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Participation of mitogen-activated protein kinase in thapsigargin-
and TPA-induced histamine production in murine macrophage

RAW 264.7 cells
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1 Stimulation of the murine macrophage cell line RAW 264.7 with thapsigargin, an endomembrane
Ca*>*-ATPase inhibitor, induced histamine production in a time- and concentration-dependent
manner.

2 The protein kinase C activator, 12-O-tetradecanoylphorbol 13-acetate (TPA), also enhanced
histamine production.

3 «-Fluoromethylhistidine, a suicide substrate of L-histidine decarboxylase (HDC), suppressed the
thapsigargin (30 nM)- and TPA (30 nM)-induced histamine production.

4 Both thapsigargin (30 nM) and TPA (30 nM) induced phosphorylation of p44/p42 MAP kinase
and p38 MAP kinase.

5 PD98059, a specific inhibitor of MEK-1 which phosphorylates p44/p42 MAP kinase, strongly
suppressed both the thapsigargin (30 nM)- and TPA (30 nM)-induced histamine production, whereas
SB203580, a specific inhibitor of p38 MAP kinase, inhibited them only partially.

6 The other MEK-1 inhibitor, U-0126, also inhibited both the thapsigargin- and TPA-induced
histamine production in a concentration-dependent manner.

7 Thapsigargin (30 nM) and TPA (30 nM) increased the levels of HDC mRNA at 4 h, but
PD98059 suppressed both the thapsigargin- and TPA-induced increases in the HDC mRNA level.
8 These findings indicate that thapsigargin and TPA induce histamine production in RAW 264.7
cells by increasing the level of HDC mRNA, and that both the thapsigargin- and TPA-induced
histamine production are regulated largely by p44/p42 MAP kinase and partially by p38 MAP

kinase.
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Introduction

Histamine plays a variety of roles not only as an autacoid
regulating the allergic inflammatory reaction (Beer et al., 1984;
Falus & Meretey, 1992), the differentiation of leukocyte
precursors (Nakaya & Tasaka, 1988) and the gastric acid
secretion (Miyata et al., 1990), but also as a neurotransmitter
in the central nervous system (Schwarts et al., 1980).

The biosynthesis of histamine from its precursor L-histidine
is catalyzed by L-histidine decarboxylase (HDC) constitutively
expressed in several types of cells, such as mast cells, basophils
and enterochromaffin-like cells (Ding ez al., 1997). In contrast,
in macrophages, it has been reported that HDC expression is
induced in response to various types of stimulation resulting in
histamine production (Takamatsu & Nakano, 1994). In an
allergic inflammation model in rats (Tsurufuji ez al., 1982), we
found that the antigen challenge induces a de novo synthesis of
histamine due to the induction of HDC at the post-anaphylaxis
phase (Hirasawa et al, 1989). In addition, the topical
application of thapsigargin, an endomembrane Ca®*-ATPase
inhibitor (Thastrup et al., 1990; 1994), or 12-O-tetradecanoyl-
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phorbol 13-acetate (TPA), a protein kinase C (PKC) activator
(Nishizuka, 1992), on mouse skin induces an increase in HDC
activity (Watanabe et al., 1981; 1982). Because the application of
TPA on the skin of mast cell-deficient /W mice also increases
HDC activity in the skin, non-mast cells such as macrophages
were suggested to produce histamine in vivo (Taguchi et al.,
1982). However, the mechanisms of histamine production
induced by thapsigargin or TPA in non-mast cells remain to
be elucidated.

Thapsigargin and TPA induce various intracellular signal-
ling events. One of the most important intracellular signalling
events induced by these agents is the activation of MAP
kinases (Nori et al., 1992; Thomas et al., 1992; Chao et al.,
1997, El-Shemerly et al., 1997). So far, it has been
demonstrated that MAP kinases are involved in various
cellular responses including the production of various
cytokines and chemical mediators (Rose et al., 1997; Bhat et
al., 1998; Dumont et al., 1998; Egerton et al., 1998), and the
induction of enzymes such as nitric oxide synthase (Badger et
al., 1998). However, the involvement of MAP kinases in
histamine production remains to be elucidated.
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Recently, we found that thapsigargin and TPA induce
histamine production in RAW 264.7 cells, an Abelson leukemia
virus-transfected murine macrophage cell line (Raschke ez al.,
1978). Therefore, the aim of the present study is to clarify the
mechanism of the de novo synthesis of histamine, especially
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Figure 1 Effects of thapsigargin on histamine production and HDC
mRNA levels in RAW 264.7 cells. (a) RAW 264.7 cells (1.5x 10°
cells) were incubated for 24 h in EMEM (+) containing the indicated
concentrations of thapsigargin. Histamine contents in the conditioned
medium were measured as described in Methods. Values are the
means from three independent experiments with s.e.mean shown by
vertical bars. Statistical significance; *P <0.05, ***P <0.001 vs 0 nm
thapsigargin. (b) RAW 264.7 cells (1.5 x 10° cells) were incubated for
the periods indicated in EMEM (+) in the presence or absence of
30 nm thapsigargin. Histamine contents in the conditioned medium
were measured as described in Methods. Values are the means from
three independent experiments with s.e.mean shown by vertical bars.
Statistical significance; ***P <0.001 vs corresponding control. The
results were confirmed by repeating two independent sets of
experiments. (c) RAW 264.7 cells (1.5x 107 cells) were stimulated
with 30 nMm thapsigargin for the periods indicated. Total RNA was
extracted and RT—-PCR was performed as described in Methods.
Numbers in parentheses indicate the ratio of HDC mRNA density to
GAPDH mRNA density. The density ratio at time 0 h is set to 1.0.
The results were confirmed by repeating two independent sets of
experiments.

focused on the involvement of MAP kinases, in TPA- and
thapsigargin-induced histamine production in RAW 264.7 cells.

Methods
Cell culture

RAW 264.7 cells obtained from the RIKEN Gene Bank
(Tsukuba, Japan) were maintained in 5% CO, at 37°C in
Eagle’s minimum essential medium (EMEM, Nissui Seiyaku,
Tokyo, Japan) containing 1% (v v~!) MEM non-essential
amino acid solution (Sigma Chemical Co., St. Louis, MO,
U.S.A.), 10% (v v~ ') heat-inactivated foetal bovine serum (FBS,
Flow Laboratories, Mclean, VA, U.S.A.), penicillin G
potassium (18 ugml™'") and  streptomycin  sulphate
(50 ug ml~') (Meiji Seika Co., Tokyo, Japan) in a 175 cm?
plastic tissue culture flask (Nunc, Roskilde, Denmark). When a
confluent monolayer had developed, the cells were harvested
using EDTA (0.02%, w v~") in phosphate-buffered saline (PBS,
pH 7.4) and suspended at 1.5x10° cells ml~! in EMEM
containing 10% (v v~!') heat-inactivated FBS (EMEM (+)).
One milliliter of the cell suspension was seeded in each well of 12-
well plastic tissue culture plates (Costar Co., Cambridge, MA,
U.S.A.) and incubated for 20 h at 37°C in an atmosphere of 5%
CO,-95% air. After three washes with EMEM, the cells were
incubated for the periods indicated at 37°C in 1 ml of EMEM
(+) containing drugs.

Drug treatment

The drugs used were the endomembrane Ca>" -ATPase inhibitor
thapsigargin (Wako Pure Chemicals Co., Osaka, Japan), the
PKC activator TPA (Sigma Chemical Co.), the suicide substrate
of HDC o-fluoromethylhistidine hydrochloride hemihydrate (o-
FMH, a gift from Dr J. Kollonitsch, Merck Sharp & Dohme
Research Laboratories, Rahway, NJ, U.S.A.), the MAP kinase-
ERK kinase 1 (MEK-1) inhibitors PD98059 (New England
Biolabs, Beverly, MA, U.S.A.) and U0126 (Promega Co.,
Madison, WI, U.S.A.), and the p38 MAP kinase inhibitor
SB203580 (Calbiochem-Novabiochem Co., San Diego, CA,
U.S.A).

Thapsigargin and TPA were dissolved in ethanol, «-FMH
was dissolved in water and PD98059, U0126 and SB203580 were
dissolved in dimethylsulphoxide (DMSO). The final concentra-
tions of ethanol and DMSO were adjusted to 0.1% (v v~"), and
the control medium contained the same amount of the vehicle.

Determination of histamine contents

After incubation, the conditioned medium was collected and
centrifuged at 220 x g and 4°C for 3 min. The histamine contents
in the supernatant fraction of the conditioned medium were
determined fluorometrically as described by Shore et al. (1959).
To determine the histamine contents in the cells, the cells were
washed three times with ice-cold PBS after incubation, and
added with 1 ml PBS. The cells were then sonicated using a
Handy Sonic Disruptor (Tomy, Tokyo, Japan) (a half maximum
power, 5 s, three times), centrifuged at 220 x g and 4°C for
3 min, and histamine contents in the supernatant fraction was
determined.

Western blot analysis

Two milliliter-aliquots of the cell suspension (1.5x 10°
cells ml~") were seeded into a plastic dish (35 mm diameter,
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Corning, Grand Island, NY, U.S.A.) and incubated for 20 h
at 37°C. After three washes with EMEM, the cells were
further incubated for the periods indicated at 37°C in 2 ml of
EMEM (+) containing the indicated concentrations of drugs.
After incubation, the cells were washed and lysed in 150 ul of
ice-cold lysis buffer (HEPES 20 mMm, pH 7.3, Triton X-100
1% (v v7'), EDTA 1 mM, NaF 50 mMm, p-nitrophenylpho-
sphate 2.5 mM, Na;VO, 1 mM, leupeptin 10 ug ml~' and
glycerol 10% (v v~')). The cell lysates were centrifuged at
13,000 x g and 4°C for 20 min, and 120 pl of the supernatant
fractions were obtained. The protein concentrations in the
supernatant fractions were determined according to the
method described by Lowry et al. (1951) and were adjusted
to 2 ug pl=' of the lysis buffer. Sixty microliters of the
loading buffer (Tris-HCl 50 mMm, pH 7.4, sodium dodecyl
sulphate (SDS) 4% (w v7'), glycerol 10% (v v7'), 2-
mercaptoethanol 4% (v v™') and bromophenol blue
50 ug ml~') was added to the cell lysates and the cell lysates
were boiled for 3 min. Aliquots of 10 ul of the solution were
applied to each well of a 3% (w v ') stacking SDS-
polyacrylamide gel in 0.25 M Tris-glycine buffer (pH 6.8)
and subjected to electrophoresis in 10% (w v~') SDS-
polyacrylamide gel in 1.5 M Tris-glycine (pH 8.8) at 125V
for 3 h. The fractionated proteins were transferred electro-
phoretically onto nitrocellulose membranes (Schleicher &
Schuell GmbH, Dassel, Germany) in transfer buffer (Tris-
HCI 20 mMm, pH 8.3, glycine 150 mM and methanol 20% (v
v™') at 150 mA for 1 h at room temperature. After the
transfer, non-specific sites on the membranes were blocked
with blocking solution (Block Ace, Dainippon Pharmaceu-
tical Co., Osaka, Japan) for 3 h. The nitrocellulose
membranes were then incubated at 4°C overnight with the
primary antibody, rabbit IgG to phospho-p44/p42 MAPK
(Thr202/Tyr204) (New England Biolabs), or to phospho-
specific p38 MAP kinase (Thr180/Tyr182) (New England
Biolabs) at a dilution of 1:1000. After washing, the
membranes were incubated for 3 h at 4°C with the secondary
antibody, biotinylated goat anti-rabbit IgG antibody (Vector
Laboratories, Burlingame, CA, U.S.A.), and then incubated
for 1 h at 4°C with peroxidase-conjugated avidin-biotin-
complex (Vectastatin ABC reagent, Vector Laboratories).
The recognized proteins were visualized by wusing a
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Figure 2 Effects of TPA on histamine production by RAW 264.7
cells. RAW 264.7 cells (1.5x 10° cells) were incubated for 24 h in
EMEM (+) containing the indicated concentrations of TPA. The
histamine contents in the conditioned medium were measured as
described in Methods. Values are the means from three independent
experiments with s.e.mean shown by vertical bars. Statistical
significance; **P<0.01, ***P<0.001 vs 0 nm TPA.

chemiluminescence detection system (ECL system, Amer-
sham, Arlington Heights, IL, U.S.A.). The membranes were
exposed to Kodak X-Omat AR film (Eastman Kodak,
Rochester, NY, U.S.A.) at room temperature for 30 s and
then developed.

The membranes were then incubated for 30 min at 50°C in a
stripping buffer (Tris-HCI 60 mM, pH 6.7, SDS 70 mM and 2-
mercaptoethanol 0.7% (v v™')) to strip the used antibodies off
the membranes. After incubation, the membranes were
blocked with blocking solution, and then an immunoblot
reaction was performed using the primary antibody, anti-rat
MAP kinase R2 (Erkl-CT) [42—44 kDa] antibody (Upstate
Biotechnology, Lake Placid, NY, U.S.A.), or p38 (C-20)
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.),
followed by the secondary antibody, alkaline phosphatase-
labelled goat anti-rabbit IgG antibody (Kirkegaard & Perry
Laboratories Inc., Gaithersburg, MD, U.S.A.) as described
above. An alkaline phosphatase reaction was then carried out
using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-phos-
phate solution (Promega, Madison, WI, U.S.A.) as a substrate.

Determination of the mRNA levels of HDC by the
reverse transcription-polymerase chain reaction
(RT—PCR) method

Ten milliliter-aliquots of the cell suspension (1.5x10°
cells ml~") were seeded into a plastic dish (100 mm diameter,
Corning), two dishes per group and incubated for 20 h at 37°C.
After three washes with EMEM, the cells were further incubated
for the periods indicated at 37°C in 10 ml of EMEM (+)
containing drugs.

Following the incubation, the cells were washed three times
with ice-cold PBS and scraped off the plate with a rubber
policeman. Total RNA in the cells was extracted by acid
guanidinium thiocyanate-phenol-chloroform extraction
(Chomezynski & Sacchi, 1987), and the yield of RNA extracted
was determined by spectrophotometry. One microgram of RNA
from each sample was reverse-transcribed at 37°C for 1 h in
40 ul of the buffer (Tris-HCI 50 mm, pH 8.3, KCl 75 mM and
MgCl, 3 mM) containing 5 uM of random hexamer oligonucleo-
tides (Gibco BRL, Gaithersburg, MD, U.S.A.), 200 U of the
reverse-transcriptase from moloney murine leukaemia virus

[] None
Thapsigargin 30 nM
Il TPA30NM

500 7

Histamine (ng ml-1)
n
3
1

a-FMH (uM)

Figure 3 Effects of »-FMH on histamine production by RAW 264.7
cells. RAW 264.7 cells (1.5x 10° cells) were incubated for 24 h in
EMEM (+) containing the indicated concentrations of a-FMH in the
absence or presence of 30 nM thapsigargin or 30 nm TPA. Histamine
contents in the conditioned medium were measured as described in
Methods. Values are the means from three independent experiments
with s.e.mean shown by vertical bars. Statistical significance;
*P<0.05, *P<0.01, ***P<0.001 vs corresponding 0 um «-FMH.
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(Gibco BRL), 0.5 um deoxynucleotide 5'-triphosphate and
10 mM dithiothreitol. PCR primers for murine HDC were
designed according to Yamamoto et al. (1990). The sequences of

primers used were; (former) 5-GGATCCAAGATCA-
a (1.0)(0.8)(0.7)(0.5)(2.3)(2.9)(2.6)(2.3) — phospho-p44 / p44 MAPK
(1.0)(0.8)(0.7)(0.4)(1.9)(2.2)(1.8)(1.6) — phospho-p42 / p42 MAPK
—— - " SSss s s — phospho-p44 MAPK
————————— ___ nhospho-pd2 MAPK
— p44 MAPK
— p42 MAPK
0 1 3 5 15 30 60 90 (min)
Thapsigargin 30 nM
b (1.0)(7.8)(6.2)(2.7)(0.4) — phospho-p44 / p44 MAPK

(1.0)(5.2)(4.3)(1.4)(0.5) — phospho-p42/ p42 MAPK

e - — phospho-p44 MAPK
S — phospho-p42 MAPK

e
— p42 MAPK

PD98059 (uM) 0 0011 10

Thapsigargin 30 nM

Figure 4 Time course of thapsigargin-induced p44/p42 MAP kinase
phosphorylation and the effects of PD98059 on thapsigargin-induced
p44/p42 MAP kinase phosphorylation. (a) RAW 264.7 cells (3.0 x 10°
cells) were incubated for the periods indicated in EMEM (+) in the
presence of 30 nM thapsigargin. (b) RAW 264.7 cells (3.0 x 10° cells)
were incubated for 15 min in EMEM (+) containing 30 nm
thapsigargin and the indicated concentrations of PD98059. The cells
were lysed and the p44/p42 MAP kinase (MAPK) phosphorylation
levels were analysed by Western blot as described in Methods.
Numbers in parentheses indicate the fold increase in phospho-p44
and p42 MAPK as determined by densitometric analysis. The value
of unstimulated control is set to 1.0. The results were confirmed by
repeating two independent sets of experiments.
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GATTTCTACCTGTGGAC-3' and (reverse), 5-GTCGAC-
GACATGTGCTTGAAGATTCTTCAC-3, which amplify a
516-HDC base pair (bp) fragment. PCR was performed for 30
cycles in 50 pl of the PCR buffer (Tris-HCI 10 mM, pH 8.3, KCI

a (1.0) (1.5) (4.4) (7.0) (9.9)(13.7)(16.7) (9.8) — phospho-p44 / p44 MAPK
(1.0) (1.0) (2.2) (2.9) (4.3) (5.2) (7.0) (4.8) — phospho-p42 / p42 MAPK

o .w — phospho-p44 MAPK
bt . — phospho-p42 MAPK
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. .. — pa2MAPK
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TPA 30 nM
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(1.0) (5.6) (5.4) (4.1) (23) — phospho-p42 / p42 MAPK
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Figure 5 Time course of TPA-induced p44/p42 MAP kinase
phosphorylation and the effects of PD98059 on TPA-induced p44/
p42 MAP kinase phosphorylation. (a) RAW 264.7 cells (3.0 x 10°
cells) were incubated for the periods indicated in EMEM (+) in the
presence of 30 nM TPA. (b) RAW 264.7 cells (3.0 x 10° cells) were
incubated for 15 min in EMEM (+) containing 30 nm TPA and the
indicated concentrations of PD98059. The cells were lysed and the
p44/p42 MAP kinase (MAPK) phosphorylation levels were analysed
by Western blot as described in Methods. Numbers in parentheses
indicate the fold increase in phospho-p44 and p42 MAPK as
determined by densitometric analysis. The value of unstimulated
control is set to 1.0. The results were confirmed by repeating two
independent sets of experiments.
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Figure 6 Time course of thapsigargin- and TPA-induced p38 MAP kinase phosphorylation. RAW 264.7 cells (3.0 x 10° cells) were
incubated for the periods indicated in EMEM (+) in the presence of 30 nm thapsigargin (a) or TPA (b). The cells were lysed and
the p38 MAP kinase (MAPK) phosphorylation levels were analysed by Western blot as described in Methods. The results were
confirmed by repeating two independent sets of experiments. The changes of the density ratio of phospho-p38 MAPK to p38
MAPK are shown in the lower panel. The density ratio at time 0 min is set to 1.0.
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50 mM and MgCl, 1.5 mM) containing 5 ul of the synthesized
c¢DNA solution, 0.25 uM each primer, 125 uM dNTP and 0.5 U
Taq polymerase (Takara Shuzo Co., Ohtsu, Shiga, Japan) using
a thermal cycler (GeneAmp™ PCR System 2400, Perkin Elmer
Cetus, Norwalk, CT, U.S.A.). Each cycle consisted of 0.5 min
denaturation at 94°C, 1 min annealing at 56°C, and 2 min
extension at 72°C. The murine glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene (a housekeeping gene) was used
as an internal standard gene. The PCR primers for murine
GAPDH were described by Robbins & McKinney (1992). The
sequences of primers used were; (former) 5-TGATGACAT-
CAAGAAGGTGGTGAAG-3" and (reverse) S-TCCTTGG-
AGGCCATGTAGGCCAT-3', which amplify a 249-GAPDH
bp fragment. PCR was performed for 27 cycles; 0.5 min
denaturation at 94°C, 1 min annealing at 57°C, and 2 min
extension at 72°C. The other conditions were the same as those
for murine HDC. After the PCR was performed, 9 ul of the PCR
reaction mixture was loaded onto a 1.5% (w v~') agarose gel,
and the PCR products were visualized by ethidium bromide
staining after electrophoresis.

Statistical analysis

The statistical significance of the results was analysed by
Dunnett’s test for multiple comparisons and Student’s ¢-test
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for unpaired observations. The data indicated are the means
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Results

Increase in histamine production and the HDC mRNA
levels in RAW 264.7 cells stimulated with thapsigargin

Incubation of RAW 264.7 cells (1.5 x 10° cells) in EMEM (+)
containing various concentrations of thapsigargin for 24 h
increased histamine contents in the conditioned medium in a
concentration-dependent manner (Figure la). Because the
incubation with thapsigargin at concentrations more than
100 nM for 24 h induced morphological changes and floatation
of RAW 264.7 cells from the dishes, thapsigargin was used at a
concentration of 30 nM in the subsequent experiments.

When the cells were incubated in the presence of 30 nM
thapsigargin, the histamine contents in the conditioned
medium were increased time-dependently, and significantly
increased from 8 h after incubation compared with those
in the corresponding non-stimulated cells (Figure 1b). The
histamine contents in the conditioned medium at 0 h were
19.0+1.2 ng ml—', reflecting histamine in FBS in the
medium. In contrast, the histamine contents in the cells
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Figure 7 Effects of PD98059 and SB203580 on thapsigargin- and TPA-induced histamine production by RAW 264.7 cells. RAW
264.7 cells (1.5x 10° cells) were incubated for 24 h in EMEM (+) containing the indicated concentrations of PD980359 (a,b) or
SB203580 (c,d) in the presence or absence of 30 nMm thapsigargin (a,c) or TPA (b,d). The histamine contents in the conditioned
medium were measured as described in Methods. Values are the means from three independent experiments with s.e.mean shown by
vertical bars. Statistical significance; *P <0.05, **P <0.01, ***P<0.001 vs corresponding 0 um PD98059 or SB203580.
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(10.242.1 ng/10° cells in unstimulated group) were not
increased in the presence or absence of 30 nM thapsigar-
gin.

By treatment with 30 nM thapsigargin, the HDC mRNA
levels in the cells were increased time-dependently, reaching a
maximum at 4 h, and declined at 8 h (Figure 1c). In contrast,
the GAPDH mRNA levels were constant during the
incubation period (Figure 1c). Incubation of the cells in the
absence of thapsigargin did not increase the HDC mRNA
levels (data not shown).

Effects of TPA on histamine production in RAW 264.7
cells

When RAW 264.7 cells were incubated in the presence of
various concentrations of TPA for 24 h, the histamine contents
in the conditioned medium were increased with a maximum
effect at 30 nMm (Figure 2). In the subsequent experiments, TPA
was used at a concentration of 30 nM.

Effects of a-FMH on thapsigargin- and TPA-induced
histamine production in RAW 264.7 cells

To clarify whether increase in the histamine contents in the
conditioned medium of thapsigargin- and TPA-stimulated
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Figure 8 Effects of U0126 on thapsigargin- and TPA-induced
histamine production. RAW 264.7 cells (1.5 x 10° cells) were incubated
for 24 h in EMEM (+) containing the indicated concentrations of
U0126 in the presence or absence of 30 nM thapsigargin (a) or TPA (b).
The histamine contents in the conditioned medium were measured as
described in Methods. Values are the means from three independent
experiments with s.e.mean shown by vertical bars. Statistical
significance; ***P <0.001 vs corresponding 0 um U0126.

RAW 264.7 cells is due to the de novo synthesis of
histamine, the effects of «-FMH, an inhibitor of HDC, on
the increase in histamine contents in the conditioned
medium were examined. As shown in Figure 3, o-FMH
suppressed the thapsigargin- and TPA-induced increase in
histamine contents in the conditioned medium at 24 h in a
concentration-dependent manner. Spontaneous increase in
histamine contents in the conditioned medium was also
suppressed by a-FMH at concentrations more than 0.1 uM.

Phosphorylation of p44/p42 M AP kinase by thapsigargin
and its inhibition by PD98059

When RAW 264.7 cells were incubated at 37°C in EMEM (+)
containing 30 nM thapsigargin, the phosphorylation levels of
p44/p42 MAP kinase decreased from 1—35 min, but increased
at 15 min and then declined at 90 min (Figure 4a, upper),
whereas the p44/p42 MAP kinase protein levels were constant
during the incubation period (Figure 4a, lower).

The effects of PD98059, a specific inhibitor of MEK-1, on
the thapsigargin-induced p44/p42 MAP kinase phosphoryla-
tion levels were then determined, because the phosphorylation
of p44/p42 MAP kinase is dependent on the activity of MEK-
1. When RAW 264.7 cells were incubated for 15 min at 37°C in
the presence of 30 nM thapsigargin and the indicated
concentrations of PD98059, the thapsigargin-induced p44/
p42 MAP kinase phosphorylation was decreased in a
concentration-dependent manner (Figure 4b, upper), while the
protein levels of p44/p42 MAP kinase were not changed by
PD98059 (Figure 4b, lower). These findings indicated that
PD98059 blocks the MEK-1—p44/p42 MAP kinase cascade in
thapsigargin-stimulated RAW 264.7 cells.

(1.0) (11.8) (8.0) (4.6) (2.1)

——— — — [
PD98059(pM) O O O0.1 1 10
Thapsigargin 30 nM
b
(1.0) (5.6) (4.1) (2.7) (0.8)
- — — —
— — — — — [

PD98059 (M) O O 041 1 10

TPA 30 nM

Figure 9 Effects of PD98059 on thapsigargin- and TPA-induced
increase in HDC mRNA levels in RAW 264.7 cells. RAW 264.7 cells
(1.5x 107 cells) were incubated for 4 h in EMEM (+) containing
30 nM thapsigargin (a) or TPA (b) and the indicated concentrations
of PD98059. Total RNA was extracted and RT-PCR was performed
as described in Methods. Numbers in parentheses indicate the ratio
of HDC mRNA density to GAPDH mRNA density. The density
ratio of unstimulated control is set to 1.0. The results were confirmed
by repeating two independent sets of experiments.
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Figure 10 Summary of the inhibitory effects of PD98059 on
thapsigargin- and TPA-induced responses. The effects on the
phosphorylation of p44 and p42 MAP kinase shown in Figures 5
and 6, and on HDC mRNA levels in Figure 9 were quantified by
densitometric analysis and compared with those on the histamine
production in Figure 7. The control values obtained by 0 um
PD98059 are expressed as 100%. Each symbol represents the mean
of three independent experiments with s.e.mean shown by vertical
bars.

Phosphorylation of p44/p42 M AP kinase by TPA and its
inhibition by PD98059

When RAW 264.7 cells were incubated at 37°C in EMEM (+)
containing 30 nM TPA, the phosphorylation levels of p44/p42
MAP kinase began to increase at 3 min and attained a plateau
at 15 min (Figure 5a, upper), whereas the p44/p42 MAP kinase
protein levels were constant during the incubation period
(Figure 5a, lower).

The effects of PD98059 on the TPA-induced p44/p42
MAP kinase phosphorylation were then determined. When
RAW 264.7 cells were incubated for 15 min at 37°C in
EMEM (+) containing 30 nM TPA and the indicated
concentrations of PD98059, the TPA-induced phosphoryla-
tion of pd44/pd2 MAP kinase was decreased in a
concentration-dependent manner (Figure 5b, upper). The
protein levels of p44/p42 MAP kinase were constant during
the incubation period (Figure 5b, lower).

Phosphorylation of p38 M AP kinase by thapsigargin and
TPA

When RAW 264.7 cells were incubated at 37°C in EMEM (+)
containing 30 nM thapsigargin, the phosphorylation levels of
p38 MAP kinase began to increase at 3 min, reaching a
maximum level at 30 min, and declined at 90 min (Figure 6a).
In contrast, stimulation of RAW 264.7 cells with 30 nm TPA
increased phosphorylation levels of p38 MAP kinase at 3 and
60 min, biphasically (Figure 6b). The p38 MAP kinase protein

levels were constant during the incubation period in both
experimental conditions.

Effects of PD98059 and SB203580 on thapsigargin- and
TPA-induced histamine production in RAW 264.7 cells

When RAW 264.7 cells were incubated for 24 h at 37°C in
EMEM (+) containing the indicated concentrations of
PD98059 in the presence or absence of 30 nM thapsigargin
or TPA, PD98059 suppressed both the thapsigargin- and TPA-
induced increase in histamine contents in the conditioned
medium at 0.1-10 uM (Figure 7a,b).

The p38 MAP kinase inhibitor SB203580 also suppressed
both the thapsigargin- and TPA-induced histamine produc-
tion, but the inhibitory effects of SB203580 were much weaker
than those of PD98059 (Figure 7c,d).

In contrast, PD98059 and SB203580 did not suppress the
spontaneous increase in histamine contents in the conditioned
medium, even at the highest concentration (10 um) (Figure
7a—-d).

Effects of U0126 on thapsigargin- and TPA-induced
histamine production

To confirm the involvement of p44/p42 MAP kinase in
thapsigargin- and TPA-induced histamine production in RAW
264.7 cells, the other MEK-1 inhibitor U0126 was used. As
shown in Figure 8, U0126 inhibited both thapsigargin- and
TPA-induced histamine production in a concentration-
dependent manner.

Effects of PD98059 on thapsigargin-induced and TP A-
induced increases in HDC mRNA levels in RAW 264.7
cells

When RAW 264.7 cells were incubated for 4 h at 37°C in
EMEM (+) containing 30 nM thapsigargin or TPA and the
indicated concentrations of PD98059, the thapsigargin- or
TPA-induced increase in HDC mRNA levels was suppressed
by PD98059 in a concentration-dependent manner (Figure
9a,b). In contrast, the GAPDH mRNA Ilevels were constant
during the incubation period.

As summarized in Figure 10, the thapsigargin- and TPA-
induced phosphorylation of p44/p42 MAP kinase was
decreased by PD98059 in parallel with the decrease in
histamine production and HDC mRNA levels.

Discussion

Thapsigargin and TPA at very low concentrations induce
arachidonic acid release, the production of prostaglandin (PG)
E,, platelet-activating factor (PAF) and various cytokines in
rat peritoneal macrophages (Ohuchi ef al., 1988; Watanabe et
al., 1995; Yamada et al., 1998). In the present study, we found
that thapsigargin and TPA also increase histamine contents in
the conditioned medium of RAW 264.7 cells (Figures la,b and
2). We suggested that the thapsigargin- and TPA-induced
increases in histamine contents in the conditioned medium are
due not to the release of preformed histamine but to the
leakage of de novo produced histamine, based on the following
three findings. First, the histamine contents in the non-
stimulated cells were low and were not changed during the
incubation period, while the histamine contents in the
conditioned medium of thapsigargin-treated cells were in-
creased time-dependently (Figure 1b). Second, thapsigargin
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and TPA both increased the HDC mRNA levels with a
maximum at 4 h (Figure lc and 9). And third, «-FMH
suppressed the thapsigargin- and TPA-induced histamine
production (Figure 3). RAW 264.7 cells have been widely
used to analyse the regulation mechanism of arachidonate
metabolism (Lin & Chen, 1998; Lin et al., 1998) and nitric
oxide production (Yamashita er al., 1997). However, the
present study is the first report that RAW 264.7 cells produce
histamine following stimulation with thapsigargin or TPA.

Stimulation with thapsigargin or TPA commonly induces
the activation of various protein kinases, including MAP
kinase (Nori et al., 1992; Thomas et al., 1992; Chao et al.,
1997; El-Shemerly et al., 1997). MAP kinase is a key enzyme in
the signal transduction of inflammatory reactions, such as the
production of cytokines (Rose et al., 1997, Bhat et al., 1998;
Matsumoto et al., 1998), arachidonic acid release (Zhang et al.,
1997) and the function of the cells responsible for inflamma-
tion (Zu et al., 1998). In the present study, two kinds of MEK-
1 inhibitors, PD98059 (Alessi et al., 1995; Dudley et al., 1995)
and UO0126 (Favata et al, 1998), inhibited histamine
production by thapsigargin- and TPA-stimulated RAW 264.7
cells (Figures 7 and 8), indicating that p44/p42 MAP kinase is
involved in histamine production. In addition, because
PD98059 inhibited the thapsigargin- and TPA-induced
increase in HDC mRNA levels in parallel with the inhibition
of p44/p42 MAP kinase activation (Figure 10), it is strongly
suggested that p44/p42 MAP kinase regulates HDC expression
at the transcriptional level in RAW 264.7 cells. Hocker et al.
(1997) reported that in the gastric carcinoma cell line AGS-B,
the p44/p42 MAP kinase pathway is essential for the gastrin-
and TPA-induced transcriptional activity of the human HDC
gene promoter. Thus, the involvement of p44/p42 MAP kinase
in HDC induction might be common among types of cells that
produce histamine. The down-stream of p44/p42 MAP kinase
for the expression of HDC gene is still unknown. However, it is
reported that one of the putative transcription factors
responsible for HDC gene expression is NF-IL6 (Ohtsu et al.,
1996; Zhang et al., 1996), which is known to be phosphory-
lated by p44/p42 MAP kinase (Nakajima et al., 1993). Further
investigations are necessary to clarify the transcription factors
involved in the transcription of HDC gene.

Thapsigargin induces an increase in cytosolic Ca®" levels by
inhibiting Ca®*-ATPase (Thastrup et al., 1990; 1994), but TPA
activates PKC directly (Nishizuka, 1992). However, it is
known that both thapsigargin and TPA activate p44/p42
MAP kinase (Nori et al., 1992; Thomas et al., 1992; Chao et
al., 1997; El-Shemerly et al., 1997). Generally, the thapsigar-
gin-induced p44/p42 MAP kinase activation is mediated by the
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