport. This temperature depen-
dency is reported to be one of the characteristics of the
neurotransmitter uptake system [28, 29].

To determine the role of histamine, earlier studies
involved the injection of HDC blockers such as a-FMH
into animals. Even though o-FMH significantly de-
creased the level of histamine in various organs, it was
difficult to achieve complete and fong-lasting elimination
of histamine /n vivo. Here we demonstrated that the tar-
geted deletion of the HDC gene provides a unique in vivo
and in vitro model of histamine deficiency. Studies using
HDC(—/-) mice will enable a detailed understanding of
the role of histamine in various physiological and patho-
logical processes.

4 Materials and methods

4.1 Mice

The generation of the HDC knockout mice was described
previously [11]. The experiments were performed on 8-12-
week-old male 129/Sv and CD1 congenic background mice.
The HDC{+/+} and HDC{-/~) mice were chosen from litter-
mates and compared. The low concentration histamine-
containing {L) diets were purchased from commercial
sources {Ver. 3 from Nihon Nosan Kogyo K.K., Yokohama,
Japan). The histamine content of the L diet is 1 nmol/g diet.
The histamine supplemented (L+HA) diet was made from the
L diet by adding 80 umol histamine/g diet. Mice were kept
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under L diet at least for 7 days before experiments except
when stated otherwise.

4.2 Measurement of histamine content

The mice were anesthetized by inhalation of diethylether and
transcardially perfused with heparinized saline. The hista-
mine content and HDC activity of the organs were measured
using HPLC-flucrometric system as described [30]. Briefly,
for the histamine assay, organs were homogenized in 10 vol-
umes af 3% perchloric acid containing 5 mM sodium EDTA
by a Polytron homogenizer (Kinematica, Lucern, Swizerland)
and centrifuged at 10,000xg for 30 min at 4°C. An aliquot of
50 w! of the supernatant was injected into the HPLC system.

4.3 HDC activity assay

For the HDC activity measurement, organs were sonicated
for 20 s in 10 volumes of HDC reaction buffer {0.1 M potas-
sium phosphate buffer pH 6.8 containing 0.2 mM dithiothre-
itol, 0.01 mM pyridoxa! 5’-phosphate, 1% polyethylene gly-
col, M=300, and 100 ug/ml! phenylmethyisulfony! fluoride),
and centrifuged at 10,000xg for 15 min at 4°C. The superna-
tant containing HDC protein was dialyzed overnight against
the HDC reaction buffer. After a brief centrifugation, an ali-
quot of the supernatant was incubated with 1 ml of HDC
reaction buffer containing 0.25 mM rhistidine for 2 h at
37°C. The reaction was stopped by adding 40 pt 6.2 M per-
chloric acid. After a brief centrifugation, the histamine con-
tent of the supernatant was measured as described above.
The HDC activity was expressed as the amount of histamine
formed per min per mg of protein. Protein was measured
with the protein assay system (Bio-Rad, Tokyo, Japan).

4.4 Skin reactions

After the intravenous injection of Evans’ blue solution, the
mice were further injected with 1 pg histarmnine or 0.3 ug
compound 48/80 (Sigma) subcutaneously into the ear. After
10 min, the mice were killed and the skin was removed for
observation.

For the PCA reaction, the ears were injected with 25 ng anti-
DNP IgE (Sigma). After 24 h, 60 ug DNP-HSA (HAS, Sigma)
in Evans’ blue solution were injected intravenously. The mice
were killed 30 min after injection of the antigen. The amount
of the dye extracted from the ear was determined from the
absorbency at 620 nm.

To produce the CH model, mice were sensitized first on
day 0 by applying 50 ul of 5% TNCB {King’s Laboratory Inc.,
Blythewoed, $SC) diluted in acetone and olive oil {4:1) to the
shaved dorsal neck region. On day 7 after sensitization,
groups of 12 mice were challenged by applying 10 ul of the
1% TNCB solution described above to the dorsal surface of
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the right ear pinna. Immaediately prior to and at the indicated
times after challenge, the thickness of the ear was measured
using a spring-loaded engineer's micrometer (Mitutoyo,
Tokyo, Japan). Ear swelling data represent the values of the
ear thickness obtained at the various time points of each
individua! animal minus the thickness prior to the challenge.

4.5 Histology

Animals were killed 30 min or 24 h after PCA reaction. Ears
were fixed in 10% formalin for 2-3 days, and processed for
paraffin embedding. Tissues were cut perpendicular to the
longitudinal direction of the ear. The tissue sections (4 um)
were stained with H&E and mounted.

For the peritoneal cell staining, 5 ml phosphate-buffered
saline was injected into the peritoneal cavity and after slight
massage it was collected and fixed in Karnovsky's, embed-
ded in epoxy resin and analyzed using an electron micro-
scope.

4.6 Histamine uptake in BMMGC

Mouse BMMC were prepared as previously described [31},
and suspended in Krebs buffer at 10° cells/m! buffer. To
compare the uptake of histamine into BMMC from wild-type
and knockout mice, we used *H-labeled histamine and mea-
sured the intracellular activity basically according to the
described method [32]. H]Histamine dihydrochloride (20 pl,
1 mCl/ml; 30-60 Ciymmol; Amersham Pharmacia Blotech)
was added into the culture medium and incubated at 0°C or
37°C for varicus periods. The uptake reaction was termi-
nated by filtration through glass filters (Whatmann GF/C)
using a M24S Brandel cell harvester, followed by washing
with ice cold, isotonic NaCl solution for 10 s. The filters were
counted in 3 m! of Aquasol scintillation fluid.

4.7 Subcellutar localization of the absorbed histamine
in BMMC

We fractionated the intracellular content using density-
gradient centrifugation as described, with a minor modifica-
tion [33]. BMMC were suspended in disruption buffer
(0.25 M sucrose/10 mM Hepes pH 7.2) at 107 celis/m! in a
Pyrex glass tube and gently sonicated in the bath sonicator
{BRANSONIC Model 2210J) for 30 s at room temperature,
The supernatant after the centrifugation at 1,500xg for
10 min was layered onto 20 ml of 48% (v/v) Percoll (Amer-
sham Pharmacia Biotech) in the disruption buffer and centri-
fuged at 60,000xg for 55 min to fractionate the cellular con-
tent. One milliliter of each fraction was collected from the
top downward and sonicated vigorously to disrupt the
organelles. Each sample was assessed for LDH (LDH Cyto-
toxicity Detection Kit, Takara), f-hexosaminidase activity,
and histamine content.

- 106 -

Eur. J. immunol. 2002. 32: 1698-1708

4.8 Histamine release assay in histamine-pretreated
HDC{/3 BMMC

BMMC from HDC{-/-) mice were incubated in the presence
of 100 pM histamine at 37°C for 2 h before the degranulation
assay. Cells (10% were sensitized with 1 pg/ml anti-DNP IgE
for 30 min at 37°C; excess IgE was removed by centrifuga-
tion and the supernatant was discarded. Cells were then
challenged with 1100 ng/ml DNP-HSA for 30 min at 37°C.
Intracellular histamine and refeased histamine were mea-
sured using an HPLC fluorometric system as described [34].
Degranuiation was assayed by measuring the activity of the
granular enzyme p-hexosaminidase in the supernatant (Sup}
and cell pellet (Pel} using p-nitrophenyl-N-acetyl-g-D-
glucosamine as substrate as described [35). The % release
was calculated according to the following formula:
[SupASup + Pell]x100.

4.9 Pharmacological intervention of histamine uptake
in HDC{-/-) BMMC

To assess whether the uptake system is mediated via hista-
mine receptor(s) or vesicular transporier, we pretreated
the cells with histamine receptor antagonists, o-chlor-
pheniramine (Sigma), famotidine {Sigma), and thioperamide
(Tocris, Bristol, GB); or transporter inhibitors, the VMAT-2
inhibitor tetrabenazine (Fluka, Buchs Switzerland), dopa-
mine transporter inhibitor GBR 12909 (Tocris), and nor-
adrenaline reuptake inhibitor maprotiline hydrochroride (Toc-
ris) for 5 min, and followed the same protocol described
above. To determine the concentration of compounds
needed to inhibit histamine transport by 50% (1Csy), increas-
ing concentrations (1~100 uM) of each agent were added to
the reaction solution.
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Background/Aims: Prostaglandin E, (PGE,) is known to inhibit the lipopolysaccharide (LPS)-induced tumer necrosis
factor o (TNFa) formation in Kupffer cells via an increase in ¢cAMP, Four receptor-subtypes have been cloned for
PGE; so far. Two of them, the EP2-receptor and the EP4-receptor are linked to stimulatory Gs-preteins and could
mediate the inhibition by PGE, of TNFo-formation.

Methods: The significance of both receptors for PGE,-dependent inhibition of LPS-induced TNFa-formation was
studied using Kupffer cells of mice in which either one of the two receptors had been eliminated by homologous
recombination. :

Results: The mRNAS of both receptors were expressed in wild type mouse KupfTer cells. Exogenous PGE; inhibited
TNFa-formation in Kupfler cells lacking either EP2-receptor or EP4-receptor to a similar extent as in centrol cells,
however, 10-fold higher PGE; concentrations were needed for half maximal inhibition in cells lacking the EP4-receptor
than in contrel or EP2-receptor-deficient cells. The response to endogenous PGE; was blunted in EP4-receptor-defi-
cient mice only and especially after prolonged incubation.

Conclusions: The data indicate, that PGE; can inhibit TNFa-formation via both the EP2- and the EP4-receptor and
that, however, the EP4-receptor appears to be physiologically more relevant in Kupffer cells since it conferred a high
affinity response to PGE,.
© 2002 European Association for the Study of the Liver. Published by Elsevier Science B.V, All rights reserved.
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1. Introduction
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Abbreviations: LPS, lipopolysaccharide; IL-6, interleukin-6; PGE,, prosta-
glandin E;; TXA,;, thromboxane A;; PGF,,, prostaglandin F;,; PGE|, pros-
taglandin E;; PGy, prostacyclin; NO, nitric oxide; TNFa, tumor necrosis
factor a; cAMP, cyclic AMP; PGD,, prostaglandin Dy; EP1-R, PGE;-recep-
tor subtype 1; EP3-R, PGE,-receptor subtype 3; EP2-R, PGE,-receptor
subtype 2; EP4-R, PGE;-receptor subtype 4; EP-R, PGE;-receptor; CHO
cells, Chinese hamster ovarian cells; HBSS, Hank's balanced salt solution;
¢DNA, complementary DNA; PCR, polymerase chain reaction; RT-PCR,
reverse transcriptase-PCR.

Prostanoids are involved in the regulation of hepatic func-
tions during inflammation. They are released from non-
parenchymal liver cells in response to a large array of inflam-
matory stimuli such as lipopolysaccharide (LPS) [1], zymo-
san [2], anaphylatoxins [3,4] and proinflammatory cytokines
[5]. Prostanoids modulate hepatocyte functions in a paracrine
mode: they influence the glucogenic activity of the hepato-
cyte by regulation of enzyme activity [6-9], control of the
expression level of key glucogenic enzymes [10] and also
indirectly via a modulation of sinusoidal blood flow [11].

0168-8278/02/20.00 © 2002 European Association for the Study of the Liver, Published by Elsevier Science B.V, All rights reserved.
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Recently, they have been shown to attenuate the IL-6-
induced acute phase response of the hepatocyte after an IL-
6-dependent expression of previously absent Gs-coupled
prostaglandin E;-(PGE;-} receptors {12]. Prostanocids also
modulate non-parenchymal cell functions in paracrine and
autocrine modes, e.g. thromboxane A, (TXA;) or prostaglan-
din Fy, (PGF,,) contract trans-differentiated hepatic stellate
cells [13] while contraction is inhibited by PGE,, PGE, or
prostacyclin (PGI) [14,15]. The LPS-induced release of NO
[16,17], reactive oxygen species, or cytokines [18] from
Kupffer cells is inhibited by PGE,. For the LPS-induced
release of TNFa an autocrine feedback inhibition loop has
been shown to exist [19,20]: LPS and TNFa stimulate the
release of PGE, from Kupifer cells. PGE, in turn attenuates
the TNFa-production via an increase in intracellular cAMP
[19]. It is not known so far, which prostancid-receptor is
involved in this signaling chain.

Prostanoids exert their effects on their target cells via
heptahelical transmembrane receptors. For the five prosta-
noids prostaglandin E; (PGE,}, prostaglandin F, (PGFa.),
prostaglandin D, (PGD,), prostacyclin (PGI) and thrombox-
ane A; (TXA,) there exist eight types of G-protein-coupled
receptors [21]. Four subtypes exist for PGE,, that are coupled
to different heterotrimeric G-proteins. The EPl-receptor
(EP1-R) couples to Gq, the EP3-receptor (EP3-R) couples
to Gi whereas the EP2-receptor (EP2-R) and the EP4-recep-
tor (EP4-R) couple to Gs [22]. These receptors are expressed
differentially in the four principal liver cells types, i.e. hepa-
tocytes, Kupffer cells, sinusoidal endothelial cells and hepa-
tic stellate cells [23). Kupffer cells express both types of Gs-
coupled PGE;-R that might possibly confer the PGE,-
mediated cAMP-dependent inhibition of TNFa-production.
Therefore, the question was addressed, which of the two
receptors is part of the feedback inhibition loop. Using Kupf-
fer cell cultures isolated from mice lacking either the EP2-R
or the EP4-R it was shown, that both receptors can mediate
the PGE,-dependent inhibition of LPS-induced TNFao-
formation and can at least partially substitute for each other
in Kupffer cells of receptor deficient mice. However, the
EP4-R appeared to be physiologically more relevant.

2. Materials and methods
2.1. Materials

All materials were from commercial sources and analytical grade.

Table 1

Reverse transcription was primed with oligo(dT) {Pharmacia, Freiburg,
Germany}. PCR primers were custom synthesized by NAPS (Géttingen,

. Germany). Pronase E was purchased from Merck (Darmstadt, Germany).

Collagenase H and DNase I were from Boehringer (Mannheim, Germany).
The ELISA for TNFx was purchased from Pharmingen (San Diego, CA,
USA). The radioimmunoassay for PGE, was from Amersham. ELISA and
radioimmunoassay were carried out exactly following the instructions of
the provider. LPS O55:B5 from Escherichia coli and indomethacine were
from Sigma (Deisenhofen, Germany). PGE; was purchased from Calbic-
chem (Frankfurt a. M., Germany). The EP2-R-specific agonist ONO 613
and the EP4-R-specific agonist ONO 604 were generated by ONO Pharma-
ceutical Co, Ltd., Osaka, Japan, and the specificity was analyzed by
measuring binding affinity to the respective PGE,-receptors (EP-R)
expressed in Chinese hamster ovaran (CHOQ) cells (Table 1). PGE,
bound to all EP-Rs. Based on the results obtained from dese-dependency
analysis, we used 1 pM of ONO613 (EP2-R agonist) and 10 nM of
ONOG604 (EP4-R agonist) in the present experiments. In these concentra-
tions, the respective agonists selectively activate EP2-R and EP4-R, respec-
tively.

2.2. Generation of EP2-R-deficient and EP4-R-deficient
mice

Mice strains, that are deficient in the gene for either the EP2-R or the
EP4-R, were generated by homologous recombination as described else-
where [24,25). The EP2-R-null and EP4-R-null mutations were individu-
ally introduced in embryonic stem cells derived from 129/0la mice.
Chimeras derived from these cells were bred with C57BL/6 mice, resulting
in gencration of homozygous mice. EP2-R~/— mice with a mixed back-
ground of 129/0la and C57BL/6 were maintained in the same colony, and
used for these experiments. Controls for these studies were wild-type mice
derived from the same colony. Although most EP4.R —/— mice die within 3
days from complications of patent ductus arteriosus, by selective breeding
on a mixed background, EP4-R—/— lines have been produced in which the
ductus closes and the animals survive normally ([26], Segi E, Sugimoto Y,
Ichikawa A, unpublished data). EP4-R ~/~ mice from these selected mixed
background were used in these experiments. The genetic background of
these animals consists of a mixture of 129/0la and C57BLY6. Animals were
maintained at 23°C under a 12 h light cycle, fed a normal diet and provided
with water ad libitum. Treatment of the animals followed the German and
Japanese Law on the Protection of Animals and was performed with
permission of the state animal welfare committee.

2.3. Isolation and culture of Kupffer cells

Kupffer cells were isolated from mouse livers by pronase/collagenase
perfusion. Briefly, livers were perfused in situ without recirculation first
with HBSS with a flow of 10 ml/min unti livers were blood-free. The flow
was reduced to 5 ml/min and the liver was perfused with 25 ml HBSS
containing 0.4% (w/v) pronase E, followed by perfusion with 35 mil
HBSS containing 0.014% (w/v) collagenase H and 0.0014% {w/v) DNase
1. The excised and disrupted liver was digested at 37°C for 10~15 minin 25
m! HBSS containing 0.1% (w/v) pronase E and 0.01% (w/v) DNase L
Kupffer cells were separated from detritus and other cells by differential
centrifugation in HBSS followed by a two-step nycodenz gradient consist-

Binding affinities of an EP2-R agonist, ONQ613, and an EP4-R agonist, OND604, to the respective EP-Rs expressed in CHO cells*

Receptors {*H]-Ligands EPI-R [*H}-PGE, EP2-R [*H]-PGE, EP3-R [*H]-PGE, EP4-R [*H)-PGE,
PGE, 0.018 0.038 0.005 0.0031
ONO613 >10 0.092 >10 >10

ONO604 0.61 0.28 15 0.0007

' The partially purified membrane of CHO cells expressing the respective EP-Rs was used for the [’H]-PGE, binding assay, and the Ki value (micromolar

concentrations) was calculated as shown previously [31].

- 109 -



330 A. Fennekohl et al. / Journal of Hepatology 36 (2002) 328-334

ing of a cushion of 18% (w/v) nycodenz, the cell suspension containing
11% {wiv) nycodenz and a top layer of HBSS. The gradient was centrifuged
for 45 min at 1000 x g. Kupffer cells were enriched at the interphase
between 11 and 18% nycodenz, whereas hepatic stellate cells and the
majority of sinusoidal endothelial cells floated on the 11% (wfv) nycodenz
cushon. The Kupffer cell yield was about 26 X 10° cells/liver and did not
vary significantly between control and EP2-R- or EP4-R-deficient mice.
Kupffer cells were further purified by differential adhesion on tissue culture
dishes, .e. a medium change with rigid washing 6 h after plating thereby
removing sinusoidal endothelial cells possibly contaminating the early
culture which do not adhere under these conditions. The Kupffer cells
were cultured on 24-well plates (1 X 10¢ cellsfwell) in RPMI {Gibco-
BRL, Eggenstein, Germany) containing 20% (v/v) FCS (Biochrom, Berlin,
Germany) and antibiotics (10 mg/ml penicillin/streptomycin, Gibco-BRL)
for the times indicated prior to the experiment.

2.4. cDNA-preparation and PCR-protocols

Total RNA was isolated from cultured Kupffer cells by RNeasy (Qiagen,
Hilden, Germany). cDNA was synthesized from total RNA by oligo(dT)-
primed reverse transcription with Superscript I1 (Gibco-BRL, Eggenstein,
Germany) according to the instructions of the manufacturer. PCRs were
carried out in a 50 wl reaction mix containing 30 pmol of forward and
reverse primer, 200 pM of each deoxyribonucleotide triphosphate
(dNTPs), 3% (v/v) dimethyl sulfoxide, serial dilutions of the ¢cDNA-
preparation, 5 pt of 10 X buffer and 0.25 U ProHA-Polymerase (Eurogen-
tec, Seraing, Belgium). The mix was subjected to the following PCR-
programs: EP2-R; 3 min 95°C, 35X (1 min 95°C, 1 min 58°C, 2 min
72°C). EP4-R; 3 min 95°C, 35X (1 min 95°C, 1 min 61°C, 2 min 72°C).
B-actin; 3 min 95°C, 35 % (1 min 95°C, | min 60°C, 2 min 72°C). The
primer sequences were chosen from published cDNA-sequences as follows:
EP2-R: Acc No.: U48858; forward primer: 498-517; reverse primer: 1117-
1095. EP4-R: Acc No.: D28866; forward primer; 731-753; reverse primer:
1389-1366. B-actin: Acc No.: J00691; forward primer: 1251-1271; reverse
primer: 2570-2553. The quantity and integrity of the cDNA was checked
by PCR for 3-actin. To compensate for the different amplification efficacy
of the PCR-protocols and the different abundance of the mRNAs of the
prostancid-receptors the first dilution was adjusted relative to B-actin as
follows: EP2-R and EP4-R, 2.5:1. The stocks were further diluted 1:4 and
1:16 in order to be in the linear range of the PCR. Products were separated
electrophoretically on 2% (w/v) agarose gels and visualized by staining
with ethidium bromide.

2.5. Stimulation of TNFe-production in Kupffer cells

For all experiments the cultured Kupffer cells were washed twice with
serum-free medium.

(a) To study which of the Gs-coupled PGE,-receptors (EP2-R or EP4-R)
is involved in the PGE;-mediated feedback inhibition of LPS-induced
TNFa-formation Kupffer cells were incubated in serum-free medium in
presence of E. coli lipopolysaccharide (LPS, 100 ng/ml), LPS +indometha-
cine (10 pM), LPS+PGE,; (100 nM), LPS +EP2-R-specific agonist (} pM
ONO613) or LPS+EP4-R-specific agonist (10 nM ONOG04). After 6 h
supernatants were harvested and the TNFa-concentration was determined
by ELISA.

(b) To determine the dose-dependence of the PGE;-mediated inhibition
of LPS-induced TNFa-formation Kupffer cells were cultured for 72 h prior
to the addition of LPS {100 ng/ml) alone or LPS+0.1 nM PGE,, LPS+1 oM
PGE,, LPS+10 oM PGE,, LPS+ 100 nM PGE, and LPS+1 pM PGE,.
Culture was continued for & h. Then supernatants were harvested and
TNFa-concentration was determined by ELISA.

{c) To analyze the time-dependence of the PGE,-mediated inhibition of
LPS-induced TNFa-formation Kupffer cells were cultured for 86, 84, 82,
80, 76, 70, 64 and 40 h prior to the addition of LPS (100 ng/ml) alone or
LPS+1 pM PGE;; culture was then continued for 2, 4,6, 8, 12, 18, 24 and
40 h. Again supernatants were harvested and TNFa-concentration was
determined by ELISA.
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3. Results
3.1. Expression of EP2-R and EP4-R in mouse Kupffer cells

It has been shown previously, that both the EP2-R and the
EP4-R receptor were expressed in Kupffer cells of the rat
[23]. Since there appear to exist differences in prostanoid
receptor distribution between rat and mouse, the presence of
the EP2-R mRNA and EP4-R mRNA had to be confirmed in
mouse Kupffer cells. Further more it was important to show
that the disruption of the gene of either one of the Gs-
coupled PGEj)-receptors did not lead to a compensatory
overexpression of the remaining one. By RT-PCR it was
shown that in mouse Kupffer cells, similar to rat Kupffer
cells, the mRINAs of both receptors, the EP2-R and the EP4-
R, were expressed (Fig. 1). The mRNA for the EP2-R was
not detectable in EP2-R-deficient cells. On the other hand
the EP4-R-mRNA could not be found in EP4-R-deficient
cells. No compensatory overexpression of either one of
the two receptor was observed in cells lacking the other.
In contrast to previous findings with macrophage cell lines
[27] no significant induction by LPS of either receptor was
detectable (Fig. 1).

3.2. Inhibition of LPS-induced TNFe-production in Kupffer
cells by PGE; and receptor-specific agonists

Kupffer cells from control or receptor-deficient mice did
not produce significant amounts of TNFa without stimula-
tion. Incubation of Kupffer cells with 100 ng LPS/m! over a
period of 6 h resulted in an increase of TNFa in cell super-
natants. LPS-stimulated TNFa-levels tended to be higher in
EP4-R-deficient mice (Fig. 2). The level of endogenous
PGEy-production after stimulation of the cells with LPS
was determined by measuring released PGE, in the super-
natant after 6 h by RIA and did not differ significantly
between the groups: Control cells released 5.1 *0.59
nmol/l PGE,, EP2-R-deficient cells 4.22 = 1.04 nmoll
and EP4-R-deficient cells produced 5.89 * 0.85 nmol/l
PGE, (data not shown). Indomethacin (100 =M) which
inhibits the endogemous LPS- and/or TNFa-stimulated
PGE;-production further enhanced the LPS-induced
TNFa-formation in Kupffer cells of control and EP2-R—/
— mice, yet, it had no influence on the LPS-induced TNFa-
formation in EP4-R—/— cells (Fig. 2). Exogenous PGE,
(100 nM) reduced the LPS-stimulated TNFe-formation in
control cells by almost 90%. The PGE;-dependent inhibi-
tion of the LPS-induced TNFa-formation was almost
equally effective in EP2-R-deficient cells, however, it was
clearly less effective in EP4-R-deficient cells where it
reduced TNFo-formation by merely 50% (Fig. 2). To
exclude that the EP2-R can inhibit the LPS-induced
TNFa-formation in EP4-R—/— Kupffer cells only, the inhi-
bition of the LPS-induced TNFu-formation was studied
with agonists, which were specific for either the EP2-R
(ONO613) or the EP4-R (ONOG04) (Table 1). The EP2-
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Fig. 1. mRNA-Expression of the EP2-R and EP4-R in KupfTer cells of
control mice and EP2-R-deficient and EP4-R-deficient mice. Kupffer
cells were isolated from control, EP2-R- and EP4-R-deficient mice by
combined pronase/collagenase perfusion. They were cultured for 72 h
in RPMI medium containing 20% (v/v) FCS. Total RNA was isolated
from cultivated Kupffer cells by affinity chromatography and used as a
template for oligo{dT)-primed cDNA synthesis. Thirty-five cycles of
PCR were performed with specific primers for the EP2-R and EP4-R
or B-actin with serial dilutions of cDNAs to ensure that the PCR reac-
tion was not saturated. The intensity of the bands of the EP2-R or EP4-
R amplificate was quantified densitometrically and compared with the
intensity of the corresponding B-actin bands, Values are means * SEM
of the relative intensities; n = 18 in 6 cDNA-preparations from inde-
pendent cell culture experiments for control (EP+/+) cellsand n =9
in 3 cDNA-preparations from independent cell culture experiment for
EP2-/— and EP4—/—, respectively.
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Fig. 2. Inhibition by PGE; of the LPS-induced TNFa-formation in
Kupffer cells from control and EP2-R-deficient or EP4-R-deficient
mice. Kupffer cells were isolated from control mice, EP2-R-deficient
mice or EP4-R-deficient mice as described in the legend to Fig. 1. They
were cultured for 72 h in RPMI medinm containing 20% (v/v) FCS and
then stimulated with LPS (100 ng/ml), LPS+indomethacine 10 pM
(Indo), LPS+PGE; (100 nM), LPS+1 pM of the EP2-R-agonist
ONO613 (EP2-Ag} or, LPS+10 nM of the EP4-R-agonist ONO604
(EP4-Ag) in serum free medium for 6 h. TNFa-concentration was
determined in the cell culture supernatants by ELISA. Values are
means + SEM of 8 (EP2-/~ or EP4-/— cells) to 24 (control cells)
determinations in four to cight independent experiments, Statistics:
Student’s t-test for unpaired samples; (a) significantly different from
EP-R+/+ mice under identical conditions; and (b) significantly differ-
ent from LPS-stimulated cells of the same group.

specific agonist ONOG613 and the EP4-specific agonist
ONO604 at concentrations, which did not activate the
EP4-R or the EP2-R, respectively, inhibited the LPS-
induced TNFa-formation in control cells to a similar extent
as PGE,. As expected, the EP2-R agonist failed to inhibit
TNFa-production in EP2-R-deficient cells while the EP4-R
agonist did not attenuate TNFa-formation in EP4-R-defi-
cient cells (Fig. 2).

3.3, Dose and time dependence of the inhibition by PGE; of
LPS-induced TNFa-formation

The EC50 (Fig. 3) for the inhibition by exogenocus PGE,
of TNFa-formation was about 10 nM in control or EP2-R—/
~ cells. A 10-fold higher EC50 of about 100 nM was deter-
mined in EP4-R—/— cells. These results showed that both
receptors independently of each other can mediate an
attenuation of the LPS-induced TNFa-formation in Kupffer
cells. Moreover the findings indicate that the EP4-R might
be respensible for the inhibition of LPS-induced TNFa-
formation at low PGE,-concentrations, as they are generated
by the Kupffer cells themselves. The EP4-R thus might be
responsible for a physiological high affinity response to
PGE,, whereas the EP2-R can only inhibit the LPS-induced
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Fig. 3. Dose dependence of the inhibition by PGE; of the LPS-induced
TNFa-formation in Kupffer cells from control and EP2.R-deficient or
EP4-R-deficient mice. KupfTer cells were isolated and cultured for 72 h
as described in legend to Fig. 1. They were then stimulated for 6 h in
serum free medium with LPS (100 pg/ml) + PGE,; in the concentration
indicated. TNFa-concentration was determined in the cell culture
supernatants by ELISA. Values are expressed as % of the TNFa-
concentration in the supernatants of LPS-stimulated cells. They are
means = SEM of nine to 57 determinations in three to 19 independent
experiments. A total of 100% values * SD are 1393 + 436, 1785 + 848
and 1936 * 603 pg/ml for control, EP2—/— and EP4—/— cells, respec-
tively.

TNFa-formation at higher concentrations and thus mediated
a low affinity response.

The EP4-R shows rapid agonist desensitization whereas
the EP2-R does not [28]. It was therefore assumed, that the
EP4-R might be responsible for an early response to PGE;
while the EP2-R mediates the PGE,-effects in the late phase.
The time course of the TNFa-production argues against this
hypothesis (Fig. 4). TNFa-concentrations in the supema-
tants of Kupffer cells increased towards a maximum at 8 h
and then gradually declined towards basal levels in control
and EP2-R-deficient cells. Unexpectedly TNFa-levels
remained elevated in EP4-R-deficient cells, indicating that
endogenous PGE; inhibited the TNFe-formation principally
via the EP4-R also after prolonged exposure. Exogenous
PGE; inhibited the TNFa-formation equally well over the
entire time range studied.

4. Discussion

We previously found that in freshly isolated rat Kupffer
cells the EP2-R mRNA was more abundant than in any other
liver cell type [23]. In addition, the EP2-R mRNA has been
shown to be present in monocytes/macrophages of other
origin and in monocyte/macrophage cell lines [27,29]
where it was induced to a much larger extent by LPS than
the EP4-R [27]. Therefore it was assumed, that mainly the
EP2-R might be involved in the regulation of the LPS-
induced TNFw-formation in Kupffer cells. In spite of the
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information suggesting a dominant role of EP2-R in Kupffer
cells, the data of the present study showed, that the two Gs-
coupled PGEy-receptors, the EP2-R and the EP4-R, are able
to substitute for each other in mediating the PGE;-depen-
dent inhibition of the LPS-induced TNFa-formation in
Kupffer cells. In contrast to the expectation, the data rather
faver the EP4-R being the physiologically more relevant
receptor in this feedback inhibition loop.

A direct comparison of the mRNA levels of the EP2-R-
and EP4-R-mRNA performed in this study by RT-PCR
showed that, in contrast to freshly isolated [23] or cultured
(Fennekohl, unpublished data) rat Kupffer cells, mouse
Kupffer cells showed a similar signal intensity in the
PCRs for both Gs-coupled receptors, suggesting, that unlike
in rat Kvpffer cells there appeared not to be a predominance
of the EP2-R (Fig. 1: [23]). In contrast to findings in macro-
phage cell fines [27] no significant induction of the EP2-R-
mRNA by LPS was detectable.

4.1. EP4-R-mediated inhibition of LPS-induced TNF -
Jformation at early time points

The PGE;-dependent inhibition of the LPS-induced
TNFa-formation was maintained in Kupffer cells of mice
lacking either one of the two receptors (Fig. 2). Stimulation
of either receptor with subtype-specific agonists was suffi-
cient to inhibit TNFa-formation to a similar extent as recep-
tor saturating concentrations of PGE; that does not display
subtype specificity (Fig. 2). This is in line with similar find-
ings in gingival fibroblasts [30]. However, the concentra-
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Fig. 4. Time dependence of the inhibition by PGE,; of the LPS-induced
TNFa-formation in Kupffer cells from control and EP2-R-deficient or
EP4-R-deficient mice. Kupfler cells were isolated and cultured for 48—
86 h as described in legend to Fig. 1. They were then stimulated for the
times indicated in serum free medium with LPS (100 ng/ml) * PGE; (1
pM). After a total culture time of 88 h in all cells supernatants were
sampled for determinations of the TNFa-concentration by ELISA.
Values are are means = SEM of nine to 57 determinations in three to
19 independent experiments.
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tions of PGE, found in the supernatants of LPS-stimulated
Kupffer cells due to endogenous production, were not recep-
tor-saturating. These low concentrations of about 5 nM were
in the range of the EC50 found for the EP4-R (about 10 nM,
Fig. 3) and were 20-fold lower than the EC50 of the EP2-R
(about 100 nM, Fig. 3) that correspond to the Kd values of
the cloned receptors reported previously [31]. In line with a
pivotal role of the EP4-R in the feedback inhibition in
response to low endogenous PGE;-concentrations, elimina-
tion of the EP4-R but not the EP2-R resulted in an increase
of the LPS-induced TNFuo-formation in comparison to
control cells (Fig. 2) and inhibition of endogenous PGE;-
formation augmented LPS-induced TNFa-formation only in
Kupffer cells expressing the EP4-R after 6 h of LPS-stimu-
lation (Fig. 2).

For rat Kupffer cells it was shown that at this early stage
after LPS-stimulation endogenous PGE; can inhibit TNFa-
formation at transcriptional level by inhibition of LPS-
induced NFkB-activation via an elevation of intracellular
cAMP [32,33]. In contrast in human monocytes cAMP inhi-
bits TNFa-production through a posttranscriptional mechan-
ism [34], whereas cAMP has no inhibitory effect on TNFa-
mRNA-levels or NFxB-activation,

In summary the results indicate that both Gs-coupled
receptors, the EP2-R and the EP4-R can confer the PGE,-
mediated inhibition of the LPS-induced TNFa-formation.
However the EP4-R seems to play a pivotal role for the
inhibition of LPS-induced TNFa-formation at low endogen-
ous PGE,-concentrations. It is assumed that the EP4-R
serves as a high affinity receptor in the first line whereas
the EP2-R with its lower affinity becomes relevant enly at
sufficiently high PGE;-concentration. However, the parallel
action of both receptors might be required to obtain full
inhibition of the LPS-induced TNFa-formation also at low
endogenous PGE,-concentrations, as indicated by the fail-
ure of TNFa-levels to return to control levels at late time
points in Kupffer cells missing either receptor (Fig, 4).

4.2. EP4-R-mediated inhibition of LPS-induced TNFo-
formation at late time points

The TNFa-concentration in Kupffer cell supernatants
declined afier a maximum at 8 h. Since no plateau was
reached a degradation or sequestration, e.g. by soluble
TNFa-recepter, of previously formed TNFa must have
occurred besides a reduction of the LPS-induced TNFa-de
novo-synthesis. Endogenous PGE; might modulate the
decline of TNFa-levels at late time points either by inhibit-
ing TNFa-synthesis or by increasing its degradation or
sequestration. If endogenous PGE; also inhibits LPS-
induced TNFa-formation in Kupffer cells after long expo-
sure on transcriptional level is not known. The influence of
posttranscriptional mechanisms on decreased TNFa-levels
at later time points cannot be ruled out. It was shown that
PGE, upregulates soluble 55- and 75-kDa TNF-receptor in
human monocytic THP-1 cells, whereas the mRNA-levels

of both receptors remained unchanged [35]. By this shed-
ding of TNF-receptors TNFa in the supernatant might be
neutralized and TNFa-levels as detected by ELISA
decrease due to the interference of the soluble receptor
with the capture antibody.

One clue to the puzzle that Kupffer cells express two
receptors for the same ligand PGE, that are coupled to the
same intracellular signal chain appeared to be the different
susceptibility of the two receptors to agonist-induced desen-
sitization. The EP4-R does show rapid agonist-induced
desensitization whereas the EP2-R does not [28,31]. This
would imply, that the EP4-R were active principally at early
stages of the exposure of Kupffer cells to the ligand whereas
the EP2-R were more important at later stages, when the
EP4-R is desensitized. The results of the current study do
not support such an hypothesis (Fig. 4). Both EP2-R- and
EP4-R-deficient Kupffer cells were sensitive to exogenous
PGE; over the total range of 48 h. No desensitization was
observed in the EP2-R-deficient cells, Rather, endogenous
PGE, seemed to be less effective in inhibiting the TNFo.-
formation at any time points in EP4-R-deficient cells, point-
ing towards a predominant function of the EP4-R even after
long exposure to endogenous PGE,.

It appears unreasonable to assume that the two types of
receptors with different affinities are merely a double save
guard. Differential regulation of their genes at various stages
of macrophage-like cell function might give an indication.
Indeed, the resident macrophages isolated from peritoneal
cavity express only EP4-R without any stimulations, but
once exposed to LPS, they do not express EP4-R any
more (Sugimoto Y, Katsuyama M, Segi E, Tkegami R, Ichi-
kawa A, unpublished data). The EP2-R may serve as a
second guard in case EP4-R-expression is affected by
means of various combinations of inflammatory stimuli.
In this respect, for the better understanding of contribution
of EP2-R and EP4-R in physiological conditicns, expres-
sional changes in these receptors should be explored in
various settings.
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We investigated the mRNA distribution of the pros-
taglandin (PG) E, receptor subtypes and cyclooxygen-
ases (COXs) in hair follicles of the mouse dorsal skin.
In the 3-week hair follicles, which are in the anagen
phase, EP3 and EP4 mRNA were expressed in the der-
mal papilla cells and the outer root sheath eells lo-
cated in the hair bulb region, respectively. In the
8-week hair follicles, which are in the telogen phase,
the signals for both EP3 and EP4 mRNAs had disap-
peared. To study the hair cycle-dependent expression
of mRNAs for the EPs and COXs, an area of dorsal hair
was depilated from 8-week-old mice. On days 8 and
12 after depilation, EP3 and EP4 mRNA were reex-
pressed in the dermal papilla cells and the outer root
sheath cells, and the induction of COX-2 mRNA was
also observed in the outer root sheath cells, the upper
area of EP4 expression site. These results suggest that
EP3 and EP4 receptors may involve in the development
and regrowth of the hair follicles. © 2002 Elsevier Science

Key Words: prostaglandin; receptor; cyclooxygenase;
hair follicle; skin; in situ hybridization; dermal pa-
pilla; outer root sheath.

Hair growth is the cumulative result of a series of
processes involving cellular proliferation and differen-
tiation within a hair follicle (1). Hair follicles are
epidermal-derived appendages that arise as a result of
the inducible effects of specialized dermal fibroblasts
acting on stem cells. The stem cells in the bulge area of
a hair follicle migrate out and then enter a period of
differentiation and massive proliferation that culmi-
nates in the formation of a mature hair follicle. In
mammals, the hair growth cycle is known to consist of
three phases: (i) anagen, when the follicles grow, hair
synthesis takes place and the skin becomes thick; (ii)
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catagen, when the follicles regress and the skin be-
comes thin; and (jii) telogen, when the follicles and skin
are at rest (2, 3). Evidence indicates that the process of
hair growth is regulated by a variety of physiological
factors such as hormones, growth factors, cytokines
and adhesion molecules (4-6).

In addition, prostaglandin E, (PGE,), one of the cyclo-
oxygenase (COX)-metabolites of arachidonic acid, has
been known to be involved in hair growth. For example, it
has been reported that aspirin-like drugs, which are COX
inhibitors, induce hair loss in humans (7, 8), and that the
topical or systematic administration of a PGE, analog
protected mice from radiation-induced alopecia (9). These
findings show that PGE, may have a role in the stimu-
lation of hair growth. Furthermore, one of the therapeu-
tic effects of minoxidil, a hair growth stimulator, is as-
sumed to be due to its stimulation of PGE, synthesis,
which results in the induction and prolongation of the
anagen stage of normal hair growth (10).

COX activity has been demonstrated to be present in
rodent skin (11, 12), most probably in the fibroblasts and
keratinocytes (13-15), and the major arachidonic acid
metabolite in the skin was found to be PGE,. Twa COX
isoforms have been identified, which exhibit similar cat-
alytic activities but distinctive patterns of expression
(16). Miiller-Decker et al. have been reported that the
COX-1 protein is present in keratinocytes which locate in
the interfollicular epidermis and the upper part of the
hair follicle, and that COX-2 protein is induced in the
basal layer of the interfollicular epidermis in mouse skin
treated with 12-O-tetradecanoylphorbol 13-acetate (17).

The PGE receptors are genetically subdivided into
four subtypes having different structures and signal
transduction pathways; EP1 is coupled to the stimula-
tion of intracellular Ca®*' mobilization, EP2 and EP4
are coupled to the stimulation of adenylate cyclase, and
EPS3 is coupled to the inhibition of adenylate cyclase
(18, 19). PGE,; is known to be involved in a variety of
physiological functions and has been found to play a

.
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role in skin regeneration and hair growth (15). How-
ever, it has not been defined as to which of the specific
PGE receptor subtypes mediate each of the many steps
of hair growth process.

Here we examined the tissue distribution of the tran-
scripts for the EP receptor subtypes and COX isozymes
in the hair follicles of the 3-week-old back skin, and to
clarify these expression pattern in the hair regrowth
cycle, we examined the expression pattern of EPs and
COXs mRNA in the hair follicles during the depilation-
induced hair regrowth.

MATERIALS AND METHODS

Animals. For the study of mRNA expression in normal skin, male
C57BL/6 mice were used (3 and 8 weeks of age) (SLC Inc,
Hamamatsu, Japan), All experiments were conducted in accordance
with the ethical standards established by the institutional animal
care and use committee of the Kyoto University. Animals were main-
tained at 23°C under a 12-h light cycle, fed a normal diet and
provided with water ed libitum.

Hair cycle induction. Male C57TBL/6 mice at 8 weeks of age in the
telogen stage of the hair eycle were used. The mice were anesthetized
with sodium pentobarbital injected intraperitoneally. An area (2.5
em X 3.0 em) on the back of the mice was depilated with a commer-
cial depilatory agent as previously described (20). Anagen starts
synchronously in all hair follicles at the time of depilation. Mice were
analyzed at specific time points after depilation.

In situ hybridization. In situ hybridization was carried out as de-
scribed previously (21). For the study of depilation-induced hair folli-
cles, the skin on the backs of mice were dissected 3, 5, 8, 12, 18, and 26
days after depilation, and just before depilation, and immediately fro-
zen. Sections 10 pm thick were cut on a Jung Frigocut 3000E cryostat
and thaw-mounted onto poly-L-lysine-coated glass slides. Antisense ri-
boprobes were synthesized by transcription with T3 or T7 RNA poly-
merase {Stratagene, La Jolla, CA) in the presence of [a-*S|CTP for in
sttu hybridization. The sections were fixed with 4% formalin and acety-
lated with 0.25% acetic anhydride. Hybridization was carried out in a
buffer containing 50% formamide, 2 X SSC (1 X SSC is composed of
0.15 M NaCl and 0.015 M sodium citrate), 10 mM tristhydroxy-
methyllaminomethane-Cl, pH 7.5, 1 X Denhardt’s solution, 10% dex-
tran sulfate, 0.2% sodium dodecy! sulfate (SDS), 100 mM dithiothreitol,
500 pg/ml sheared single-stranded salmon sperm DNA, and 250 pg/ml
yeast tRNA. The riboprobes were added {o the hybridization buffer at
1.5 X 10° epm/pl. After incubation at 60°C for 5 h, the slides were
washed for 1 h in 2x SSC. The sections were treated with 20 pg/ml
ribonuclease A, followed by an additional wash in 0.1x S5C at 60°C for
1 h. The slides were then dipped in nuclear track emulsion (NTBS,
Eastman Kodak, Rochester, NY). After exposure for 5 weeks at 4°C, the
dipped slides were developed, fixed, and counterstained with hematox-
ylin and eosin. The specificity of the signals for each probe was deter-
mined by hybridizing with the sense probe and adding an excess
amount of the unlabeled antisense probe, both of which did not produce
specific signals. These experiments were repeated three times with
different animals, and identical results were obtained.

RESULTS

Expression of mRNA for the PGE Receptor Subtypes
and COXs in the Hair Follicle of 3-Week-Old
Mouse Back Skin

We first examined the expression patterns of mRNAs
for the various PGE receptor subtypes and COXs in the
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hair follicle of 3-week-old mouse skin by in situ hybrid-
ization. In this period most of hair follicles are in the
late of first anagen phase (Fig. 1A) and intensive
mRNA signals for EP3 and EP4 were observed. The
black grain signals for EP3 mRNA was localized in the
dermal papilla cells (Fig. 1B). The brown dots above
the black grains show the growing hair shaft. EP4
mBENA was abundantly expressed in the outer root
sheath cells, but the signals were restricted to the hair
bulb region, the lower most portion of the hair follicle
(Fig. 1D). While we detected the COX-1 mRNA signals
in the epidermal cells and the EP3 mRNA signals in
the fibroblast cells, no signals for the mRNA of EP1,
EP2 and COX-2 could be detected in the hair follicles of
3-week old mouse skin (data not shown). Hybridization
signals for sense probes were not detected (Fig. 1C in
EP3 sense probe and data not shown).

Expression of EP3, EP4 and COX-2 mRNA
in the Hair Follicles of the Hair Regrowth
Induced Back Skin

We next examined the mRNA expression of both EP3
and EP4 in the hair follicle of 8-week old mouse back
skin. Morphologically, hair follicles were sparse and
most were regressed, suggesting that they were in the
telogen phase (Fig. 2A). The mRNA expression of both
EP3 and EP4 could no longer be observed in the hair
follicles of the telogen phase (Figs. 2B and 2C). To
clarify the expression of EP3 and EP4 subtypes in
relation to the hair regrowth cycle, an area of dorsal
hair was depilated with a commercial depilatory agent
in 8-week-old mice and the EP3 and EP4 mRNA ex-
pression was analyzed by in situ hybridization analysis
during hair regrowth process. The development of hair
follicles are apparent and new hairs begin to grow on
day 8 after depilation (Fig. 2D}, and hair follicles are
fully growing by day 12 after depilation (Fig. 2G). On
days 8 and 12, the hair follicles in depilated skin ex-
press both EP3 mRNA in dermal papilla cells (Figs. 2E
and 2H) and EP4 mRNA in the outer root sheath cells,
respectively (Fig. 2F and 2I), as seen in the 3-week-old
mouse hair follicles. These results suggest that EP3
and EP4 receptor play a role in the development and
regrowth of the hair follicles. Interestingly, we found
COX-2 mRNA induction in the outer root sheath cells
of the hair follicles on days 8 and 12 after depilation
(Figs. 3A and 3B), which were not observed in 3-week
old hair follicles. This COX-2 mRNA signals were
found in the upper area of the hair bulb, whereas EP4
mEBNA signals in the outer root sheath were localized
in the lower area of the hair buib.

DISCUSSION

We have shown here that two subtypes of the PGE
receptor, EP3 and EP4, are expressed in different com-
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FIG. 1. The EP3 and EP4 transcripts are expressed in the hair folli-
cles of the skin of 3-week-old mice. (A) The section of the 3-week-old back
skin stained with hematoxylin and eosin is shown. (B, C, D) Brightfield
photomicrographs of the skin sections hybridized with “S-labeled anti-
sense riboprobe for the EP3 (B) and EP4 (D) mRNA and sense riboprobe for
the EP3 (C) mRNA. Autoradiographic grains for EP3 mRNA and EP4
mRNA are confined to the dermal papilla cells (arrows in B) and cuter root
sheath cells (arrows in D), respectively. DP, dermal papilla cells; ORS,
outer oot sheath cells. Bars, 200 um (A), and 50 um (B, C, D).
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ponents of the anagen hair follicles. This is the first
report showing the involvement of PGE receptor sub-
types in the hair follicle development and regrowth. In
addition, we found that transient COX-2 mRNA ex-
pression is induced during the depilation-induced ana-
gen phase, and this expression is concentrated in the
upper area of the hair bulb, suggesting the prostanoid
biosynthesis pathway via COX-2 at this hair bulb re-
gion during early anagen phase.

A high level of EP3 mRNA expression was found in
the dermal papilla cells during the anagen phase. The
dermal papilla cells are originated from fibroblast cells
and induce hair follicle formation from the overlying
epithelium during development, and interact with sec-
ondary germ cells to regenerate the lower follicle at the
onset of a new follicle cycle in adults (1). Since PGE; is
known to play roles in the proliferation and differenti-
ation of fibroblasts and in the induction of vascular
endothelial growth factor (14, 22, 23), the EP3 receptor
may be involved in functions of the dermal papilla such
as angiogenesis and differentiation during the anagen
phase. On the other hand, EP4 mRNA was expressed

FIG.2. EP3and EP4 transeripts are detected in the hair follicles of depilation-treated 8-week mouse skin, (A, D, G) An area on the 8-week-old back
skin was depilated with a commercial depilatory agent and the development of depilation-induced anagen hair follicles was examined merphologically.
The sections before treatment (A), 8 days (D), and 12 days (G) after treatment stained with hematoxylin and eosin are shown. (B, E, H) Brightfield
photomicrographs of the skin sections hybridized with *S-labeled antisense riboprobe for the EP3 mRNA before treatment {B), 8 days (E), and 12 days
{(H) after treatment. Autoradiographic grains for EP3 mRNA are confined to the dermal papilla cells. (C, F, I) Brightfield photomierographs of the skin
sections hybridized with *S-labeled antisense riboprobe for the EP4 mRNA before treatment (C), 8 days (F), and 12 days (I) after treatment.
Autoradiographic grains for EP4 mRNA are confined to the outer root sheath cells. Bars, 150 um (A, I), (3), and 50 pm (B, C, E, F, H, ).
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FIG. 8. COX-2 transcripts are detected in the hair follicles of
depilation-treated skin. (A, B) Brightfield photomicrographs of the skin
sections hybridized with *S-labeled antisense riboprobe for the COX-2
mRNA 8 days (A) and 12 days (B} after depilation treatment. Autoradio-
graphic grains for COX-2 mRNA are confined to the outer root sheath cells.
Note that hybridization signals for COX-2 mRNA are confined to a few
layers of outer root sheath cells, neighboring the cells expressing EP4
mRNA, Arrowheads show cells labeled with COX-2 mRNA probe. Bars,
150 pem.

in the outer root sheath of the bulb area, which is an
area of terminal dilation of the hair follicle and where
hair compartments differentiate and proliferate. Al-
though the precise roles of the outer root sheath cells in
the hair follicles are not well elucidated, recent studies
have suggested that this component is important not
only to protect the structure of the hair follicles but
also to differentiate the various hair follicle compo-
nents such as inner root sheath and hair shaft from the
multipotent stem cells (24). The EP4 receptor subtype
is coupled to the Gs protein, resulting in the activation
of adenylate cyclase. Although the effect of cAMP on
hair growth is not clear, Dubrasky et al. reported that
an intraperitoneal injection of dibutyryl cAMP before
radiation resulted in a higher survival of hair follicles
(25). It will be important to investigate the effect of
cAMP and an EP4 agonist on hair follicle growth.
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We have also found the COX-2 mRNA expression in
the depilation-induced hair follicles on day 8 and 12
after depilation. It is interesting that this COX-2 in-
duction was not detected in the 3-week hair follicles,
which is at the first (morphological) anagen phase.
This result may indicate that PGE, have a role for hair
regrowth in the some inflammatory situation rather
than during the normal hair follicle development. Both
the expression of EP4 and COX-2 mRNA was observed
around the hair bulb area, but the expression patterns
of both EP4 and COX-2 transcripts were strictly regu-
lated; EP4 mRNA was expressed in the outer root
sheath of the bulb area and the site of COX-2 mRNA
expression was just above the area expressing EP4
mRNA. Both EP4 and COX-2 expression patterns seem
to be unique compared with that of various molecules
involved in the hair growth, such as cytokines and
adhesion molecules (26). It is interesting to elucidate
what molecules stimulate expression patterns of EP4
and COX-2 observed in specific areas of the hair folli-
cles. Many reports have been suggested the role of
PGE, as a stimulator for the hair growth (7-9). How-
ever, Neufang et al. recently reported that the trans-
genic mouse lines, which constitutively express COX-2
in the basal cells of the interfollicular epidermis and
the pilosebaceous unit, exhibited delayed hair follicle
morphogenesis, reduced hair follicle density, sebaceous
gland hyperplasia and profound hyperplasia in scale
epidermis of the tail (27). These results seem to im-
ply the inhibitory role of COX-2 at least for hair fol-
licle morphogenesis. A possible role of prostanoids in
the process of hair follicle morphogenesis should be
explored.

The present study indicates that expression of the
EP receptor subtypes in hair follicles of mice occur in
two distinct parts; EP4 mRNA is expressed in the outer
root sheath of the bulb area, and EP3 mRNA is ex-
pressed in dermal papilla cells during the anagen
phase. Interestingly, transient COX-2 mRNA expres-
sion is induced during the depilation-induced anagen
phase, and this expression is concentrated in the upper
area of the hair bulb. In humans, COX-1 is mainly
expressed in the dermal papilla cells and it has been
proposed that the mechanism of action of hair growth
stimulation by minoxidil is via the activation of COX-1
(10). In our study, signals for neither COX-1 nor CCX-2
mRNA could be detected in the dermal papilla of mouse
hair follicles. It should therefore be examined whether
PGE receptor expression patterns differ between spe-
cies. These results suggest that COX-2, EP3 and EP4
receptors may involve in the development and re-
growth of the mouse hair follicles.

ACKNOWLEDGMENTS

We thank K. Tsuboi for valuable advice and generous support. We
are grateful to H. A. Popiel for careful reading of the manuscript and

6939

- 118 -



